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Desvarío laborioso y empobrecedor el de componer vastos libros; el de explayar en quinien-
tas páginas una idea cuya perfecta exposición oral cabe en pocos minutos.
—Jorge Luis Borges, foreword to El jardín de senderos que se bifurcan

Values for biological phenomena are often condensed into means. Theoretically, organisms 
dealing with those values can “expect” the mean value and adapt for it . . . In reality, organ-
isms encounter values one by one, so if variance is high the mean may be irrelevant.
—P. Feinsinger, “Variable Nectar Secretion in a Heliconia Species Pollinated by Hermit 
Hummingbirds”

My interest in the ideas discussed in this book can be traced back to 
the already remote past when I fi rst became involved in the study 

of interactions between frugivorous birds and  fl eshy- fruited Mediterra-
nean plants. Trained as an ornithologist, I was accustomed to using just 
one measurement to characterize the bill- length phenotype of an indi-
vidual bird. It struck me as a nuisance that individual fruits produced by 
the same plant often varied so widely in many important respects, and 
when I came to characterize the fruit size of a single bush, I had to col-
lect and measure a well- planned subsample of the many hundreds or even 
thousands of fruits simultaneously available. The same practical trouble 
struck me again as I shifted to study interactions between pollinators and 
 insect- pollinated plants, this time because I had been taught to consider 
fl owers as the epitome of invariability and constancy. To my dismay, how-
ever, fl owers also vary, and I had to make repeated measurements on a 
plant whenever I wanted to properly characterize its fl oral phenotype. 
These practical diffi culties taught me that, in contrast to the majority of 
animals, plants generally possess a distinct  within- individual component 
of phenotypic variance that should ideally be taken into consideration. 
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Later on, as I became more interested in the problem, I also realized that 
such  within- plant variance could be surprisingly large for certain fl ower, 
fruit, and seed traits. How, then, to characterize the fl ower or fruit pheno-
type of such inconstant individuals? Like others, and for want of a better 
alternative, I just kept ignoring  within- plant variance—sweeping it under 
the rug, or to be more precise, under the mean, as this is the statistic rou-
tinely used to represent (not to describe, to be sure) the phenotypic traits 
of the reiterated organs produced by a plant. My latest experience regard-
ing  within- plant variation, and the one that fi nally sparked me to write this 
book, was my discovery that in some species the number of pollen grains 
on the stigma, and of pollen tubes in the style (two important parameters 
related to maternal pollination success and the likelihood of microgame-
tophyte competition) are far more variable among the different fl owers 
borne by the same plant, or even the same infl orescence, than among con-
specifi c individuals in the same population. Could there be, after all, some 
interesting biology hidden behind the familiar nuisance of  within- plant 
variance, routinely brushed under the rug of the mean?

This book addresses this deceptively simple question, paying particular 
attention to the specifi c context of  plant- animal interactions, as this is the 
fi eld in ecology with which I am most familiar. Some sparse remarks on 
the potential signifi cance of  within- individual variance in features of re-
iterated plant structures may be found in the ecological literature of the 
last few decades, often made from an evolutionary perspective and con-
sidering the possible adaptive value of variance. This book, however, pur-
posely follows a different path. Rather than adopting a  hypothesis- driven 
stance and asking from the outset whether subindividual variation in 
organ traits resulting from the modular architecture of plants is adaptive 
or not, I start from fi rst principles and leave adaptive and evolutionary 
considerations for the closing chapter. As will be shown,  within- plant vari-
ation in organ traits is a universal phenomenon caused by a complex web 
of mechanisms and with an astounding variety of ramifying consequences, 
many of which have not been properly acknowledged. In the introductory 
chapter I briefl y defi ne the issue and set the stage. The following chapters 
examine what features vary among reiterated organs of the same plant 
(chapter 2), what the magnitude of such variation is in the different types 
of organs (chapter 3), and how it is temporally and spatially organized 
(chapter 4). The complex mechanisms, both genetic and ontogenetic, that 
originate such variation are considered next (chapters 5 and 6). The three 
sine qua nons for  within- plant variation possessing some evolutionary rel-
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evance—namely that (1)  within- plant variance in organ traits is an indi-
vidual attribute possessing a genetic basis, (2) animals may respond to 
such variation, and (3) individual differences in extent and characteristics 
of variation may translate into differences in plant fi tness—are consid-
ered in turn in chapters 7 to 9. Finally, chapter 10 provides a synthesis of 
the possible evolutionary implications of  within- plant variation in organ 
traits.

This book was started in 2003 largely as a  spare- time project, and 
writing has proceeded intermittently since then as time allowed. The 
order of chapters approximately follows the temporal writing sequence. 
Although I have attempted to keep an eye on the literature relevant to 
 already- fi nished chapters, and some colleagues have generously sent ar-
ticles or drawn my attention to useful references as they have come out, it 
is possible that some recent investigations relevant to the earlier chapters 
may have been overlooked. My sincere apologies to those authors whose 
recent work has been not given adequate credit.

Some of the topics dealt with here have not been specifi cally consid-
ered in earlier experimental or fi eld studies; hence I had diffi culty fi nd-
ing relevant published information that could be useful to support or dis-
prove some of the expectations I and others had. There are also very few 
published raw data that can be used to obtain estimates of variability for 
different organs and traits, excepting some raw data sets that appeared in 
print before the habit of compressing data into summary statistics arose. 
I have had to use my own unpublished raw data or reanalyze published 
data sets, and to ask colleagues for raw data or analyses not given in their 
original publications. For their invariably quick and generous responses 
to my requests, I am deeply indebted to Julio Alcántara, Conchita Alonso, 
María J. Bañuelos, Raul Bonal, Marisa Buide, Cala Castellanos, Jorge 
Castro, Cecilia Díaz- Castelazo, Andrew Doust, José M. Fedriani, José L. 
Garrido, José M. Gómez, Javier Guitián, Pablo Guitián, Benjamin Har-
low, Javier Herrera, Asier R. Larrinaga, Antonio Manzaneda, Mónica 
Medrano, Luis Navarro, José R. Obeso, Víctor Parra- Tabla, Beatriz Pías, 
Miguel Salvande, Alfonso M.  Sánchez- Lafuente, and Pedro A. Tíscar. 
Conchita Alonso often assisted in locating literature references. Michael 
Dohm, Alex Kacelnik, and Diana Tomback contributed useful correspon-
dence and discussion, and Fernando Hiraldo provided constant encour-
agement and removed distracting stumbling blocks as far as he could. 
José L. Garrido, Javier Guitián, and Pablo Guitián provided accommoda-
tion, companionship, and a congenial atmosphere during two stays at the 
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University of Santiago de Compostela in the early days of writing. Con-
chita Alonso, Pablo Guitián, and José R. Obeso read parts of the book and 
provided useful comments and discussion, and Raquel Alejandre carefully 
 cross- checked literature citations. Special mention goes to Paul Wilson, 
who carefully read the whole book with his usual sharp eye and broad 
insight, suggested many improvements, spotted a number of weak points, 
and helped to improve the language. Susan Mazer provided a thoughtful 
review of the manuscript and suggested many improvements. The book 
also owes a very special debt to the friend who facilitated access to the 
amazing online resources of the library of a large American university, 
most of which were unavailable at the rather modest library of my home 
institution. Family and friends were always sympathetic toward the var-
ied side effects of book writing. I am most grateful to all of them for their 
forbearance, generosity, and continued support. Christie Henry, from the 
University of Chicago Press, always conveyed the message that I should 
rate quality over quickness, which was a real relief during some impasses. 
Joann Hoy’s able copyediting of the manuscript improved the organi-
zation of some sections and greatly helped polish my English. Last but 
not least, I am most grateful to John Thompson for inviting me to write 
the book, providing useful suggestions, and making me feel comfortable 
despite missed deadlines.



[A] plant produces a considerable number of structures of one kind. This simple feature can 
explain a major difference in the variation patterns exhibited by plants and animals.
—D. G. Lloyd, “Variation Strategies of Plants in Heterogeneous Environments”

Modularity: A Defi ning Feature of Land Plants

Plants and animals are “most remote in the scale of nature” (Darwin 
1859, 73). A myriad of features set them apart. Some of the differ-

ences are quite apparent, such as the sharp contrast between the sessile 
habit and photosynthetic ability of the majority of plants, and the mobile 
and heterotrophic lifestyle characteristic of animals. Most major differ-
ences between the two groups, however, are considerably less obvious, 
which is not to imply that they cannot be equally crucial from an evo-
lutionary or ecological perspective, as repeatedly emphasized by numer-
ous authors who have over the years dissected, enumerated, or discussed 
the long list of differences between plants and animals, and highlighted 
the manifold consequences of being a plant (Stebbins 1950; Bradshaw 
1972; Levin 1978; Jerling 1985; Klekowski 1988a; Meyerowitz 2002; Borges 
2005). Possibly some of the most profound differences between plants and 
animals stem from their contrasting developmental modes (Jerling 1985; 
Klekowski 1988a; Walbot 1996), and there is now considerable evidence 
from  whole- genome sequencing and experiments in developmental genet-
ics indicating that plants and animals have independently evolved de-
velopment (Meyerowitz 2002). In animals, reproductive and somatic cell 
lineages diverge early in embryogenesis. In contrast, plant reproductive 
or vegetative structures may indistinctly arise from the same meristems, 
implying that they share a common cell lineage and that individual cells 

chapter one
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retain their whole potential for differentiation until late in development. 
In other words, plants lack a differentiated germline, and August Weis-
mann’s doctrine of separation of soma and germ clearly does not hold 
for them (Klekowski 1988a; Poethig 1989). Apart from its genetic impli-
cations (e.g., the possible transmission of  somatic- cell mutations to gam-
etes; Klekowski 1988a; Walbot 1996), the indefi nite developmental totipo-
tency of meristematic plant cells is a distinctive character making possible 
another crucial trait, namely the modular construction of plant bodies by 
continual organogenesis and the reiterated production of homologous 
structures. The elemental structural subunit that is repeatedly produced 
over a plant’s lifetime, the metamer, consists of an internode and a node 
bearing one or several leaves plus associated axillary meristems. The re-
iteration of this basic subunit results in the production of a  higher- level 
module, such as a stem or branch (Hallé et al. 1978).

Reiteration of homologous, functionally equivalent structures is a truly 
quintessential, ancestral feature of the body plan of higher plants. The sig-
nifi cance of the repetition of elements in the construction of plants was 
already envisaged by classical Greek philosopher Theophrastus more 
than two thousand years ago, who noted that such repetition was “of the 
essence of a plant” (cited in White 1984). This intuitive perception has 
been confi rmed in modern times by paleontological and phylogenetic 
evidence showing that the main features ultimately responsible for plant 
modularity were already present at a very early stage in the evolution 
of land plants, and are a property shared by the whole lineage. The key 
developmental innovations responsible for modularity and functional rep-
etition included well- defi ned sporophytic apical meristems that allow the 
production of vegetative or reproductive organs, and the capacity for the 
proliferation of shoot meristems that allow branching of the sporophyte 
body and a concomitant multiplication of meristems (Graham et al. 2000). 
These two decisive changes in the body plan, which led to a more complex 
architectural framework on which all subsequent morphological diver-
sifi cation was based, took place between the divergence of the modern 
bryophyte and vascular plant lineages in the late Ordovician, about 450 
mya (Kenrick and Crane 1997; Graham et al. 2000). By the Middle Devo-
nian (380 mya), tall tree fern–like plants with clearly discernible “mod-
ern,” reiterative modular architecture similar to that of tree ferns, cycads, 
and palms were already abundant in terrestrial ecosystems (Stein et al. 
2007). In addition to allowing for increased body size and, consequently, 
improved ability to compete for light, sporophyte branching (in contrast 
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to gametophyte branching, as in bryophytes) provided the capacity to pur-
sue growth if some apical meristems were lost or damaged by herbivores. 
This possibility, acting in combination with meristem dormancy, another 
early key innovation (Kenrick and Crane 1997), most likely represented a 
decisive evolutionary breakthrough that contributed to the rapid spread 
and diversifi cation of land plants.

Multiplicity and Phenotypic Variation

The ecological and evolutionary implications of plant modularity have 
frequently been highlighted following White’s pioneering treatment 
(1979, 1984) of plant individuals as metapopulations of repeated modules. 
With few exceptions, these investigations have approached the study of 
plant modularity by adopting either demographically or physiologically 
oriented perspectives. Following Watkinson and White’s demograph-
ically oriented treatment of the consequences of modular construction 
in plants (1985), subsequent studies of modularity have often focused on 
the consequences of the differential growth and survival of modular sub-
units, particularly in species characterized by extensive clonal prolifera-
tion (Tuomi and Vuorisalo 1989; Otto and Orive 1995; Otto and Hastings 
1998;  Pineda- Krch and Poore 2004). These aspects lie beyond the scope 
of this book, and will not receive particular consideration here. Physio-
logically inspired studies of modularity have examined its infl uence on 
spatial patterns of  within- plant distribution of water, photosynthates, and 
other substances such as secondary compounds and hormones (Watson 
1986; Marshall 1996; Price et al. 1996). These studies are reviewed in chap-
ter 6, because compartmentalization of plant bodies into a series of rela-
tively independent “integrated physiological units” (Watson 1986), a phe-
nomenon known as “sectoriality,” is one of the main mechanisms that can 
generate  within- plant variation in the phenotypic features of reiterated 
organs (Orians and Jones 2001).

Another consequence of plant modularity, and the one this book is 
directly concerned with, is the appearance of a distinctive source of phe-
notypic variance, namely the  within- plant or subindividual component. 
An inescapable consequence of the multiplicity of modules is variation in 
the characteristics of the copies of the same organ (leaves, fl owers, fruits, 
seeds) produced on different modules of the same plant. Such variation 
may be large or small, but it will always exist insofar as variance is an 
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emergent property that inevitably arises whenever a collection of equiva-
lent copies of a given structure are produced. Perfect copy identity is not 
achieved even in tightly controlled, fully automated industrial processes 
that are purposely designed to produce identical copies of a given item, as 
evidenced by the need of tight postproduction quality controls. As previ-
ously suggested by Suomela and Ayres (1994), and shown at length in the 
following chapters,  within- individual variance in organ traits is an emer-
gent property of plant individuals: the outcome of modular construction 
through reiteration of elemental subunits (metamers) and the associ-
ated repetition of homologous structures performing the same function 
(leaves, fl owers, fruits, seeds). The existence of a subindividual component 
of phenotypic variance sets plants apart from the vast majority of ani-
mals (Lloyd 1984). This does not mean, however, that modular repetition 
of structures by the same genotype is, strictly speaking, a feature unique 
to plants. It is shared by some animals, such as corals, hymenopteran soci-
eties, and aphid parthenogenetic progenies. In addition, a subindividual 
component of variance is associated with repeated behaviors and struc-
tures that vary within individual animals over space or time (e.g., alarm 
calls, hairs, feathers, blood cells, eggs, clutch size). Some of the implica-
tions, predictions, and methodological suggestions developed in this book 
specifi cally for plants could therefore be easily extrapolated to animals, as 
suggested in the epilogue.

Within- Plant Variance: Beyond Statistical Nuisance

The study of variation is central to the biological sciences, and, as stressed 
long ago by William Bateson (1894, vi), “to collect and codify the facts of 
variation is . . . the fi rst duty of the naturalist.” In natural systems, biologi-
cally signifi cant variations occur at each of several hierarchically nested 
spatial scales including, from top to bottom, biomes, ecosystems, com-
munities, species, metapopulations, populations, and individual organ-
isms. Interest in patterns and processes of spatial and temporal variations 
occurring at each of these organizational levels has ultimately provided 
the impetus for nearly all ecological and evolutionary work done so far. 
At the bottom end of that continuum lies variation among conspecifi c 
individuals from the same population, involving differences in survival, 
fecundity, phenotypic traits, and genetic makeup. These differences pro-
vide the basic raw material for natural selection and microevolutionary 



introduction 5

change; hence the individual (genotypic) level has been customarily 
deemed the lowest one in the above hierarchy at which variations may 
possess some ecological and / or evolutionary signifi cance. This is perhaps 
one of the reasons why variations occurring at the subindividual (i.e., sub-
genotypic) level have been traditionally granted so little biological signifi -
cance by botanists, ecologists, and plant biologists in general, as detailed 
in chapters 2 and 3. Two conspicuous exceptions to this prevailing atti-
tude of neglect toward  within- plant variation in phenotypic traits, how-
ever, deserve mention here.

The subindividual component of phenotypic variance in organ traits 
of land plants was acknowledged and carefully quantifi ed more than a 
century ago by an infl uential group of biometricians and plant morphol-
ogists who had statistician Karl Pearson as their visible leader (Pearson 
1901; Fry 1902; Gain 1904; Harris 1916). These researchers aimed to use 
very detailed quantitative data on  within- plant variation in organ traits 
as an indirect way of obtaining insights on the nature of the heredity of 
these traits, following Pearson’s theory of homotyposis (1901). Shortly 
after the theory they were aiming to support fell into disrespect and obliv-
ion, interest in the type of empirical data that was being collected in its 
support also faded away, as described in chapter 2. The lack of interest in 
the phenomenon of  within- plant variation in organ traits that prevailed 
for nearly all the 20th century thus was not because it was demonstrably 
uninteresting, but because the theory with which it had become associated 
was dismissed.

Agronomists have examined subindividual variation in phenotypic 
plant traits in considerable detail for decades. Not unexpectedly, their 
motivations have been predominantly economical rather than biological. 
On one hand, variability in the characteristics (e.g., size, shape, nutritional 
quality) of crop products such as fruits or grains may have an impor-
tant economic impact on postharvesting processing, and uniform crops 
are invariably preferred over variable ones. Chocolate manufacturers, 
for example, prefer cocoa beans of uniform size for processing (Glen-
dinning 1963), and variance in oat kernel size has nontrivial costs to the 
oat- milling industry. Processing oats for human food generally involves 
size separation of kernels into different streams to optimize dehulling 
effi ciency, so the greater the variance in seed size the larger the num-
ber of seed- size classes required and the higher the total milling costs 
(Doehlert et al. 2004). Since an important fraction of total variance in the 
features of crop products is due to  within- plant variation (particularly so, 
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although not exclusively, when pure genetic lines are used), considerable 
effort and resources have been invested by agronomists to evaluate the 
magnitude of this costly source of variation and to understand its origin, 
in order to attempt to reduce its impact on total crop variance. On the 
other hand, agronomists have been long aware that the existence of an 
extensive  within- plant component of phenotypic variance in crop plants 
demands carefully designed sampling plans if accurate estimates of per-
 plot averages for product yield or quality are to be obtained (Sites and 
Reitz 1950; Williams 1962; Kondra and Downey 1970; Fick and Zimmer-
man 1973; Audergon et al. 1993; Miles et al. 1996), an aspect with obvious 
economic implications. For example, accurate assessment of overall fruit 
yield in kiwifruit or apple orchards requires designing relatively complex, 
stratifi ed sampling schemes that can account satisfactorily for the large 
 within- plant component of variance in individual fruit size (Habib et al. 
1991; de Silva and Ball 1997; de Silva et al. 2000). In accordance with the 
interest of agronomists on the subject, a voluminous literature has accu-
mulated in the last few decades describing the magnitude, spatial patterns, 
mechanisms responsible, and correlates of  within- plant variation in organ 
traits for a variety of commercially valuable species, particularly grain 
crops and fruit trees (de Silva et al. 2000; Bramble et al. 2002; Liu et al. 
2005). I take advantage throughout the book of this extensive literature to 
compensate for the nearly complete absence of equivalent data from wild 
plants. My usage is restricted, however, to aspects for which a reasonable 
similarity between wild and cultivated species can be assumed. This holds, 
for example, for the spatial organization of subindividual variation (chap-
ter 4), the organismal mechanisms accounting for subindividual variation 
(chapter 6), and the genetic basis of  variability- related traits (chapter 7).

From time to time, ecologists have also acknowledged the high levels 
of  within- plant variation exhibited by some organ traits in wild plants, 
and suggested that the phenomenon may have ecological implications 
deserving closer examination (Suomela and Ayres 1994; Markham 2002). 
There has been, however, surprisingly little work done to quantify and 
compare the relative proportions of variation occurring at the  within-  
and  among- individual levels (e.g., Herrera and Soriguer 1983; Michaels 
et al. 1988; Obeso and Herrera 1994; Williams and Conner 2001). With few 
exceptions, the  within- plant level of phenotypic variation has been sys-
tematically ignored in most investigations of wild plants, and its possible 
ecological and evolutionary consequences remain largely unexplored to 
date (but see, e.g., Whitham 1981; Feinsinger 1983; Field 1983; Suomela 
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1996; Gripenberg and Roslin 2005). Even in the few instances where 
 within- plant variation was studied in some detail, its possible ecological or 
evolutionary interest has often been dismissed summarily (e.g., Midgley 
et al. 1991). Like agronomists, ecologists have also often treated the phe-
nomenon merely as a statistical nuisance demanding more careful sam-
pling designs (Zimmerman and Pyke 1986; Freeman and Wilken 1987). 
In recent years, however, there has been increasing recognition that, in 
addition to a statistical nuisance,  within- plant variance in organ traits may 
be an ecologically relevant phenomenon to both the plants themselves 
and the animals that interact with them (e.g., herbivores, pollinators; Ori-
ans and Jones 2001; Biernaskie et al. 2002; Orians et al. 2002; Biernaskie 
and Cartar 2004; Shelton 2000, 2004; Herrera, Pérez, and Alonso 2006; 
Canto et al. 2007).

The prevailing neglect by plant evolutionary ecologists of the  within- 
plant level of phenotypic variation in organ traits may be attributed to the 
following three, generally unstated (and untested) assumptions, among 
others: (1) subindividual variation in most organ traits is generally small 
in comparison to variation among individuals, and largely or entirely re-
fl ects random developmental noise; (2) phenotypic differences between 
homologous organs produced by the same plant are environmental in ori-
gin and lack a genetic basis; and, accordingly, (3) the subindividual level 
of phenotypic variation is “invisible” to natural selection, which operates 
on plant mean phenotypes alone. This prevailing attitude has both a long 
tradition and a distinguished pedigree, as revealed by the following quo-
tations. Haldane (1932, 19) stated that “differences within a clone are not 
inherited. They are the best example of what is called fl uctuating vari-
ability, due to differences of environment, not transmissible by inheri-
tance, and therefore irrelevant for the problem of evolution.” (Twenty-
 fi ve years later, Haldane had apparently changed his view on this issue 
and conferred some evolutionary signifi cance to  within- plant variability; 
see chapter 7 for details.) Stebbins (1950, 74) provides another example 
in the same vein: “Environmental modifi cation is a source of variability 
which must be kept in mind by the evolutionist because it affects every 
individual we see in nature. But as a direct factor in evolutionary diver-
gence it is not signifi cant.”

In the chapters that follow I develop the thesis that the multiplicity 
of homologous structures arising from plant modularity gives rise to a 
subindividual level of phenotypic differences among organs of the same 
plant involving a constellation of phenotypic traits, differences whose 
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quantitative importance is often similar or even greater than that of phe-
notypic differences among individual means. The existence of phenotypic 
variation at the subindividual scale can have diverse ecological implica-
tions for the interaction between plants and the animals that use reiter-
ated organs as food, including herbivores, fl ower visitors, frugivores, and 
seed predators. Animal consumers will respond to subindividual variabil-
ity in organ traits, and, depending on its magnitude and the nature of the 
factors causing it, they may eventually become selective agents of pat-
terns and levels of subindividual phenotypic variation through a variety 
of mechanisms. In this way, animals interacting with plants may ultimately 
condition, constrain, or modify plant ontogenetic patterns, developmen-
tal stability, and the extent to which feasible phenotypic variants are 
expressed by individuals.



That plants are variable organisms, and that such variability might be 
one of their most distinctive features in comparison to animals, has 

been emphasized many times in the botanical literature since the classical 
accounts of the Greek philosopher Theophrastus. More than two thou-
sand years ago, in book 1 of his Enquiry into Plants, this pioneer bot-
anist wrote about heterophylly. The leaves “of the abele ivy and of the 
plant called kroton are unlike one another and of different forms. The 
young leaves in these are round, the old ones angular, and eventually 
all the leaves assume that form. On the other hand, in the ivy, when it is 
young, the leaves are somewhat angular, but when it is older, they become 
rounder” (Theophrastus 1916, 69).

Much more recently, around the turn of the 19th century, plant vari-
ability captured the interest of biometricians, and remarkably detailed 
investigations of patterns and extent of variability of different plant 
organs were produced. Outstanding among these contributions was Karl 
Pearson’s 100- page memoir devoted to quantitatively documenting the 
concept of “homotyposis,” or the similarity of undifferentiated like parts 
(“homotypes”) of the same organism. There he provided extensive data 
on the relative levels of  within-  and  between- plant variability in meristic 
and continuous characters of leaves, fl owers, and fruits from many spe-
cies, and developed methods to measure variability (Pearson 1901). Sub-
sequently in the earliest issues of Biometrika, which Pearson edited, there 

chapter two

Which Traits Vary within Plants?
Many different features vary across reiterated 
structures of the same plant.
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appeared many detailed quantitative analyses of intraspecifi c variability 
in leaf, fruit, fl ower, and infl orescence features for a variety of plants (e.g., 
Weldon 1901; Yule 1902; Tower 1902; Gain 1904; Robbins 1908; Harris 
1909b, 1910, 1911, 1916; Simpson 1914). Around the same period, publi-
cations adopting similar approaches appeared, often in North American 
scientifi c journals such as American Naturalist and American Journal of 
Botany (Lucas 1898; Goodspeed and Clausen 1915). Variation in the num-
ber of pistils and stamens in the fl owers of Ficaria ranunculoides (Wel-
don 1901), number of sepals in Anemone nemorosa (Yule 1902), number 
of fl owers in the infl orescence of Adoxa moschatellina (Whitehead 1902), 
and fl ower size in Nicotiana (Goodspeed and Clausen 1915) were some of 
the topics meticulously addressed by these early studies. These pioneering 
biometrical investigations brought two signifi cant novelties to the study of 
plant variability. On one hand, contemporaneous  state- of- the- art statisti-
cal techniques such as correlation and regression were profusely used for 
the fi rst time in investigations of plant variation. On the other hand, they 
were exclusively concerned with normal, non- monstrous plant variability. 
Perhaps this does not sound particularly focused nowadays, but early in 
the 20th century it represented a turning point. Up to that time, investiga-
tions of plant variability had been impregnated with strongly typological 
notions, and had focused predominantly on naming and cataloguing “the 
principal deviations from the usual construction of plants,” as reads the 
subtitle of Masters’ extensive treatise on “vegetable teratology” (1869). 
Published reports of fl oral anomalies or monstrosities, exemplifying the 
classic, typological approach to the study of plant variation, kept appear-
ing from time to time in the botanical literature for most of the fi rst half 
of the 20th century (for reports on fl oral anomalies see, e.g., McCrea 1924; 
Arber 1931; Halket 1932; Kausik 1938; Bond 1941; Saunders 1941). In ret-
rospect, perhaps one of the most relevant contributions of those early bio-
metricians to plant biology was to reveal that variation in morphological, 
continuous metric characters around the “modal” or “normal type” for 
the species is a normal, unexceptional condition widely found in natural 
populations in the wild, both within and among individual plants.

Pearson was a strong opponent of Mendelian genetics (Norton 1975), 
and the central tenets and evolutionary ideas underlying his work and 
that of his followers were proven downright erroneous in the following 
decades (Fisher 1918; Haldane 1957). Pearson’s publications and personal 
infl uence had been decisive in arousing the interest of biometricians in 
gathering the quantitative data needed to test his ideas on the origin and 
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maintenance of variation in natural populations. As Pearson’s ideas fell 
into disrepute, there was an understandable sharp decline in the number 
of quantitative studies of natural variability of plant organs from 1930 
to 1950 (e.g., Lowndes 1931; Baten 1935; Tansley 1948). In addition, as 
stressed by Pearl (1936, 662) in an obituary published shortly after Pear-
son’s death, “in the early heyday of Mendel’s rediscovered work, [Pear-
son] unwisely questioned the accuracy and validity of the experimental 
results that the Mendelian experimenters were getting, and of which he 
had a somewhat less than adequate  fi rst- hand knowledge. In consequence 
his infl uence with the biologists was for a time weakened. With similar 
lack of soberly poised judgment the Mendelists endeavoured to throw to 
the wolves the whole body of observed biometric facts about heredity.” 
The neglect of intraspecifi c variability by plant biologists for most of the 
fi rst half of the 20th century is thus hardly surprising.

During the second half of the 20th century, studies explicitly address-
ing  within- plant variability in morphological or functional features of 
plant organs almost exclusively focused on the particular case whereby 
plants produce alternative, clearly differentiated forms of the same struc-
ture (e.g., species with cleistogamous and chasmogamous fl owers, Camp-
bell et al. 1983; heterophyllous plants with two or more distinct leaf types 
on the same individual, Wells and Pigliucci 2000). This sort of discrete 
 within- plant polymorphism affecting leaves, fl owers, or fruits has gener-
ally been the only category of  within- plant variation acknowledged in 
reviews of plant phenotypic plasticity (e.g., Bradshaw 1965; Sultan 1987). 
In contrast, quantitative investigations specifi cally aimed at describing 
and quantifying patterns of  within- plant variation in meristic or continu-
ous traits of structures that do not exhibit any obvious, discrete polymor-
phism have remained remarkably scarce (but see Dronamraju 1961; Roy 
1963; Huether 1968, 1969; Ellstrand 1983; Ellstrand and Mitchell 1988; 
Williams and Conner 2001). This does not mean that the fact that “plants 
display remarkable morphological variability, both among individuals of 
the same species and among organs of the same plant” (Ellstrand 1983, 
119) has gone unacknowledged in the literature, but rather that variabil-
ity itself has rarely occupied the center stage in recent investigations. The 
occurrence of continuous, nonpolymorphic  within- plant variation in an 
enormous array of features of leaves, fl owers, fruits, and seeds is implicit 
in many botanical and ecological investigations. Plant biologists are well 
aware of continuous  within- plant variation in characters of quite diverse 
kinds, but when explicitly referring to this variation, they tend to consider 
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it more as a statistical nuisance whose infl uence on sampling designs must 
be properly accounted for, rather than as a genuinely interesting biologi-
cal phenomenon (e.g. Wood 1972; de Silva and Ball 1997; Velasco et al. 
1998; Rowe and Cadisch 2002). This slant toward disregard may be traced 
back at least to Baten (1936), who in one of the fi rst investigations specifi -
cally devoted to  within- plant variation in fl oral traits wrote in the closing 
sentence of the paper’s summary that “one should be very careful when 
taking a random sample of fl owers, for fl owers at different positions on 
certain plants are different. Distributions pertaining to them should not 
be mixed.”

In this chapter, I review published and, to a lesser degree, unpublished 
information to illustrate the variety of morphological and functional fea-
tures of plant reiterated structures that exhibit signifi cant amounts of vari-
ation within individuals. My objective is to show that, far from being a bio-
logical curiosity or an infrequent phenomenon involving just a few organ 
traits,  within- plant variation affects virtually every organ trait that has 
ever been studied at a suffi ciently detailed spatial resolution. To highlight 
the variety of traits involved, I try to present a comprehensive account 
of subindividually variable features, rather than a detailed treatment of 
each of the features considered. I consider instances of both continuous 
and discrete (polymorphic)  within- plant variation, although with a slant 
toward continuous variation, because this kind of variation has tradition-
ally received less attention. The main purpose is to provide just a cata-
logue of features that exhibit subindividual variation, rather than quanti-
fi cation of such variation, an aspect that chapter 3 deals with. Here and in 
subsequent chapters, I focus on plant organs and structures with determi-
nate growth (e.g., leaves, fruits, fl owers, seeds), leaving aside those ramify-
ing features of plants that have an indeterminate growth (e.g., stem diam-
eter, internode length). At this point, it is important to emphasize that 
many of the subindividually variable features mentioned in this chapter 
are later shown (chapters 8 and 9) to be potentially infl uential in different 
kinds of plant interactions with animals.

Leaf Traits

Perhaps because of the ease of preservation of certain features, leaves 
have traditionally received more attention from researchers than any 
other reiterated structure from the viewpoint of  within- individual vari-
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ability. An important part of Pearson’s pioneering memoir on plant vari-
ability (1901) dealt with variation in leaf features. Studies have most often 
focused on variation in external morphology and structural features, par-
ticularly leaf form and size, and much less frequently on less obvious func-
tional or physiological traits like nutrient content, composition of second-
ary metabolites,  water- use effi ciency, and photosynthetic characteristics. 
Taken together, all these investigations have identifi ed a broad array of 
leaf traits that vary among leaves of the same individual plant.

Leaf Form

There are probably few plants whose leaves are all uniform in shape 
(Sparks and Postlethwait 1967), and variation in leaf form has been thor-
oughly investigated by biometricians, plant anatomists, and plant ecolo-
gists for more than a century (e.g., Fry 1902; Harris 1909a; Johnson 1926). 
Extensive documentation accumulated over this long period demon-
strates that, quite often, individual plants bear leaves of different forms. 
This phenomenon, which is generally designated as heterophylly (etymo-
logically meaning “varied leaves”) has been reported from at least 56 gen-
era from 42 plant families (table 2.1).  Within- individual variation in leaf 
form may be originated by a variety of mechanisms (reviews in Ashby 
1948; Wells and Pigliucci 2000), and diverse modalities of heterophylly 
have been recognized. The contrasting leaf types can be produced along 
longitudinal axes (positional heterophylly; Font Quer 1979), irregularly 
scattered over the plant (vague heterophylly; Font Quer 1979), produced 
at different times of the growing season (seasonal heterophylly; Winn 
1999a), or associated with different ontogenetic stages of the plant (devel-
opmental or heteroblastic heterophylly; Ashby 1948). Heterophylly can 
also be plastic or nonplastic (Wells and Pigliucci 2000). Regardless of ori-
gin or modality, the widespread occurrence of heterophylly denotes that 
coexistence on the same individual plant of leaves differing in form is far 
from exceptional in nature.

Heterophylly is widespread (although not universal; Sculthorpe 1967) 
among aquatic plants, having been reported from most predominantly 
or exclusively aquatic plant families, and from aquatic taxa belonging 
to predominantly nonaquatic families (table 2.1). Individuals of hetero-
phyllous aquatic plants generally bear two or more morphologically dis-
tinct leaf variants, generally corresponding to aerial, fl oating, and sub-
mersed leaves (fi g. 2.1). The exaggerated heterophylly exhibited by some 



table 2.1 Examples of sensu lato heterophylly (i.e., including positional, seasonal, heteroblastic, 
plastic, and nonplastic modalities) in aquatic and terrestrial plants.

Predominant habitat type

Family  Aquatic  Terrestrial  Reference

Acanthaceae Hygrophila Sculthorpe 1967
Aceraceae Acer Powell et al. 1982; 

Steingraeber 1982
Alismataceae* Echinodorus, 

Luronium, 
Sagittaria

Sculthorpe 1967

Apiaceae Apium, 
Eryngium

Sculthorpe 1967; Webb 1984

Aponogetonaceae* Aponogeton Sculthorpe 1967
Araceae Monstera, 

Philodendron, 
Syngonium

Ray 1987, 1990

Araliaceae Hedera, 
Pseudopanax

Robbins 1960; Clearwater 
and Gould 1993

Begoniaceae Begonia McLellan 1993

Betulaceae Betula Clausen and Kozlowski 1965
Cabombaceae* Cabomba Sculthorpe 1967
Callitrichaceae* Callitriche Deschamp and Cooke 1985
Campanulaceae Cyanea Givnish et al. 1994

Phyteuma Wheeler and Hutchings 
2002

Cecropiaceae Pourouma Kincaid et al. 1998
Ceratophyllaceae* Ceratophyllum Sculthorpe 1967
Cercidiphyllaceae Cercidiphyllum Titman and Wetmore 1955
Convolvulaceae Ipomoea Njoku 1956
Cucurbitaceae Cucurbita Jones 1993
Dipsacaceae Knautia C. M. Herrera unpubl.
Fabaceae Cyamopsis, 

Ulex
Millener 1961; Sparks and 

Postlethwait 1967
Haloragaceae* Myriophyllum, 

Proserpinaca
Schmidt and Millington 

1968; Sculthorpe 1967; 
Kane and Albert 1982

Hamamelidaceae Liquidambar Smith 1967
Hippuridaceae* Hippuris Bodkin et al. 1980
Hydrocharitaceae* Ottelia Sculthorpe 1967
Juncaceae Juncus Bradshaw 1965
Lamiaceae Dicerandra, 

Prunella
Winn 1996b; C. M. Herrera 

unpubl.
Lauraceae Sassafras Ghent 1973
Loranthaceae Amyema Kuijt 1980
Moraceae Morus Fry 1902
Myrtaceae Melaleuca Eucalyptus Johnson 1926; Lockhart 1996
Nymphaeaceae* Nuphar Titus and Sullivan 2001
Oleaceae Nyctanthes Roy 1963
Onagraceae Ludwigia Kuwabara et al. 2001
Plantaginaceae Littorella Robe and Griffi ths 1998
Polygonaceae Polygonum Muehlenbeckia Mitchell 1971; Bruck and 

Kaplan 1980
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aquatic plants, along with the fact that the functionality, ecological sig-
nifi cance, and physiological mechanisms of such  within- plant morpho-
logical disparity are relatively straightforward and well resolved in this 
group (reviewed in Sculthorpe 1967; Wells and Pigliucci 2000), probably 
explain why aquatic plants are almost invariably used to exemplify the 
heterophyllous condition (e.g., Schlichting and Pigliucci 1998; Pigliucci 
2001). This should not, however, lead us to think that heterophylly is a 
condition exclusive to, or even predominantly associated with, the aquatic 
habit, as emphasized long ago by Arber (1919). As summarized in table 
2.1, heterophylly occurs also in at least 31 exclusively or predominantly 
terrestrial families, and there seems to be a trend for heterophylly to be 
particularly common in terrestrial plant communities of oceanic islands 
(Givnish et al. 1994). In some terrestrial heterophyllous plants, the mag-
nitude of differences between leaf forms present on the same individual 
may be comparable to that exhibited by different leaf forms of aquatic 
taxa (fi g. 2.1).

Structure and Function

Morphological, structural, and functional features of leaves tend to vary 
in unison (Gutschick 1999). In heterophyllous taxa, both aquatic and ter-
restrial, leaves of different forms in the same plant frequently differ also 
in other, less conspicuous but ecologically relevant features. These include 
microscopic structural features such as stomatal density, shape and 
arrangement of epidermal cells, mesophyll density, and cuticular thick-
ness, along with features related to resource allocation such as carbon and 

Pontederiaceae* Eichhornia, 
Heteranthera

Richards and Lee 1986; 
Horn 1988

Potamogetonaceae* Potamogeton Pearsall and Hanby 1925
Ranunculaceae Ranunculus Delphinium Ashby 1948; Bostrack and 

Millington 1962; Cook and 
Johnson 1968

Salicaceae Populus Critchfi eld 1960; Curtis and 
Lersten 1978

Scrophulariaceae Limnophila Ram and Rao 1982
Tropaeolaceae Tropaeolum Whaley and Whaley 1942
Violaceae Viola Winn 1999a
Vitaceae    Parthenocissus  Critchfi eld 1970

Note: This compilation is incomplete and only intended to illustrate the widespread occurrence of heterophylly 
among angiosperms. Families exclusively or predominantly associated with aquatic habitats are denoted by 
asterisks.
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nitrogen concentration, and pigment composition (Johnson 1926; Critch-
fi eld 1960; Bostrack and Millington 1962; Bodkin et al. 1980; Winn 1996a, 
1999b; Robe and Griffi ths 1998). In heterophyllous Populus grandiden-
tata, the two leaf types (early-  and late- season morphs) differ not only in 
shape and size, but also in the number and size of resin glands and extra-
fl oral nectaries, these secretory structures being generally more promi-
nent and active on late leaves (Curtis and Lersten 1978). “Biochemical 
heterophylly” is sometimes associated with morphological heterophylly. 
In the seasonally heterophyllous herb Eryngium vesiculosum, Palá- Paúl 
et al. (2003) found signifi cant differences in the essential oil composi-
tion of summer prickly leaves and winter entire leaves. In heterophyl-
lous species of Potamogeton, the fl oating ovate leaves generally contain 
an assortment of fl avonoids, while the fi liform submersed leaves tend to 
exhibit reduced fl avonoid profi les (Les and Sheridan 1990). In Hedera 
helix, anthocyanins are abundant in the lobed juvenile leaves, and scarce 
or absent in the entire adult leaves (Stein and Fosket 1969). This differ-
ence between leaf morphs is due to the presence in young leaves, but not 
in adult ones, of dihydrofl avonol reductase, an enzyme that plays a cen-
tral role in the biosynthetic pathway leading to anthocyanin (Murray and 
Hackett 1991). All these structural and chemical correlates of morpho-

fi g. 2.1 Silhouettes of representative leaves of heterophyllous aquatic (upper row) and non-
aquatic (lower row) plants. In each case, the different forms coexist on the same individual 
plant. a, Sagittaria sagittifolia (Alismataceae); b, Hygrophila (formerly Synnema) trifl orum 
(Acanthaceae); c, Sassafras albidum (Lauraceae); d, Viola septemloba (Violaceae). Leaves 
from different species are not rendered at the same scale. a and b modifi ed from Sculthorpe 
1967; c from Ghent 1973; d from Winn 1999a.
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logical heterophylly contribute to  within- plant variability in leaf features 
beyond mere variation in form.

Nevertheless,  within- plant heterogeneity in subtle structural, chem-
ical, or functional leaf features is by no means confi ned to heterophyl-
lous plants exhibiting discrete variation in leaf features. A large number 
of traits may vary continuously among the leaves of individual plants in 
spite of overall morphological similarity. Probably the two  longest- known 
examples of such cryptic  within- plant variation in leaf features involve the 
differences in structure and volume of the different leaf tissues between 
sun and shade leaves of the same tree crown (Wylie 1951), and the steep 
stomatal frequency gradients from the lower leaves to the higher leaves in 
a plant (Smith 1941). Variations in leaf size and specifi c leaf area (area per 
unit mass) within the crown of individual trees have been recognized and 
thoroughly investigated for decades (Ford and Newbould 1971; Hutchison 
et al. 1986; Hollinger 1989; Casella and Ceulemans 2002). More recently, 
modern instrumentation and physiological procedures have revealed that 
leaves in the same plant may greatly differ in some cryptic features such 
as photosynthetic characteristics,  water- use effi ciency, and concentration 
of nutrients and secondary metabolites, even if they are otherwise similar 
in their gross external morphology. For example, the proportion of the 
heavy stable isotope 13C in photosynthesis products, as refl ected by the 
carbon isotope discrimination index 13C, may exhibit tremendous vari-
ation within the crown of individual trees (Waring and Silvester 1994). 
 Within- plant variation in leaf nitrogen concentration, chlorophyll content, 
and photosynthetic rates has been found in a wide variety of herbs, shrubs, 
and trees from tropical and temperate habitats (e.g., Young and Yavitt 
1987; de Soyza et al. 1990; Bowers and Stamp 1992; Suomela and Ayres 
1994; Traw and Ackerly 1995; Bassow and Bazzaz 1997; Torres Boeger and 
Poulson 2003), and similar variation is also well- known from cultivated 
plants (e.g., Bentz et al. 1995; Honĕk and Martinková 2002). Nutrient con-
centrations in phloem sap, including amino acids and sugars, can also be 
highly variable among leaves of the same plant (Merritt 1996). A kind of 
cryptic physiological heterophylly, involving discrete  within- plant varia-
tion in  water- use effi ciency of otherwise morphologically similar leaves, 
has also been reported. Plants of the tropical understory shrub Psychotria 
marginata produce two leaf types that greatly differ in specifi c mass, sto-
matal conductance, and  water- use effi ciency (Mulkey et al. 1992). Subtle 
variations of this kind will likely prove to be fairly common as more 
investigations are designed to look for them. In a study of the photosyn-
thetic characteristics of canopy leaves of trees conducted in a seasonally 
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dry tropical forest in Panama, Kitajima et al. (1997) found that, in four 
of the six species studied, leaves produced at the end of the rainy season 
(November–December) had higher photosynthetic capacities and higher 
 water- use effi ciencies than leaves produced by the same plants during the 
early rainy season (May).

Improved analytical techniques have also revealed with increasing fre-
quency that the concentration and composition of secondary plant metab-
olites vary among leaves or branches of the same plant, and that indi-
vidual host plants need to be considered as phytochemical mosaics when 
interpreting  herbivore- plant interactions (Powell and Raffa 1999; Shelton 
2005). This has been shown to apply, for example, to wax alkanes in cypress 
trees (Dyson and Herbin 1970), cardenolides in Asclepias eriocarpa (Nel-
son et al. 1981), phenolic compounds in Populus (Zucker 1982), monoter-
penes in Sequoia sempervirens (Hall and Langenheim 1986), iridoid gly-
cosides in Plantago lanceolata (Bowers and Stamp 1992), glucosinolates in 
Brassica nigra (Merritt 1996), foliar monoterpenes in Larix laricina (Pow-
ell and Raffa 1999), and cyanogenic activity in Turnera ulmifolia (Shore 
and Obrist 1992). In Quercus ilex trees, leaves located in different parts 
of the crown differ signifi cantly in emission rate of volatile monoterpenes 
(Staudt et al. 2001).

Fine- Grained Variation and “Nontraits”

In addition to variation between distinct leaves of the same plant, a sig-
nifi cant number of studies have also detected very fi ne- grained gradients 
of variation in chemical traits that take place at the reduced  within- leaf 
level. For example, photoassimilates are not homogeneously distributed 
along the leaves of grasses (Williams, Collis, et al. 1993), the alkaloid nic-
otine is patchily distributed in the leaf blades of tobacco plants (Kester 
et al. 2002), concentration of phenolics increases from the base to the tip 
of individual leaves in Populus angustifolia (Zucker 1982), volatile ter-
penoid content varies signifi cantly among the petiole, midrib, and leaf 
blade of cultivated carrot plants (Senalik and Simon 1987), and glucosino-
lates are randomly, patchily distributed within single leaves of Raphanus 
sativus (Shelton 2005). In needles of Pinus banksiana, the distribution of 
water, nutrients, and monoterpenes varies signifi cantly between the distal 
and basal sections (Wallin and Raffa 1998). Individual mineral elements, 
like calcium and phosphorus, are also distributed heterogeneously within 
single leaf blades (Williams, Thomas, et al. 1993).  Within- leaf variation of 
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this kind has been relatively little explored so far, but the results obtained 
clearly demonstrate that it has the potential to represent a major source 
of  within- plant heterogeneity in chemical traits (Shelton 2005).

Within- plant variation in leaf traits is not restricted to the morpho-
logical, structural, chemical, and functional features properly belonging 
to the plant’s phenotype mentioned so far in this section. There are some 
leaf “nontraits” that, although not strictly forming part of a plant’s phe-
notype, do exhibit  within- plant variation that may be ecologically rel-
evant from the viewpoint of the interaction of plants with animals or 
the abiotic environment. Prominent among these are endophytic fungal 
communities, made up of predominantly harmless fungi colonizing the 
interior of aerial plant tissues, which can play roles, among others, in the 
plants’ phenotypic expression, physiology, and interaction with herbi-
vores (Clay 1990; Cheplick 1997, 1998; Clay and Schardl 2002; Vicari et al. 
2002). In Sequoia sempervirens, for example, the species composition of 
endophytic communities varies considerably over the tree’s foliage, and 
patchiness is so extreme as to occur even at the very small spatial scale of 
individual branches (Espinosa- Garcia and Langenheim 1990). In several 
species of orchids of the genus Lepanthes in rain forests of Puerto Rico, 
heterogeneity of fungal endophytes in single plants and plant organs was 
found by Bayman et al. (1997) to be greater than differences between 
species. Likewise, the composition of endophytic fungal assemblages 
did not differ signifi cantly among eight coexisting species of ericaceous 
shrubs in Japan, but did differ among  different- aged leaves of individual 
plants (Okane et al. 1998). These fungal “nontraits” of leaves can vary 
not only among leaves of the same plant, but also among different parts 
of the same leaf, as found by Hata et al. (2002) for the endophytic fungi 
isolated from leaves of the temperate tree Pasania edulis. In this species, 
the distal, central, and basal region of leaf blades harbored taxonomi-
cally distinct fungal communities. Likewise, Deckert and Peterson (2000) 
found that both the frequency of infection and the taxonomic composi-
tion of endophytic communities varied signifi cantly along single needles 
of Pinus strobus.

Floral Traits

In most species, fl owers tend to be less variable than other reiterated struc-
tures. Nevertheless, examples abound where individual plants produce 
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fl owers that differ in structural or functional traits of either qualitative or 
quantitative nature.

Individual plants of many species produce alternative forms of fl ow-
ers that differ in structure or sexual expression. Among the former are 
the cases described by Davis and Ramanujacharyulu (1971) where fl ow-
ers on the same plants or the same stem may exhibit either clockwise or 
counterclockwise spiral estivations (the arrangement of perianth parts in 
the fl oral bud). Nevertheless, the best- known and commonest examples 
of discontinuous  within- plant variability in fl oral features are provided 
by species where fl owers differ in sexual expression or mating system. 
The former situation is exemplifi ed by the many species in which one 
plant simultaneously bears separate unisexual male and female fl owers. 
This monoecious condition is characteristic of whole families of temper-
ate trees, for example, Pinaceae, Fagaceae, and Betulaceae, but it is also 
found in many other trees, shrubs, and herbs, sometimes as an imper-
fect monoecism where bisexual and unisexual fl owers coexist on the 
same individual. This happens, for example, in andromonoecious species 
of Solanum that produce hermaphrodite and staminate fl owers (Diggle 
1991). In some mimosoid legumes of the genus Neptunia, up to three 
different fl oral morphs (hermaphrodite, male, and sterile) may coexist on 
the same infl orescence (Tucker 1988). Alternative fl oral variants charac-
terized by contrasting mating systems are exemplifi ed by hermaphroditic 
species that produce cleistogamous (closed, obligatorily self- pollinated) 
and chasmogamous (open, exposed to cross pollination) fl owers on the 
same plant, often on the same infl orescence and according to a regular, 
fi xed ontogenetic sequence (Lord 1980; Ellstrand et al. 1984). Instances of 
this dimorphic fl oral condition have been reported from 228 genera and 
50 families (Culley and Klooster 2007). Species exhibiting monomorphic 
enantiostyly provide another example of discontinuous  within- plant vari-
ation in fl oral features. Enantiostyly is a fl oral polymorphism where fl ow-
ers exhibit a  medial- lateral asymmetry, with the style of a fl ower being 
defl ected either to the left (left- styled) or to the right (right- styled) of the 
fl oral axis (Barrett et al. 2000). In monomorphic enantiostylous plants, the 
two fl oral variants are found on the same individual.

But all these well- known forms of discontinuous variation related to 
sexual expression, mating system, and fl oral morphology are neither the 
sole nor, quite likely, the most frequent modalities of  within- plant varia-
tion in fl oral features. Although not suffi ciently investigated, signifi cant 
 within- plant variation in continuous and nearly continuous morphological 
and structural traits (e.g., number of fl ower parts, size and morphology of 
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parts) and in functional attributes of fl owers (e.g., nectar production) are 
probably the rule in nature.

Flower Parts

Flowers are reiterated structures themselves where each verticil (calyx, 
corolla, androecium, gynoecium) is in turn made up of a number of 
repeated parts. The number of parts in each verticil is often considered 
among the most constant angiosperm characters, and sets of these fi g-
ures (“fl oral formulas”) have been traditionally used as a discriminant 
trait that characterizes many taxonomic groups at the genus or family 
levels. Conspicuous exceptions to this generalization are the many angio-
sperm families belonging to or close to the magnoliid clade (Soltis et al. 
2000). In species of these families (e.g., Lauraceae, Winteraceae, Magno-
liaceae, Ranunculaceae), fl oral verticils are composed of a variable num-
ber of parts (Cronquist 1981), and at least in the few species for which 
detailed data are available, such variation commonly occurs also at the 
 within- plant level. For instance, fl owers on the same tree of Drimys win-
teri (Winteraceae) vary markedly in the number and arrangement of fl oral 
organs, and most of this variation occurs within individual plants (Doust 
2001). Likewise, in Actaea rubra (Ranunculaceae) the number of petals 
and stamens vary widely among fl owers of the same plant, and the extent 
of  within- plant variation in petal number is similar or even exceeds the 
magnitude of variation found among species in the genus (Lehmann and 
Sattler 1994). In populations of Helleborus foetidus and H. viridis (Ranun-
culaceae), all individuals exhibit substantial  within- plant variation in num-
ber of carpels, stamens, and nectaries (fi g. 2.2).

Although it is rarely acknowledged, variability in number of fl oral 
parts is frequent even in species where the fl oral formula not only is con-
sidered constant, but also is used as a characteristic trait possessing sys-
tematic value. In Paris quadrifolia, the specifi c epithet makes reference 
to the fi xed complement of “four leaves,” or rather fl oral bracts, that sup-
posedly characterizes this species. Lowndes (1931), however, found that 
fl owers produced by the same clone had from three to seven bracts, and 
that the number of petals, sepals, stamens, and carpels was also variable. 
Ipomopsis aggregata has a 5–5–5–3 fl oral formula (5 sepals, 5 petals, 5 sta-
mens, 3 carpels) that is remarkably constant throughout its genus and is 
almost invariant in its family, the Polemoniaceae (Cronquist 1981). In a 
study conducted on 13 populations of this perennial herb, Ellstrand (1983) 
found that about one- third of individual plants surveyed had at least one 
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deviant fl ower (i.e., departing from the supposedly constant,  species-  and 
 family- specifi c merism denoted by the fl oral formula). In a later study of 
the same species, Ellstrand and Mitchell (1988) found that 28 out of 30 
plants studied produced some deviant fl owers over a fi ve- week observa-
tion period. In these two studies, the four fl oral verticils were subject to 
variation around the supposedly constant number of parts. In a study of 
fl oral variation in several species of Linanthus, also in the Polemoniaceae, 
Huether (1969) found a nonnegligible frequency of fl owers with corollas 
departing from the normal number of fi ve corolla lobes, and part of that 
variation consistently occurred within individual plants.

fi g. 2.2 As in other species of the genus Helleborus, nectaries of Helleborus viridis are dis-
crete structures derived from modifi ed petals that form a distinct verticil located between 
the sepals and the stamens (a). Each of these structures (b) produces large nectar volumes. 
The graph (c) illustrates variation in number of nectaries among fl owers of the same plant 
for seven Helleborus viridis plants in a population from northwestern Spain. Each line in the 
graph corresponds to a different plant, and denotes the range of variation observed. N = num-
ber of fl owers examined per plant. Based on unpublished data from J. Guitián.
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Signifi cant amounts of  within- plant variation in the number of fl oral 
parts have also been reported for other species where a fi xed number 
is a taxonomically diagnostic character at the generic or suprageneric 
level. Based on the examination of more than 20,000 fl owers produced 
by four plants of Jasminum multifl orum over an entire fl owering sea-
son, and more than 150,000 fl owers produced by 20 trees of Nyctanthes 
 arbor- tristis (both species in the Oleaceae), Roy (1963) provided what 
is possibly the most thorough description of  within- plant variation in 
meristic fl oral characters ever published for any species. In his two spe-
cies,  within- plant variation in number of petal lobes occurred in all indi-
viduals studied. In N.  arbor- tristis, the “normal” number of corolla lobes 
is six, but most individuals also produced a proportion of fl owers hav-
ing fewer and more lobes (fi g. 2.3). As fl owers differing in number of 
corolla lobes also differed markedly in the shape of the corolla in front 
view,  within- plant variation in number of petal lobes causes highly vis-
ible  within- plant heterogeneity in fl oral form (fi g. 2.3). A similar situa-
tion was also reported by Huether (1968) for plants of Linanthus andro-
saceus, where the number of corolla parts varied among fl owers of the 
same plant.

Although visually less conspicuous and more diffi cult to quantify than 
variations in the number of fl oral parts, fl owers on the same plant fre-
quently exhibit considerable continuous variation in size and shape. In 
Lychnis dioica, the shape of fl owers and the form of petals vary within the 

fi g. 2.3 Within- plant variation in the number of corolla lobes in four representative indi-
viduals of Nyctanthes  arbor- tristis (Oleaceae), a small tree with tubular corollas where the 
“normal” number of petals is six. Each graph is based on N > 4,000 fl owers. Frequency distri-
butions are based on data from Roy 1963, table 7.
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same plant. The terminal fl ower of a cyme has narrow toothed petals with 
distinct lateral lobes, bifurcate corona, and infl ated calyx, while the sec-
ond fl ower of the same cyme has narrow petals, both entire and toothed, 
some with lateral notches, a square corona, and cylindrical calyx (Curtis 
1931). Although this sort of subindividual variation has long been known, 
there have been relatively few investigations measuring  within- plant vari-
ation in continuous fl oral traits, a fact emphasized by Williams and Con-
ner (2001). These studies, however, have shown that most species exhibit 
substantial amounts of continuous  within- plant variation in structural fl o-
ral features such as petal length and width, corolla length and diameter, 
and style length, among others (Goodspeed and Clausen 1915; Fenster 
1991; Campbell 1992; Svensson 1992; Herrera 1996; Williams and Conner 
2001). Quantitative information on continuous  within- plant variation of 
fl owers is reviewed in the next chapter.

Functional Traits

Empirical evidence, both observational and experimental, and theoretical 
analyses have consistently shown that the distribution and presentation 
of fl oral nectar rewards in  insect- pollinated plants have a strong infl u-
ence on the foraging patterns of their insect pollinators and, as a conse-
quence, on plant mating system, gene fl ow, and male and female pollina-
tion success (e.g., Corbet 1978; Pleasants 1981; Pyke 1981; Ott et al. 1985; 
Zimmerman and Pyke 1986; Mitchell 1993; Cresswell 1999). For this rea-
son, patterns of nectar composition, production, and availability have 
been thoroughly investigated at both the  intra-  and interspecifi c levels in 
recent decades, and it seems safe to state that  nectar- related features are 
those functional fl oral traits whose variability has most frequently been 
examined.

At the local population level, the volume of nectar instantaneously 
available per individual fl ower at any one moment is extremely vari-
able (Feinsinger 1978; Zimmerman and Pyke 1986; Zimmerman 1988). 
At a given site, most fl owers contain little or no nectar, and a few fl ow-
ers contain signifi cant amounts. This characteristically patchy, roughly 
bimodal distribution of nectar availability among individual fl owers is 
so common as to deserve distinct designations, and it has been termed 
a “blank- bonanza” pattern (Feinsinger 1978, 1983; Brink 1982), or as 
made up of “hot and cold” points (Pleasants and Zimmerman 1979) 
or “lucky hits” (Southwick 1982). Although relatively few investiga-
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tions have carefully considered  within- plant variation in nectar stand-
ing crops, there is little question that  blank- bonanza patterns of nec-
tar availability at the population level are due to differences in nectar 
availability both between plants and between fl owers on the same plant 
(Feinsinger 1983).

Nectar standing crop depends not only on per- fl ower nectar secre-
tion rate, but also on pollinator foraging (visitation frequency and nectar 
extraction effi ciency); hence  blank- bonanza patterns may be promoted by 
pollinator foraging rather than refl ecting genuine variability in intrinsic 
fl oral features. Although the “blurring” infl uence of pollinator foraging 
on intrinsic patterns of nectar secretion cannot be negated (Zimmerman 
1988), many studies have documented that different fl owers on the same 
plant frequently exhibit a remarkable variability in nectar secretion rates 
(Steiner 1979; Feinsinger 1983; Pleasants 1983; Southwick 1983; Marden 
1984a; Zimmerman and Pyke 1986; Real and Rathcke 1988; Boose 1997). 
For example, in a large clone of the  hummingbird- pollinated herb Helico-
nia psittacorum studied by Feinsinger (1983), individual fl owers produced 
from 0 to 202 µL of nectar during their one- day life span (fi g. 2.4). In some 
cases,  within- plant variation in nectar standing crop and / or nectar produc-

fi g. 2.4 Frequency distribution of the total volume of nectar secreted by each of 215 fl ow-
ers of a single clone of Heliconia psittacorum during their one- day life span. Redrawn from 
Feinsinger 1983.



26 chapter 2

tion rate per fl ower is mainly linked to differences between fl owers in the 
total number of secretory structures, as is the case in Helleborus fl owers 
with variable number of nectaries (Herrera and Soriguer 1983; fi g. 2.2). 
 Within- plant variation can also show some predictable spatial patterns. 
Vertical infl orescences frequently exhibit nectar gradients, either increas-
ing or declining from top to bottom (Best and Bierzychudek 1982; Devlin 
and Stephenson 1985; Kudo et al. 2001).

Variation in nectar composition has been investigated far less fre-
quently than variation in nectar abundance, and the vast majority of 
studies focusing on the variation in chemical composition of nectars have 
been concerned with interspecifi c variation (e.g., Baker and Baker 1982; 
Baker et al. 1998; Galetto et al. 1998; Torres and Galetto 2002; among 
many others). In one of the few detailed investigations of  within- plant 
variation in nectar composition, Freeman and Wilken (1987) found that 
fl owers on the same plant of  fi eld- grown Ipomopsis longifl ora differed 
signifi cantly in the relative proportions of fructose, glucose, and sucrose. 
They concluded that “samples from numerous fl owers are needed to 
accurately characterize the nectar sugar composition of an individual 
under fi eld conditions.” Freeman and Wilken’s results (1987) contrast 
with those of Lanza et al. (1995) in a study of variation in sugar and 
amino acid nectar composition of Impatiens capensis at the individual, 
plant, and population levels. They failed to detect statistically signifi cant 
 within- plant variation in any of the nectar constituents considered, but 
that negative result should be interpreted with caution in view of the 
limited sample on which the study was based (three fl owers from each 
of three plants from each of three populations, or a grand total of only 
27 fl owers).

Very Fine- Grained Variation

As noted earlier for leaves, a very fi ne- grained level of  within- fl ower vari-
ation in chemical characteristics has sometimes been reported. In Turn-
era ulmifolia, all fl ower parts exhibit cyanogenic activity, but this varies 
between fl oral verticils, being greatest at the stamen fi laments, least at the 
ovary, and intermediate at other parts (Shore and Obrist 1992). In fl owers 
of Hypericum calycinum, Gronquist et al. (2001) likewise found a hetero-
geneous distribution of defensive dearomatized isoprenylated phloroglu-
cinols in different fl ower parts. These aspects of  within- fl ower variation 
remain essentially unexplored so far, but may eventually prove to have 
some ecological signifi cance, particularly in relation to the confl icting 
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interaction of fl owers with mutualistic pollinators and antagonistic fl ower 
visitors (Gronquist et al. 2001).

Fruit Traits

Discrete Variation

Discontinuous  within- plant variation in fruit features occurs in many spe-
cies, where one individual plant simultaneously produces two or more 
clearly different fruit types, often in the same infructescence. This hetero-
carpic condition occurs in some species of at least 18 plant families, but is 
particularly frequent among species of Asteraceae and Chenopodiaceae. 
In the former family, 138 species from 52 genera exhibit some form of het-
erocarpy, accounting collectively for 63% of heterocarpic species reported 
so far (Imbert 2002). Fruit differentiation in heterocarpic Asteraceae 
mainly occurs at the  within- infructescence level, with central achenes dif-
fering in size, morphology, and / or presence of a dispersal structure, from 
those in the periphery of the capitulum (fi g. 2.5). This differentiation often 
leads to discrete, clearly distinct fruit types, as in the case of dimorphic 
Leontodon longirrostris achenes depicted in fi gure 2.5 (see also, e.g., Ven-
able and Levin 1985; Tanowitz et al. 1987). In the Balearic Islands, single 
plants of the endemic dwarf shrub Thymelaea velutina produce dry fruits 
(achenes) lacking any special dispersal mechanism along with fl eshy fruits 
(drupes) that are eaten by small lizards, which act as the dispersal agents 
of the enclosed seeds (Tébar and Llorens 1993; de la Bandera and Traveset 
2006). In other cases, there is a smooth gradation of fruit types within the 
same infructescence, and fruit variation can be considered closer to, if not 
indistinguishable from, a continuous phenomenon, as in the case of Het-
erosperma pinnatum (fi g. 2.5; see Imbert 2002 for other examples). Het-
erocarpy can also be predictably associated with  within- plant variation in 
the genetic constitution of seeds. In a study of the mating system of Crepis 
sancta, Cheptou et al. (2001) found that nondispersing achenes produced 
at the periphery of the capitulum were signifi cantly more outcrossed, 
and pollinations involved a higher number of paternal parents, than 
the dispersing achenes produced by inner fl orets in the same capitulum.

Continuous Variation

Within- plant variation in fruit features is not restricted to heterocarpic 
species. Nonheterocarpic plants, although producing fruits not divisible 
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into types, often also exhibit considerable levels of continuous  within- plant 
variation in diverse fruit attributes. This kind of continuous variation and 
its consequences, however, have been investigated far less frequently than 
discontinuous variation associated with heterocarpy.

Size- related features of fruits (e.g., length, diameter, or mass of the 
whole fruit or some of its component structures) often vary considerably 
within individual plants. This occurs, for example, in  fl eshy- fruited spe-
cies that produce berries, drupes, or functionally equivalent structures 
(Obeso and Herrera 1994; Obeso 1998b). In Helleborus foetidus, an ant-
 dispersed herb of the forest understory, Garrido et al. (2002) found exten-
sive  within- plant variation in the mass of individual elaiosomes, ancillary 
structures attached to the seeds that provide a nutritious reward to dis-
persing ants.  Within- plant variation in fruit characteristics is not restricted 

fi g. 2.5 Within- plant variation in fruit characteristics in three representative heterocarpic spe-
cies in the Asteraceae. In Leontodon longirrostris and Heterosperma pinnatum, the different 
fruits pictured are produced in the same infructescence (capitulum). In Catananche lutea, the 
two fruit types at the left are produced in subterranean capitula, and the other three types in 
aerial capitula. Drawings from Venable et al. 1995; Ruiz de Clavijo and Jiménez 1998; Ruiz 
de Clavijo 2001.
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to simple metric traits like length or width. As shown by Mazer and 
Wheelwright (1993) for the tropical tree Ocotea tenera, composite traits 
like fruit shape can also vary widely within the crops of individual plants.

Broad  within- plant variation in the number of fi lled seeds contained 
in each ripe fruit seems to be the rule among species with multiovulate 
ovaries (Gorchov 1985; Jordano 1991; Obeso and Herrera 1994). Not sur-
prisingly,  within- plant variability in fruit seediness seems to be greatest in 
species that have many ovules per ovary, as exemplifi ed in fi gure 2.6 by 
the frequency distributions of fruit seediness in representative individuals 
of four taxonomically and ecologically disparate species. These examples 
show that the number of seeds per ripe fruit can vary severalfold within 
the crop of a single plant, particularly in species with many ovules per 
ovary (e.g., Guazuma ulmifolia in fi g. 2.6). Within- plant variation in fruit 

fi g. 2.6 Within- plant variation in fruit seediness in single crops of four species with multi-
ovulate ovaries. Each panel show the frequency distribution of the number of fi lled seeds per 
fruit in the crop of one representative individual of each species. Enterolobium cyclocarpum 
(Fabaceae) and Guazuma ulmifolia (Sterculiaceae) are tropical dry forest trees producing 
dry indehiscent fruits. Viola cazorlensis (Violaceae) is a perennial suffruticose violet produc-
ing dehiscent capsules, and Sorbus aucuparia (Rosaceae) is a temperate tree producing fl eshy 
berries. N = number of fruits examined per plant. Based on data from Janzen 1982b (E. cyclo-
carpum); B. Pías and M. Salvande, unpublished data (S. aucuparia); and C. M. Herrera 1993, 
and unpublished data (V. cazorlensis and G. ulmifolia).
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seediness may generate concomitant variation in other fruit features. In 
Vaccinium corymbosum and Amelanchier arborea, Gorchov (1985) found 
that the ripening asynchrony of the fruits produced by the same plant 
was a consequence of variance in fruit developmental time (not fl owering 
time). Fruit developmental time, in turn, was highly correlated with seed 
number in these species, with comparatively many- seeded fruits develop-
ing faster than few- seeded fruits.

In wind- dispersed species, both seed mass and the dimensions of ancil-
lary structures aiding dispersal, such as wings or plumose structures, vary 
concurrently among the diaspores of the same fruit crop, which in turn 
translates into  within- plant variation in wing loading and consequently 
in the dispersal ability of individual diaspores (Janzen 1978; Augspurger 
and Hogan 1983; Sipe and Linnerooth 1995; Sakai et al. 1997). Individu-
als of the tropical tree Platypodium elegans, for example, produce both 
 single- seeded and  double- seeded wind- dispersed, indehiscent legumes, 
and the two variants greatly differ in mass, area, wing loading, rate of 
descent, and dispersal distance (Augspurger 1986).

In  fl eshy- fruited plants, fruit pulp is the reward offered by plants to fru-
givorous animals that act as seed dispersers; hence its nutritional charac-
teristics are a critical element in the  plant- disperser interaction (Herrera 
2002). Interspecifi c variation in nutritional fruit features, and its ecological 
and evolutionary consequences, have been documented in considerable 
detail by a large number of studies (Herrera 1987b; Jordano 1995a; and 
references therein). In contrast with the extensive attention paid to inter-
specifi c variation, only a handful of studies have investigated fruit nutri-
tional variation among individual plants of the same species (Denslow 
1987; Jordano 1987, 1989; Gargiullo and Stiles 1991). Still poorer is our 
knowledge on variation at the  within- plant level, as I am not aware of any 
study of wild plants that has looked for possible  within- plant variation in 
fruit nutritional properties. Important  within- plant variation in the chem-
ical characteristics of fruit pulp has been frequently reported for culti-
vated fl eshy fruits (Fryer et al. 1954; Hopkirk et al. 1986; Barritt et al. 1987; 
Yamada et al. 1997; Broom et al. 1998); hence the absence of similar pub-
lished information for wild fruits most likely refl ects lack of interest from 
researchers in looking for that source of variation in wild plants along 
with the analytical diffi culties involved in conducting chemical determi-
nations on the small pulp samples obtainable from individual wild fruits. 
In the Mediterranean evergreen shrub Osyris lanceolata, refractometer 
readings of  fruit- pulp juice, an approximate measurement of  soluble- solid 
content (sugars, vitamins, and other solutes having refractive properties), 
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vary considerably among drupes produced by the same plant (fi g. 2.7). 
 Within- plant variation in refractometer readings of  fruit- pulp juice com-
parable to that of O. lanceolata has also been found for the berries of 
the vine Smilax aspera (C. M. Herrera, unpublished data). Refractome-
ter readings of  fruit- pulp juice have been considered a “quick and dirty” 
method of characterizing average fruit nutritional features in interspecifi c 
comparisons of wild plants (White and Stiles 1985). The method, however, 
is customarily used in the cultivated fruit industry to compare pulp prop-
erties between fruits, plants, or cultivars of the same species (e.g., Hopkirk 
et al. 1986). In these intraspecifi c contexts, measurements of  soluble- solid 
content obtained from refractometer readings closely refl ect variations in 
sugar and carboxylic acids content (Gurrieri et al. 2001), and are included 
among target variables in selective breeding programs (Yamada et al. 
1997;  Rodríguez- Burruezo et al. 2002, 2003).

Very Fine- Grained Variation

As noted earlier for leaves and fl owers, a very fi ne- grained level of  within- 
fruit variation in chemical characteristics has sometimes been reported. 

fi g. 2.7 Within- plant variation in solute concentration of  fruit- pulp juice in ripe drupes of 
Osyris lanceolata (formerly quadripartita) from southern Spain. Each line in the graph cor-
responds to a different plant, and denotes the range of variation observed in percent dis-
solved solids in pulp juice, an inverse measurement of “fruit juiciness,” as estimated using an 
approximate refractometry method. N = number of fruits measured per plant. C. M. Herrera, 
unpublished data.
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In kiwifruit (Actinidia deliciosa), a marked gradation in  soluble- solid con-
centration along the longitudinal axis of each individual fruit was reported 
by Hopkirk et al. (1986). The distal end of the fruit exhibited consistently 
higher  soluble- solid concentrations than the basal end. Similar longitu-
dinal patterns of  soluble- solid concentration in individual fruits are also 
known to occur in other cultivated fruits, including apples, melons, and cit-
rus (Harding 1936; Scott and MacGillivray 1940; Ting 1969).

Seed Traits

Some examples of continuous and discrete  within- plant variation in seed 
traits that commonly occur in association with the heterocarpic condition 
or, more generally, with variation in fruit features, were mentioned in the 
preceding section. In other cases,  within- plant variation in seed features 
(size, dispersal ability, germination behavior) is related to the production 
of cleistogamous and chasmogamous fl owers on the same plant (Waller 
1982; Antlfi nger 1986; Baskin and Baskin 1998; Berg 2000). In this section 
I consider only those seed traits that vary within individual plants without 
such variation being correlated in obvious ways with concomitant varia-
tion in the characteristics of fl owers or fruits.

Discrete Variation

As noted earlier, plants with heteromorphic fruits frequently also exhibit 
discrete  within- plant variation in seed features, which is known as het-
erospermy (Mandák 1997; Imbert 2002). One of the seed features that is 
typically associated with the heteromorphic condition is the duration of 
seed dormancy (Baskin and Baskin 1998; Imbert 2002; Matilla et al. 2005). 
But discrete seed- dormancy polymorphisms are not necessarily restricted 
to plants with heteromorphic fruits, as illustrated by the classic example 
of Xanthium pensylvanicum seeds. In this species, each capsule bears two 
seeds. The upper seed is much more dormant than the lower one, with 
at least 12 months normally separating the germination of the two seeds 
(Murdoch and Ellis 2000). A similar pattern was described by Marañón 
(1987, 1989) in species of the grass genus Aegilops, where each spikelet 
contains two seeds differing markedly in size. Within each pair of seeds, 
the largest one consistently has the least dormancy. Discrete  within- plant 
variation in seed traits may sometimes involve seed coat color, chemical 



which traits vary within plants? 33

composition, and dispersal mechanism. In the annual herb Croton setiger, 
single plants produce uniformly gray, chemically defended seeds unpal-
atable to avian seed predators along with variously mottled or striped, 
undefended palatable seeds (Cook et al. 1971). Individuals of the annual 
herb Spergularia marina may produce both winged and unwinged seeds 
(Mazer and Lowry 2003).

Many species regularly produce fruit crops that consistently contain 
fruits that are both normal (i.e., with fi lled seeds) and parthenocarpic 
(containing empty, unfertilized seeds) on the same plant. Whether this 
phenomenon is a genuine discrete polymorphism is open to question, 
but it undoubtedly exemplifi es a situation of drastic  within- plant varia-
tion in seed traits whereby normal seeds containing a viable embryo reg-
ularly coexist in the same crop with “pseudoseeds” consisting of just an 
empty coat. The phenomenon is particularly frequent among gymno-
sperms, such as species of Juniperus (Fuentes and Schupp 1998; García 
et al. 2000), but it occurs also in angiosperms, such as wild parsnip (Pasti-
naca sativa, Zangerl et al. 1991) and species of Pistacia (Zohary 1952; Jor-
dano 1988; Traveset 1993) and Ulmus (López- Almansa and Gil 2003). In 
some species, multiseeded drupes commonly contain a mixture of fi lled 
seeds along with one or a few parthenocarpic “seeds,” the two types being 
externally indistinguishable (Ilex aquifolium, Obeso 1996; Crataegus lac-
iniata, C. M. Herrera, unpublished data). As discussed in chapter 9, studies 
of species where individual seed crops contain both fi lled and empty seeds 
inside otherwise normal fruits have provided some of the fi nest evidence 
of the infl uence of  within- plant variation on the reproductive success of 
individual plants through its effect on the foraging behavior of animals.

Continuous Variation

Possibly most plants exhibit some sort of “cryptic heteromorphism” (Ven-
able 1985) involving signifi cant continuous  within- plant variation in seed 
size, viability, germination behavior, or some combination of these (Mat-
illa et al. 2005). Once thought to be one of the most intraspecifi cally con-
stant plant characters (Harper et al. 1970; Harper 1977), seed size has 
eventually come to fi gure prominently among those reproductive traits 
exhibiting the greatest levels of intraspecifi c variation, with most of this 
variation taking place within individual plants’ crops (Janzen 1977b, 1978; 
Michaels et al. 1988; Hendrix and Sun 1989; McGinley et al. 1990; Winn 
1991; Mehlman 1993; Méndez 1997; among many others). Michaels et al. 
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(1988) found that  within- plant variation exceeded  among- plant variation 
in the vast majority of the 39 species considered in their survey, and was 
due in most instances to variation both among and within fruits. These 
and other quantitative data on seed- mass variation are reviewed in the 
next chapter.

Within- plant variation in seed size may translate into subsequent vari-
ation in seedling emergence and survival. This happens, for example, in 
the tropical tree Virola surinamensis, where variation in seed size is great 
enough within some tree crops as to give rise to signifi cant differences in 
seedling vigor (height, shoot mass, leaf length) and survival (Howe and 
Richter 1982). Extensive  within- plant variation in seed viability and ger-
mination rate has been documented for the shrub Erica australis (Cruz 
et al. 2003) and the tree Alnus rubra (Markham 2002), although a connec-
tion with variation in seed size was not proven in these studies.

Continuous  within- plant variation in seed germinating behavior also 
seems to be an extremely common phenomenon, although it usually has 
been overlooked or ignored when not associated with a discrete polymor-
phism in seed size or shape. Silvertown (1984) provides a review and a 
model for the evolution of this sort of cryptic “somatic polymorphism,” 
in which seeds from the same maternal crop differ widely in dormancy 
length and / or in their response to environmental germination cues. Dif-
ferences in germination behavior are often, but not invariably, associated 
with differences in seed size, and can occur both within and between fruits 
of the same crop. Although most examples of somatic polymorphism 
considered by Silvertown (1984) involved variation in seed germination 
rates over relatively long time spans (e.g., over several germination sea-
sons),  within- crop heterogeneity in germination time may also occur over 
very  short- term temporal scales. In the perennial herb Phytolacca ameri-
cana, Armesto et al. (1983) found that seeds from different berries on the 
same raceme had widely different probabilities of germination over a trial 
period of only 9 days.

Relatively few investigations have so far examined the possibility of 
 within- plant variation in the chemical composition of individual seeds. 
Nevertheless, as more- sophisticated analytical methods have become 
increasingly available in recent years, there is already some evidence 
revealing that individual seeds produced by the same maternal plant are 
far from homogeneous in their chemical composition, and that the  within- 
plant variation involves both nutrients and potentially deterrent second-
ary metabolites. These studies have mostly been conducted on plants of 



which traits vary within plants? 35

economic interest. Using nondestructive methods based on nuclear mag-
netic resonance spectroscopy, Fick and Zimmerman (1973) demonstrated 
variation in total oil content of individual seeds within single heads of 
cultivated sunfl owers (Helianthus annuus). More recently, Velasco and 
Möllers (2002) have been able to document signifi cant  within- plant dif-
ferences in the protein content of the tiny individual seeds of rapeseed 
(Brassica napus) by means of near- infrared refl ectance spectroscopy. In a 
study of 32 varieties of Lupinus albus, Velasco et al. (1998) found signifi -
cant  within- plant variation in every trait considered in their study, which 
included protein content, oil content, and oil composition. The oil from 
seeds of pods borne on the main stem, for example, was characterized by 
a higher percentage of saturated fatty acids and oleic acid, and a lower 
percentage of linoleic, linolenic, eicosenoic, and erucic acid than the seeds 
from pods located on the branches. In soybeans (Glycine max), Marchetti 
et al. (1995) found signifi cant variation in the concentration of protease 
inhibitors, depending on the position along the main stem of individual 
plants.

Chemical variation among seeds of the same plants can take place 
at very small spatial scales. Within the capitulum of Tragopogon dubius, 
Maxwell et al. (1994) found a signifi cant increase in phenolic content from 
the lighter central achenes to the heavier peripheral achenes. Calderini 
and Ortiz- Monasterio (2003) found that the concentration of macronutri-
ents (Ca, Mg, K, P, and S) and micronutrients (Cu, Fe, Mn, and Zn) in indi-
vidual seeds of wheat (Triticum aestivum) varied considerably according 
to grain position within the spike. Variation took place on both the verti-
cal axis (spikelets on different positions along the rachis) and the horizon-
tal axis (seeds at different positions within the same spikelet) of the spike, 
but grain variation within the same spikelet was the main source of varia-
tion. Although these studies refer to cultivated plants, it seems reasonable 
to expect that similar results would eventually be obtained if the same 
fi ne analytical procedures were applied to seed crops of wild plants. In 
fact, signifi cant  within- crop variation in the concentration of major min-
eral nutrients may be inferred from some investigations that have exam-
ined the relationship between nutrient concentration and seed size in 
tropical (Grubb and Burslem 1998) and temperate wild plants (Brookes 
and Wigston 1979).



As noted in the preceding chapter, instances of discrete  within- plant 
variation in the form or function of reiterated structures such as 

leaves, fl owers, and fruits have attracted so much attention from research-
ers, and for so long, as to eventually become classic research subjects in 
botany and ecology. Continuous variation, in contrast, has received only 
marginal attention. While there are hundreds of papers on heterophylly, 
cleistogamy, and fruit heteromorphism, only a handful of investigations 
focus careful attention on continuous variation within individuals.

Several reasons might be offered for the imbalanced interest in dis-
crete and continuous  within- plant variation. Chapter 2 lists a large num-
ber of disparate traits of reiterated structures that are widely known to 
exhibit continuous  within- plant variation, so rarity of the phenomenon 
can hardly account for the eagerness to study discontinuous variation and 
the relative neglect of continuous variation. In fact, instances of discrete 
polymorphisms are probably rarer, in terms of the number of species 
showing them, than instances of marked continuous variation. Another 
simple explanation could be that continuous variation, although admit-
tedly widespread and involving a long list of morphological, physiological, 
and functional traits of reiterated structures, is quantitatively unimportant. 
Dismissal of the phenomenon would then be explained because of some 
implicit judgment of quantitative irrelevance. No systematic assessment of 
the extent of  within- plant variability shown by reiterated structures seems 

chapter three

Continuous  Within- Plant Variation of 
Reiterated Structures
The extent of subindividual variation in continuously 
varying leaf, fl ower, fruit, and seed traits is assessed.
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to have been conducted apart from early biometricians’ efforts noted ear-
lier (which, by the way, suggested that continuous variability might be far 
from negligible), yet the prevailing disregard for continuous  within- plant 
variation as a research topic might still stem from some generalized intu-
ition among botanists and ecologists that it is a quantitatively minor phe-
nomenon. A third explanation for neglect could be that no guiding theory 
makes the phenomenon of continuous variation interesting to research-
ers, while alternative phenotypes (e.g., submerged and emergent leaves) 
suggest adaptation to distinct functions.

In this chapter, I address the question, how large is the  within- plant 
variability of continuous structural and morphological traits of reiterated 
plant structures? First, I briefl y describe some of the problems involved 
in measuring and comparing variability of biological structures in general, 
and suggest possible approaches to circumvent these diffi culties in the par-
ticular case of  within- plant variability in reiterated structures. In the rest 
of the chapter I survey published and unpublished data for leaf, fl ower, 
fruit, and seed traits, in an attempt to objectively evaluate the absolute 
and relative magnitude of continuous  within- plant variation. If, after such 
an exercise, it turns out that  within- plant variability is quantitatively neg-
ligible, then there would be sound reasons for the traditional neglect of 
the phenomenon, and little justifi cation would be left for this book. Hav-
ing the book in hand, the reader can easily anticipate what the main con-
clusion of this chapter will be. Future chapters attempt to motivate more 
interest in such variation.

Measuring and Comparing  Within- Plant Variation

Measuring and comparing levels of variation bring up delicate issues in 
biostatistics. This is evidenced by the long series of methodological publi-
cations that have addressed potential biases and pitfalls arising from inad-
equate statistical treatments of variation levels (Haldane 1955; Lewontin 
1966; Lande 1977; Van Valen 1978; Sokal and Braumann 1980; McArdle 
and Gaston 1992, 1995; among many others), and by the controversies 
that have so frequently arisen around the interpretation of studies related 
in one way or another to variability levels (Kluge and Kerfoot 1973; Sokal 
1976; Rohlf et al. 1983). The concepts of variation and variability may have 
simple, intuitive meanings in the vernacular, yet that simplicity proves 
somewhat deceptive on closer examination, as the concepts are open to 
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multiple codifi cations and measurements. Problems may be exacerbated 
in the case of  within- plant variation of reiterated structures. Before pro-
ceeding with the survey of data on  within- plant continuous variability, 
and to justify the approach adopted in this chapter and in the rest of this 
book to analyzing  within- plant variability, I fi rst briefl y review some prob-
lems involved in quantitatively evaluating and comparing  within- plant 
varia-bilities. For a recent, synthetic treatment of the main issues involved 
in the study of relative levels of variation, see Lynch and Walsh 1998, 
chapter 11.

Coeffi cient of Variation

As the variance or standard deviation of a character is  scale- dependent, 
that is, depends on the mean and the units of measurement, neither of 
these parameters can properly be used to compare variability levels. This 
was long ago noted by Pearson (1901, 360), who remarked, “Measures of 
the absolute variations as given by the standard deviation seem to me of 
no use when we are comparing different characters in different species.” 
One way of circumventing this problem has been to apply to the orig-
inal data some  variance- stabilizing transformation, typically logarithms, 
which renders the variance on the transformed scale independent of the 
mean (Lewontin 1966). Another classic procedure for comparing rela-
tive amounts of variation for measurements involving different units or 
samples having different means involves using the ratio of the standard 
deviation to the mean. This statistic, the coeffi cient of variation (CV), 
expresses sample variability relative to the mean of the sample, and is 
most useful for variables that are always positive, because it is undefi ned 
when the mean is zero and frequent zero values can introduce impor-
tant biases (Lande 1977). Pearson (1901, 360) noted that the coeffi cient of 
variation “seems to me the only satisfactory comparative measure we can 
fi nd at present of variability,” and he used the CV extensively to assess 
 within- plant variability in continuously varying traits. Because the mean 
and the standard deviation are expressed in the same units, the CV is unit-
less, a fact emphasizing that it is a relative measure, divorced from the 
actual magnitude or units of measurement of the data (Zar 1999). These 
advantageous theoretical properties of the CV, along with its ease of inter-
pretation, have made the CV the most well- known method of obtaining 
comparable variability measurements.

In practice, however, use of the CV is not exempt from problems, and 
artifacts may arise if one puts too much confi dence on the theoretical 
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scale independence of CV without actually checking the validity of the 
underlying premises. The most critical of these assumptions is the require-
ment that, for the CV to be truly  scale- independent, the standard devia-
tion (SD) must be directly proportional to the mean (X). This requires 
that the two magnitudes are linked by a relationship of the form SD = k 
· X, k being a constant. Departures from this requirement, however, can 
frequently occur caused by (1) the relationship between SD and X being 
extremely weak, or SD varying randomly with respect to the mean, that 
is, the two statistics being unrelated; or it may be caused by (2) the regres-
sion of SD on X having a nonzero intercept, that is, it is of the form SD = a 
+ k · X. In this case the CV will be linked to the mean by an inverse, non-
linear relationship, as is clearly seen by dividing both sides of the equal-
ity by X. In both case 1 and 2, CV values are not truly  scale- independent, 
and residual correlations with the mean are therefore to be expected. This 
problem can be consequential in analyses involving comparisons or cor-
relations of CV values across distinct groups, and some patterns involv-
ing the variability of species and populations that were once thought to 
refl ect genuine biological phenomena have eventually turned out to be 
caused by hidden CV- mean correlations. These include “allomeric varia-
tion,” or the inverse relationship between the CV of a morphological trait 
and the square root of organ size (Soulé 1982), and the so- called Kluge-
 Kerfoot and  Roginskii- Yablokov effects, involving relationships between 
 population- level trait means and either  between-  or  within- population 
CVs (Lynch and Walsh 1998). Verifying for particular data sets that the 
data do not suffer too seriously from condition 1 or 2 above is thus an 
important requisite to avoid artifacts when using the CV to look for eco-
logical correlates of variability or to test particular hypotheses about vari-
ability. For descriptive purposes or rather crude comparisons like most of 
those performed in this book, however, the CV can still be useful as an 
index of variability provided that there is at least some reasonably linear 
relationship between SD and X.

Since Karl Pearson (1901) fi rst introduced it for that purpose, the CV 
has often been used to measure intraspecifi c variability in structural or 
functional traits of reiterated structures, including fl ower corolla length 
(Fenster 1991; Herrera 1996), nectar production (Real and Rathcke 1988; 
Boose 1997), seed mass (Michaels et al. 1988; Krannitz 1997a), seed chem-
ical constituents (Krannitz 1997b), and fruit dimensions (Obeso and Her-
rera 1994). Some of these investigations have explicitly considered the 
 within- plant component of variability, but, to my knowledge, none of them 
seems to have verifi ed whether the presumed direct relationship between 
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variance and mean, which would justify use of the CV, does actually apply 
in the  little- explored subindividual context. Are the  within- plant variance 
and the corresponding individual mean for continuously varying metric 
traits directly related across individual plants? Figure 3.1 plots the rela-
tionship between  within- plant variance and plant mean for span (corolla-
 spur length, fruit length) and mass (leaf fresh mass, seed mass) characters 

fi g. 3.1 The usual direct relationship between mean and variance holds in the case of  within-
 plant variation in metric characters of reiterated structures, as illustrated here for two linear 
and two mass traits of different reiterated structures in four species of plants from south-
eastern Spain. Across individual plants,  within- plant variance tends to increase with increas-
ing individual mean, although the strength of the relationship differs among examples. In 
all graphs, each symbol corresponds to a different plant, and lines are fi tted  least- squares 
regressions. Sample sizes (N = number of plants sampled, number of structures measured) 
and R2 and P- value for the regression in each graph are in parentheses after species names: 
Viola cazorlensis (N = 33, 969; R2 = 0.026, P = 0.37), Crataegus monogyna (N = 60, 2,400; 
R2 = 0.061, P = 0.06), Daphne laureola (N = 56, 895; R2 = 0.18, P = 0.001), and Narcissus long-
ispathus (N = 81, 2,944; R2 = 0.064, P = 0.02). Based on data from C. M. Herrera and from 
C. Alonso, unpublished data for D. laureola.
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of fl owers, fruits, leaves, and seeds of four species of southeastern Spanish 
plants.  Variance- mean relationships similar to those depicted in fi gure 3.1 
have been reported, for example, by Real and Rathcke (1988) for the nec-
tar volume available in individual fl owers of Kalmia latifolia, and can also 
be inferred from raw data on seed mass presented by Janzen (1978) for 
the tropical legume tree Ateleia  herbert- smithii.

Although it is not possible at present to know whether these rather 
limited examples depict general patterns of variation exhibited by these 
characters, they at least serve to suggest two tentative conclusions. For a 
variety of characters,  within- plant variance is positively, linearly related 
to plant mean, which provides statistical justifi cation for using the CV 
as a quantitative descriptor of the extent of  within- plant variability, use-
ful for comparative purposes. Nevertheless, the relationship between 
variance and mean is fairly weak, with R2 values ranging between 0.026 
and 0.18. This means that, sometimes,  within- plant CVs may not be fully 
 scale- independent, and CV- assessed variability data might generate some 
spurious patterns in comparisons involving groups with widely different 
means. Keeping this potential diffi culty in mind, one could still reasonably 
use the CV as the main descriptor of  within- plant variability in analyses 
that do not require strict scale independence of the variability measure-
ment (e.g., when no hypothesis under test implies some direct or indirect 
relationship between variability and means).

Variance Partitioning

Another approach to quantitatively assessing  within- plant variation in 
quantitative, continuously varying traits of reiterated structures consists of 
partitioning the total  population- level variance of the character (Vartotal) 
into its additive  between- plant (Varamong) and  within- plant (Varwithin) com-
ponents. As with use of the CV, Pearson (1901) also pioneered the use 
of variance partitioning to quantify  within- plant variation, although in 
this case later thinkers created the terminology that we use today. Pear-
son’s “homotypic correlation coeffi cient,” a measurement of the degree 
of resemblance between “undifferentiated like organs” on the same plant 
individual, corresponds to the statistical parameter we currently know as 
the “intraclass correlation coeffi cient,” a measure of the homogeneity of 
observations within the groups of a random factor relative to the variabil-
ity of such observations among groups. The intraclass correlation coeffi -
cient equals the ratio of the variance accounted for by  within- plant vari-
ance relative to total variance (Zar 1999).
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Meaningful  variance- partitioning analyses can be conducted even if 
the number of  within- plant replicates is small, so the method can prof-
itably be used with small plants or those producing just a few reiterated 
structures per individual. This contrasts with CV- based methods, which 
require more replicates per plant in order to obtain reliable  plant- level 
estimates of variability. Another advantage of approaching the analysis of 
 within- plant variability using character variance partitioning is that results 
will generally be amenable to straightforward biological interpretations. 
For example, the fraction of total  population- level phenotypic variance in 
a metric character of a reiterated structure occurring within the confi nes 
of an individual plant may readily be interpreted in terms of limitations to 
the responses to natural selection, as discussed in chapter 10.

One drawback of variance partitioning is that the  within- plant compo-
nent of variance may be infl ated by measurement error unless either large 
samples are measured per plant or individual reiterated structures are 
measured repeatedly, thus allowing proper estimation of  measurement-
 error variance (rather than assuming that it is negligible, as is most often 
done; I return to this point in chapter 10). A second and more important 
drawback is that, if the  within- plant component of variance is expressed 
in relative terms with respect to the total  population- level variance (i.e., 
as an intraclass correlation coeffi cient), then it does not depend exclu-
sively on the extent of  within- plant variability, but is “contaminated” to 
a variable extent by  between- individual variability. This is clearly seen by 
considering that

%Varwithin = Varwithin / (Varwithin + Varamong). 3.1

By this defi nition, multiple populations with identical absolute Varwithin 
values may yield widely different %Varwithin fi gures if their differences 
in Varamong are large. This implies that %Varwithin estimates may be nearly 
useless for comparative purposes in those situations where it refl ects 
Varamong nearly as much as it refl ects Varwithin, a fact that does not seem to 
have been properly acknowledged in earlier investigations that have used 
the  variance- partitioning approach to compare  within- plant variability.

Within- plant variability in seed and fruit mass (e.g., Michaels et al. 1988; 
Hendrix and Sun 1989; Obeso and Herrera 1994) and fl oral morphology 
(Herrera 1996; Cresswell 1998; Williams and Conner 2001; Ehlers et al. 
2002) has sometimes been examined by adopting a  variance- partitioning 
perspective. Because of its inherent drawbacks, this approach should be 
seen as a complement, rather than as an alternative, to the one based 
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on  within- plant CVs. While the latter assesses  within- plant variability at 
the per- plant level, the  variance- partitioning approach provides a popu-
lation perspective of the extent of  within- plant variation scaled to total 
 population- level variance. The CV- based approach allows us to investi-
gate, for example, possible individual differences in  within- plant variabil-
ity levels (chapter 7), while the  variance- partitioning approach may be 
used to compare species or populations (subject to the limitations and 
caveats noted in the preceding paragraph). As the two methods focus on 
different aspects of  within- plant variability that may or may not be related 
(Pearson 1901), they should ideally be used in combination, and this is the 
approach followed in the next sections. All phenotypic variance compo-
nents reported in this chapter and elsewhere in the book were computed 
using restricted maximum likelihood estimation (Searle et al. 1992; see 
Lessells and Boag 1987 for a readable account of problems associated 
with sum- of- squares estimation of variance components).

Leaf Variation

Of all reiterated structures, leaves have most frequently attracted the 
attention of botanists for assessing patterns and implications of contin-
uous  within- plant variation. Reasons for the continued interest in leaf 
variation are diverse. For example, the size, shape, and physiological 
characteristics of tree leaves, and the manner in which these traits vary 
within tree crowns, are of great importance to forest ecosystem function, 
since production and  ecosystem- atmosphere exchange are infl uenced by 
architectural features of the canopy (Ford and Newbould 1971; Hutchi-
son et al. 1986). Assessing vertical variation in leaf distribution and its 
relationship to patterns of photosynthesis among different canopy posi-
tions provides insight into how carbon, nitrogen, and nutrient resources 
in general are partitioned within forest canopies and individual plants, 
an aspect that may have important consequences for the fi tness of indi-
vidual plants, as discussed in chapter 9 (Field 1983; Ellsworth and Reich 
1993; Hollinger 1996; Bassow and Bazzaz 1997). In the case of trees of 
economic interest, investigations of  within- tree variation of leaf features 
have sometimes been motivated by attempts to characterize tree crowns 
for possible genetic selection directed at enhancing carbon fi xation and 
timber production (Tucker et al. 1993). Analyses of  within- plant variation 
in leaf features have also been prompted by taxonomic considerations 
(Kincaid et al. 1998).
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Detailed quantitative information on  within- plant variation in leaf 
traits is remarkably scarce in the literature, and good quantitative esti-
mates of the magnitude of  within- plant leaf variability are rare. This may 
seem ironic, given the interest elicited among ecologists by patterns of 
leaf variation. Nevertheless, the lack of rigorous analyses is probably just 
a refl ection of the practical diffi culties involved in adequately assessing 
the enormous  within- plant variation ordinarily exhibited by continuously 
varying leaf traits, particularly in the case of large plants. For example, 
in a very detailed study of the morphology of leaves of Quercus petraea, 
Bruschi et al. (2003) found that the variation within trees was considerably 
greater than variation among trees for 19 out of the 32 leaf descriptive 
parameters investigated. In a study of olive trees (Olea europaea), Perica 
(2001) found that nitrogen content of individual leaves varied with can-
opy height, side (orientation) of the tree, and position along shoots, and 
concluded that adequate sampling protocols should necessarily incorpo-
rate these three concurrent levels of variation. Faced with such extensive 
 within- plant variability, therefore, the characterization of leaf traits for 
individual plants is far from trivial, and ecologists and statisticians alike 
have long struggled to design optimal sampling strategies that adequately 
capture extensive  within- plant variation in leaf traits while economizing 
time and effort (e.g., Wood 1972; Valentine and Hilton 1977; Gregoire 
et al. 1995; Luyssaert et al. 2001; Temesgen 2003; among many others). The 
effort required to sample variation at all levels (among individuals, among 
branches and subbranches, among leaves, among measurements) can be 
formidable, and this may explain the scarcity in the literature of reliable 
statistics of leaf variability at the plant population level. Leaf sampling 
problems become particularly serious in tall forests where, as summarized 
by Bassow and Bazzaz (1997), sampling leaves is “diffi cult, dangerous, and 
expensive.” Not surprisingly, therefore, some of the most thorough inves-
tigations so far conducted on  within- plant leaf variation of trees are based 
on data collected from single plants (Kincaid et al. 1998; Porté and Lous-
tau 1998; Le Roux et al. 1999; Luyssaert et al. 2001), which precludes any 
assessment of  within- plant variability at the population or species level. 
Diffi culties inherent in leaf sampling, however, are not exclusive to large 
plants such as trees or shrubs, which bear many thousand, widely distrib-
uted leaves. Extensive variation and steep  within- plant gradients in struc-
tural, chemical, and functional leaf traits are also known to occur even at 
the relatively reduced spatial scales of herbaceous plants, and properly 
sampling this variation can also be a formidable problem even in these 



continuous variation of reiterated structures 45

apparently simple cases (Charles- Edwards et al. 1987; Hirose and Werger 
1987; Lemaire et al. 1991; Williams, Collis, et al. 1993; Williams, Thomas, 
et al. 1993).

A compilation of available  within- plant coeffi cients of variation and 
variance components for a variety of morphological, size- related, struc-
tural, and chemical leaf traits is shown in table 3.1. Although they refer 
to only a few tree and shrub species, these fi gures serve at least to illus-
trate that some leaf traits sometimes vary so extensively  within- plants 
that nearly all  population- level variance (>90% of total) takes place 
within single individuals. The proportion of total  population- wide vari-
ance accounted for by  within- plant variation (%Varwithin) ranged between 
54 and 90% for size- related leaf traits (area, length, width, mass), between 
52 and 92% for structural traits related to micromorphology, pubescence, 
thickness, and toughness, and between 60 and 87% for some leaf chemical 
properties such as amino acid, carbohydrate, and water content. %Varwithin 
was lower for nitrogen and phenolics (36–49%). That leaf nitrogen con-
centration (on a per mass basis) tends to be among the least subindividu-
ally variable leaf traits is also supported by the results of, among others, 
Hollinger (1989) for Nothofagus solandri, Ellsworth and Reich (1993) for 
Acer saccharum, Le Roux et al. (1999) for Juglans regia, and Niinemets 
and Kull (1998) for Populus tremula, Fraxinus excelsior, Corylus avellana, 
and Tilia cordata. In Bassow and Bazzaz’s study of variation in photo-
synthetic and structural leaf traits of ten tree species (1997), the variance 
among leaves within a single tree was greater than the variance among 
trees within a species for all parameters measured except nitrogen con-
tent. It must be noted, however, that their  within- plant variance esti-
mates are likely to underestimate actual variability levels, because only 
leaves from the top of the canopy (“sun leaves”) were sampled and steep 
 height- related gradients in leaf traits commonly occur in tall forest trees 
(Hollinger 1989; Ellsworth and Reich 1993; Tucker et al. 1993).

The ranges of  within- plant variation in leaf traits furnished by some 
studies are also useful to supplement the scarce measurements of vari-
ability available based on CVs and variance components. These data 
also unequivocally point to extensive  within- plant variation and often 
to greater  within-  than  between- plant variability. In the single individ-
ual of the tropical tree Pourouma tomentosa sampled by Kincaid et al. 
(1998), leaf mass varied 9- fold (range = 0.6–5.5 g dry mass), leaf area var-
ied 8.3- fold (53–443 cm2), and leaf specifi c mass varied 1.5- fold (98–143 
g / m2). Within a single tree of Juglans regia, leaf specifi c mass varied 2.8-



 fold (50–140 g / m2) and total nonstructural carbohydrates varied 4.2- fold 
(4–17 g / m2) (Le Roux et al. 1999). In a single willow tree (Salix fragilis) 
thoroughly sampled by Luyssaert et al. (2001), cadmium concentration in 
leaves varied 4.4- fold (2.4–10.6 mg / kg), and the CV of  within- plant varia-
tion was 25.4%.

Further support for greater  within-  than  between- plant variation in leaf 

table 3.1 Within- plant variation in continuously varying leaf traits in several tree (Betula, Prunus, Quercus) 
and shrub (Daphne) species.

Leaf trait  Speciesa  %Varwithin
b 

Mean 
CVwithin (%)c  Reference

Size- related
 Length Daphne gnidium 53.5 10.9 C. M. Herrera unpubl.
 Width Daphne gnidium 64.6 12.4 C. M. Herrera unpubl.
 Area Daphne gnidium 58.8 19.6 C. M. Herrera unpubl.

Daphne laureola (2) 87.4 37.8 C. Alonso unpubl.
Prunus mahaleb (5) 89.4 51.7 Alonso 1997b and unpubl.

 Fresh mass Daphne laureola (2) 78.1 37.5 C. Alonso unpubl.
Prunus mahaleb (5) 89.7 52.5 Alonso 1997b and unpubl.

Structural
 Micromorphologyd Quercus petraea 80.5 Bruschi et al. 2003
 Pubescencee Quercus petraea 74.7 Bruschi et al. 2003
 Specifi c weightf Betula pubescens 59.0 Suomela and Ayres 1994

Daphne laureola (2) 65.2 11.2 C. Alonso unpubl.
Prunus mahaleb (5) 91.9 24.6 Alonso 1997b and unpubl.
Mean for 10 tree species 52.4 Bassow and Bazzaz 1997

 Thicknessg Quercus petraea 85.3 Bruschi et al. 2003
 Toughness Betula pubescens 88.0 Suomela and Ayres 1994
Chemical
 Amino acidsh Betula pubescens 73.1 Suomela, Ossipov, and 

Haukioja 1995
 Carbohydrates Betula pubescens 60.0 Suomela, Ossipov, and 

Haukioja 1995
 Nitrogen content Betula pubescens 36.0 Suomela and Ayres 1994

Mean for 10 tree species 49.2 Bassow and Bazzaz 1997
 Phenolics Betula pubescens 36.0 Suomela, Ossipov, and 

Haukioja 1995
 Water content Betula pubescens 79.0 Suomela and Ayres 1994

Daphne laureola (2) 75.4 2.7 C. Alonso unpubl.
  Prunus mahaleb (5)  87.4  7.2  Alonso 1997b and unpubl.

aFor species with data from more than one locality, the number of populations sampled is shown in parentheses. In these 
instances, percent variance and CV fi gures are average values.
b%Varwithin is the proportion of total  population- level variance in a given leaf trait that is accounted for by differences between 
leaves of the same shrub or tree.
cMean CVwithin is the population mean of  within- plant coeffi cients of variation.
dAverage for ten micromorphological leaf traits, related to stomatal area and density, length and width of stomata, and trichome 
density.
eAverage for fi ve  pubescence- related traits, related to the frequency of pubescence on different sections of leaf midrib and petiole.
fLeaf mass per area unit.
gAverage for seven  thickness- related leaf traits, related to thickness of lamina, epidermal cells, and palisade cells.
hAverage for 25 amino acids.
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traits comes from investigations that failed to detect statistically signifi cant 
differences between individual plant means yet found variation between 
branches of the same plant and between leaves of the same branch. This 
occurs, for example, in the New Caledonian  nickel- hyperaccumulating 
shrub Psychotria douarrei. In this species, mean nickel content of leaves 
does not differ between shrubs, but there is considerable variation among 
different branches of the same plant (Boyd et al. 1999). In the temperate 
tree Sassafras albidum, de Soyza et al. (1990) failed to fi nd statistically sig-
nifi cant differences between plants in mean leaf chlorophyll content, yet 
the position of leaves along branches accounted for 30–50% of the total 
variance in chlorophyll content, which denotes considerable  within- plant 
variation at the relatively small scale of individual shoots. This is a hetero-
phyllous species with distinct leaf morphs (fi g. 2.1), but  within- plant varia-
tion in leaf chlorophyll content and photosynthetic activity is largely unre-
lated to differences in leaf shape (de Soyza and Kincaid 1991).

Floral Variation

In sharp contrast to leaves, fl owers have been traditionally considered the 
least plastic, most intraspecifi cally constant of all reiterated plant struc-
tures (East 1913; Sinnott 1921). The small variability of fl owers was nearly 
dogma among botanists because of the historical emphasis on reproduc-
tive traits by systematists and the observation that fl owers are less pheno-
typically plastic than other plant features. De Candolle and Sprengel 
(1821, 85) stated that “the duration of plants, their stature, their taste and 
smell, even sometimes their colours, and also their situation and time of 
fl owering, are all things and relations which we must consider variable; 
whilst, on the other hand, the forms and numerical proportions of the part 
of fructifi cations, are seldom subject to change. These, therefore, must con-
stitute the principle of classifi cation.” This long- held belief applies particu-
larly to the case of  animal- pollinated fl owers and is motivated by the con-
sideration that, in these plants, the size and shape of fl owers and fl ower 
parts have been precisely shaped by strong stabilizing selection exerted 
by pollinators in order to optimize pollen transfer (Stebbins 1970). Sup-
port for this interpretation was provided by early investigations of pat-
terns of variation and covariation of fl oral and vegetative traits. These pio-
neering studies revealed that, within species of  animal- pollinated plants, 
fl oral characters were more tightly integrated (i.e., phenotypically corre-
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lated to each other) than vegetative ones; that sets of fl oral and vegeta-
tive characters were only weakly correlated; and that dimensions of fl o-
ral organs tended to be less variable than dimensions of vegetative parts 
(Stebbins 1950; Berg 1959, 1960). More recent studies have often provided 
support for these predictions (Conner and Via 1993; Conner and Sterling 
1995; Armbruster et al. 1999), including direct or circumstantial evidence 
of stabilizing selection by animal pollinators on metric fl oral traits such as 
corolla dimensions or style length (Fenster 1991; Wolfe and Krstolic 1999; 
Cresswell 1998, 2000). Nevertheless, neither the evidence that animal pol-
linators may sometimes exert stabilizing selection on fl oral traits, nor the 
observation that these traits are often tightly integrated and vary little 
within species, should lead us to automatically embrace any sort of a pri-
ori truth about intraspecifi c fl oral invariability, a warning advanced nearly 
a century ago by Goodspeed and Clausen (1915, 371). These authors 
stated that “fl ower size, although very evidently not so markedly modi-
fi ed by environmental conditions as height of plant, leaf size, etc., still is 
not a stable character complex and is subject to marked modifi cations 
under the stress of both internal and external conditions attending de-
velopment.”

Two main lines of evidence run contrary to any claim of universality 
of the “fl oral invariability” paradigm for  animal- pollinated plants. On one 
hand, some recent tests have failed to validate the canonical expectation 
that fl oral traits are always less variable than vegetative ones of the same 
species. In a study of nine species of wind-  and  animal- pollinated tropical 
plants, Armbruster et al. (1999) found that, while species with specialized 
pollination usually showed lower coeffi cients of variation for fl oral traits 
than vegetative traits (as predicted), the same was also true of species 
with unspecialized or wind pollination (unlike the prediction). Further-
more, there was no greater tendency toward small fl oral CVs in species 
with specialized animal pollination than in species with generalized ani-
mal pollination or wind- pollination, as would have been expected if pre-
cise matching of fl owers and pollinators consistently reduced fl oral vari-
ability through the action of stabilizing selection. To quote Goodspeed 
and Clausen again (1915, 372), their careful greenhouse experiments on 
Nicotiana led them to conclude that “under favorable and unfavorable 
conditions of greenhouse culture fl ower size will vary distinctly and in 
the same direction as vegetative characters under such conditions,” which 
supports the idea that, in some species, fl oral traits are not essentially 
different from vegetative ones insofar as variability is concerned.
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On the other hand, there is considerable empirical evidence showing 
that fl owers are not, by any means, exceptional among reiterated plant 
structures with regard to variability, and that some species exhibit con-
siderable fl oral variation at both the  within-  and  between- individual 
levels. This not only applies to meristic fl oral traits (e.g., part numbers), as 
already noted in chapter 2, but also to continuously varying fl oral dimen-
sions. In a literature survey of intraspecifi c fl oral variation across a wide 
range of  insect- pollinated taxa, Cresswell (1998) found that the mean CV 
for continuously varying fl oral traits related to advertising, pollen vec-
tor matching, gender, biomass, and sexual dimensions ranged between 14 
and 29%. Variability was much larger for characters related to nectar pro-
duction, with a mean CV of 54%. In 19  insect- pollinated species stud-
ied by Møller and Eriksson (1994), the CV for petal size varied between 
7.7 and 24.8%. Kearns and Inouye (1993, table 9.1) presented a sum-
mary of means and standard deviations for continuous fl oral traits such 
as corolla width, spur length, petal length, and style length for a num-
ber of  animal- pollinated plants. In that survey,  population- level CVs 
range between 5.2 and 23.1%. Floral variability measurements reported 
in these studies represent a heterogeneous mixture of  among- individual 
and  population- level estimates that refl ect the infl uence of variability at 
both the  within-  and  among- plant levels, and thus are of little use to infer 
levels of  within- plant variation. Despite this limitation, variability mea-
surements presented by these authors should be kept in mind to dismiss 
any belief in the oft- repeated myth of fl oral invariability as a characteristic 
inherent to all  animal- pollinated plants. Results of Cresswell’s review are 
also particularly valuable in that they illustrate that levels of fl oral vari-
ability vary greatly among species and among fl oral traits that perform 
different functions (see also Ushimaru et al. 2003), a fi nding that should 
also caution us against simplistic generalizations on levels of intraspecifi c 
fl oral variability.

Within- plant variability in continuous or  quasi- continuous structural 
fl oral traits is considerable in many species of  animal- pollinated plants. 
In Raphanus raphanistrum, for example,  within- plant variation in petal 
length, petal width, and  corolla- tube length accounted, on average, for 
71.5–82.5% of total variance in a  common- garden experiment (Williams 
and Conner 2001). Similarly large  within- plant variance components 
(range 44.3–72.0%) were also found by Campbell (1992) for corolla, 
calyx, stamens, and pistil mass in Ipomopsis aggregata. In Rhizophora 
mangle,  within- plant variation accounted, on average, for 66% and 76% 
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of  population- level variance in the fi rst two principal components describ-
ing fl ower morphology (Domínguez et al. 1998). In midstyled plants of 
tristylous Eichhornia paniculata,  within- clone variation accounted for 
between 43 and 98% of total  population- level variance for 14 different 
fl oral traits (Seburn et al. 1990, table 3). In a  common- garden study of 
30 cultivars, each genetically homogeneous, of Brassica rapa, Syafaruddin 
et al. (2006) found that  within- plant variance in several metric fl oral traits 
(e.g., petal area, stigma length and width, anther length) was often compa-
rable to, and at times even exceeded, the combined variance among indi-
viduals and cultivars.  Within- plant coeffi cients of variation (CVwithin) in the 
range of 10–20% are not exceptional in the literature, as shown by, for 
example, Shull (1902) for number of bracts, disk fl orets, and ray fl orets in 
Symphyotrichum puniceum, and Sherry and Lord (1996a) for petal, sepal, 
style, and hypanthium dimensions in Clarkia tembloriensis. For two spe-
cies of Trillium, Irwin (2000) reported very high coeffi cients of variation 
for fl oral characters (T. erectum, 17.3%; T. grandifl orum, 19.8%), which 
were similar to those for vegetative characters (T. erectum, 18.9%; T. gran-
difl orum, 20.0%).

An unambiguous picture of frequently large  within- plant variabili-
ties in continuously varying structural fl oral traits emerges from the 
taxonomically diverse sample of 97 species of  animal- pollinated plants 
compiled in table 3.2. Traits considered are petal number, fl ower size, 
 corolla- tube length, spur length, and petal and sepal length. In this 
sample of species, population means of  within- plant CVs (mean CVwithin 
hereafter) range between 1.7 and 16.3%, and %Varwithin ranges between 
5.8 and 100%. This latter magnitude was greater than 50% in 27% of 
species, which means that the variation between fl owers of the same 
plant was the dominant source of variance in fl oral traits in a signifi cant 
fraction of species.

Floral features related to nectar secretion are much more intraspecifi -
cally variable than structural ones (Cresswell 1998), and this applies to 
the  within- plant scale of variation as well. The amount of nectar instanta-
neously available per fl ower is often extremely patchily distributed within 
individual plants. In Helleborus foetidus, 66.9% of  population- wide vari-
ance in nectar volume per fl ower is accounted for by differences among 
fl owers of the same plant (Herrera and Soriguer 1983). In a population 
of Lavandula latifolia, differences between fl owers on the same shrub 
accounted for 97.7% of population variance in per- fl ower nectar volume, 
and CVwithin for nectar volume per fl ower ranged between 175 and 363% 
(Herrera 1995a, and unpublished data).
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Observed patterns of extensive  within- plant variation in nectar standing 
crop are most likely related to concomitant variations in nectar secretion. 
Real and Rathcke (1988) studied patterns of  within-  and  between- plant 
variation in nectar production for the shrub Kalmia latifolia, and this inves-
tigation is probably the most thorough one ever conducted on the subject. 
Although CVwithin of per- fl ower nectar production varied widely among 
plants and days, in most cases it fell somewhere in the range 150–350%. 
The extent of  within- plant variability in nectar production per fl ower, 
although still considerable, is not so extreme in other species studied. For 
Epilobium canum, Boose (1997) found that the CVwithin of nectar produc-
tion ranged from 6 to 117% in one study year, and from 15 to 101% in 
another. In Echium vulgare, the average CVwithin of nectar production was 
only 37% (Klinkhamer and Van der Veen–Van Wijk 1999).

Much less is known about the extent of  within- plant variation in nectar 
composition, but the limited evidence available suggests that such varia-
tion may often be important. In the plants of Ipomopsis longifl ora studied 
by Freeman and Wilken (1987),  within- plant coeffi cients of variation for 
glucose and fructose percent content in nectar fell in the 70–90% range 
at some of their study locations. Extensive  within- plant variation in nec-
tar sugar composition has recently been reported by Herrera, Pérez, and 
Alonso (2006) for Helleborus foetidus and Canto et al. (2007) for two spe-
cies of Aquilegia.

Fruit Variation

There have been few attempts at measuring the extent of  within- plant 
variation in fruit characteristics of wild plants, and most of these refer to 
 fl eshy- fruited plants whose seeds are dispersed by frugivorous vertebrates. 
It was shown earlier that in the evergreen shrub Osyris lanceolata the con-
centration of soluble solids in the juice of ripe fruits varies considerably 
among drupes produced by the same plant (fi g. 2.7). Further emphasizing 
the quantitative importance of  within- plant variation are the observations 
that %Varwithin in that trait was 41.7%, and that the ranges of  within- plant 
variation exhibited by some of the O. lanceolata plants shown in fi gure 
2.7 are comparable or even broader than differences between species 
means reported by White and Stiles (1985) for a set of North American 
wild plants. In eight  fl eshy- fruited southern Spanish species studied by 
Jordano (1991) and Obeso and Herrera (1994),  within- plant variance for 
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fruit length and width, pulp and seed mass, and percent pulp mass, was of 
roughly the same order of magnitude as, and often much larger than, vari-
ance among plants. Extensive  within- plant variability in total fruit mass, 
pulp mass, and seed mass has been also reported by Obeso (1998b) for the 
fruits of Ilex aquifolium. In Juniperus phoenicea, Jordano (1991) found 
that the  within- plant variance for the number of seeds per berry nearly 
doubled the variance between individual plants. This situation is prob-
ably widespread among species with multiovulate ovaries, regardless of 
whether fruits are fl eshy or not. Similarly high %Varwithin for fruit seedi-
ness have also been reported by Acosta et al. (1993) and Jacquemyn et al. 
(2001) for the capsules of the shrub Cistus ladanifer and the perennial 
herb Primula elatior, respectively; by Markham (2002) for the cones of 
Alnus rubra; and by Cipollini and Stiles (1991) for the pods of two Phase-
olus species. In all these cases, %Varwithin was greater than 50%, meaning 
that the  within- plant component of variance in fruit seediness was larger 
than the  among- plant component.

Available estimates of  within- plant variability in fruit width for 25 spe-
cies of  vertebrate- dispersed plants listed in table 3.3 indicate that extensive 
 within- plant variation in this fruit trait seems to be the rule. In this sample 
of species, %Varwithin ranges between 12 and 87%, and is larger than 50% in 
20 out of the 25 species. Mean CVwithin ranges between 4.1 and 13.5%.

Studies of cultivated fruits have likewise documented that  within- plant 
variation in different fruit characteristics is generally extensive. For ex-
ample, in a group of apple trees studied by Broom et al. (1998), tree means 
for calcium concentration in fruits varied only 1.3- fold (range = 30–39 
µg / g). In contrast, variation between individual fruits of the same tree was 
nearly 4- fold (range = 16–60 µg / g), thus showing that  between- tree varia-
tion was comparatively unimportant in relation to  within- tree variation. 
This situation seems to be the rule among cultivated fruit plants, and de 
Silva and Ball (1997, 411) noted that “in a well managed orchard block 
the  within- plant component generally forms the predominant source of 
variation for most fruit attributes.”

Seed Variation

Seed size can affect seed dispersal and predation, as well as the likeli-
hood of seedling emergence, establishment, growth, and survival (Willson 
1983). It is probably because of these important ecological consequences 
that seed mass has become, by far, the trait for which patterns of varia-



tion have been most thoroughly investigated for a long time. Although 
the vast majority of studies have focused on interspecifi c or individual dif-
ferences and their environmental correlates (Salisbury 1942; Harper et al. 
1970; Leishman et al. 2000), there is still a sizeable number of quantitative 
data available in the seed ecology literature bearing on patterns of seed-
 mass variation within single plants (Michaels et al. 1988; Hendrix and Sun 
1989). These studies have almost invariably documented extensive levels 
of  within- plant variability in seed size. For example, variation in seed mass 

table 3.3. Within- plant variation in fruit width (transversal diameter) in 25 species of  vertebrate- dispersed 
plants producing berries, drupes, or other types of fl eshy diaspores.

Speciesa  

Sample size

 %Varwithin
b 

Mean 
CVwithin (%)c  Reference

Number 
of plants  

Number 
of fruits

Arum italicum (H) 10 130 82.0 9.7 C. M. Herrera unpubl.
Berberis hispanica (2) (S) 41 1,001 60.2 11.1 Obeso 1986; C. M. 

Herrera unpubl.
Corema album (13) (S) 195 5,850 56.6 5.4 A. Rodríguez 

Larrinaga unpubl.
Crataegus laciniata (T) 8 306 76.9 7.5 C. M. Herrera unpubl.
Crataegus monogyna (4) (T) 60 2,400 60.6 8.9 C. M. Herrera unpubl.
Daphne gnidium (S) 36 488 56.8 8.0 C. M. Herrera unpubl.
Daphne laureola (4) (S) 45 913 55.2 6.3 Obeso 1986; C. M. 

Herrera unpubl.
Gonzalagunia hirsuta (S) 10 100 55.3 12.8 L. Navarro unpubl.
Guaiacum offi cinale (T) 7 105 73.2 6.8 L. Navarro unpubl.
Guazuma ulmifolia (T) 40 998 64.2 10.4 C. M. Herrera unpubl.
Hedera helix (V) 5 100 20.0 8.6 Obeso 1986
Juniperus communis (S) 10 164 52.7 9.5 Obeso 1986
Juniperus phoenicea (T) 12 240 55.8 7.9 Obeso 1986
Juniperus sabina (S) 6 172 33.8 6.9 Obeso 1986
Miconia prasina (T) 11 110 82.4 8.5 L. Navarro unpubl.
Olea europaea (2) (T) 50 1,481 12.0 5.6 C. M. Herrera unpubl.
Osyris lanceolata (S) 37 3,201 43.9 7.2 C. M. Herrera unpubl.
Palicourea crocea (S) 8 101 76.5 13.5 L. Navarro unpubl.
Parathesis crenulata (S) 15 150 65.3 6.3 L. Navarro unpubl.
Phillyrea latifolia (2) (T) 51 1,227 35.2 6.7 Herrera et al. 1994 

and unpubl.
Prestoea montana (T) 7 175 65.6 4.1 L. Navarro unpubl.
Rosa canina (S) 17 345 50.4 10.4 Obeso 1986
Sorbus aucuparia (T) 15 750 58.2 7.5 B. Pías and M. 

Salvande unpubl.
Syzygium jambos (T) 11 55 76.2 13.1 L. Navarro unpubl.
Viburnum lantana (S)  7  251  86.9  9.9  C. M. Herrera unpubl.

aGrowth form in parentheses: H, herb; S, shrub; T, tree; V, vine. For species with data from more than one locality, the number of 
populations sampled is shown in parentheses. In these instances, sample sizes refer to the sum over all sites, and the percent vari-
ance and CV fi gures shown are average values.
b%Varwithin is the proportion of total  population- level variance that is accounted for by differences between fruits of the same 
plant.
cMean CVwithin is the population mean of the  within- plant coeffi cients of variation.
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within individual plants can be as high as 16- fold and 8- fold in the herbs 
Lomatium salmonifl orum (Thompson and Pellmyr 1989) and Lomatium 
grayi (Thompson 1984), respectively, and 4- fold in Mucuna andreana, a 
tropical woody vine (Janzen 1977b). McGinley et al. (1990) found that 
seed mass varied 2-  to 3- fold within trees of Pinus contorta, and in 18 
Ateleia  herbert- smithii individuals studied by Janzen (1978)  within- tree 
variation in seed mass was 1.7–2.6- fold. A summary of quantitative data 
on the magnitude of  within- plant variability in seed mass is shown in 
table 3.4 for 86 species of trees, shrubs, herbs, and vines. The magnitude 
of  within- plant variation in seed mass varies extraordinarily among spe-
cies, with %Varwithin fi gures virtually matching the whole 0–100% range 
of possible values (observed range = 10–98%). Despite broad interspe-
cifi c differences, however, extensive  within- plant variation in seed mass 
was the rule in this sample of species. The  within- plant component of 
 population- level variance in seed mass exceeds the  between- plant com-
ponent in the majority of species (71%), and mean CVwithin varies between 
8.1 and 39.2%.

There is little quantitative information on the degree of  within- plant 
variability in seed traits other than seed mass. These scanty data, how-
ever, are also unambiguously indicative of extensive  within- plant vari-
ation in several structural and functional seed features. Variation 
within Alnus rubra trees is responsible, on average, for 61% of total 
 population- wide variance in percent seed viability per catkin (Markham 
2002). In the shrub Erica australis,  within- plant variation in percent seed 
germination accounts for 42.1% of total population variance in this mag-
nitude (Cruz et al. 2003). In a study of eight species of wind- dispersed 
Asteraceae, Andersen (1992, table 3) found that  within- plant variabil-
ity in seed- settling velocities (an inverse surrogate for dispersal ability) 
largely exceeded variation among plants of the same species. Greene and 
Johnson (1992) also reported large  within- plant CVs for seed- settling 
velocities and dispersal distances for a taxonomically diverse sample of 
temperate wind- dispersed trees, which also suggests broad  within- plant 
variability in diaspore dispersal ability. In the perennial herb Phytolacca 
americana, the CV of percent germination of different seed lots origi-
nating from a single plant may be as high as 86% (Armesto et al. 1983). 
I reanalyzed some of the data obtained in a fi eld experiment consisting 
of sowing Lavandula latifolia seeds of known maternal parentage in the 
species’ natural habitat (Herrera 2000).  Within- plant variation accounted 
for nearly all (98.9%) observed variance in seed germination date, while 
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differences among mother plants accounted for a negligible fraction 
(1.1%).

Information from cultivated plants reveals that  within- plant variation 
in chemical composition of seeds can also be extensive. In soybean (Gly-
cine max) seeds, for example,  within- plant variation was responsible for 
88% of total variance in the oil content of individual seeds (Brim et al. 
1967), and in three different cultivars of rapeseed (Brassica napus) the 
CVwithin fi gures for seed protein content of individual seeds were 8.9, 9.5, 
and 11.7% (Velasco and Möllers 2002).

Summary and Comparison

As shown in the preceding sections, all types of reiterated structures may 
exhibit considerable levels of continuous  within- plant variation, and, for 
any given structure, variability varies greatly among species. Is it pos-
sible to draw a broad conclusion about the comparative levels of vari-
ability exhibited by different types of reiterated structures? Compari-
sons between different structures should ideally be performed on data 
obtained from the same species and individuals by means of some paired 
comparison method, in order to avoid possible artifacts due to some com-
bination of phylogenetic correlations and differences in taxonomic com-
position of species samples. An explicit test of this sort has never been 
attempted for any group of species, and cannot be performed on the data 
listed in tables 3.1 to 3.4 either, since variability data for different struc-
tures come from largely nonoverlapping species sets. Taken with the nec-
essary caution, however, comparisons of the central tendency and range 
of CVwithin and %Varwithin for the four types of structures considered are 
still useful in revealing some broad patterns.

Results of the comparison between structures differ depending on the 
metric used to measure variability (fi g. 3.2). When CVwithin is used, there is 
a steadily declining trend in both the mean and the range of  within- plant 
variability, running in the direction  leaves- seeds- fruits- fl owers. Variabil-
ity of leaves is greatest and has the broadest range, while at the oppo-
site extreme fl owers exhibit the smallest variability and narrowest range. 
Fruits and seeds are intermediate. This clear gradient vanishes when 
%Varwithin is used to measure variability, and  within- plant variance is thus 
scaled to total  population- wide variance. On this metric, fl owers are still, 
on average, less variable than leaves, seeds, and fruits, but the range of 
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%Varwithin values is roughly similar for the four types of structures. Leaves, 
seeds, and fruits have extensively overlapping variability distributions and 
roughly similar mean variabilities.

The contrast between the conclusions reached by the two methods 
exemplifi es the diffi culties associated with measuring variability, noted 
at the beginning of this chapter. It is important to emphasize, however, 
that fi gure 3.2 shows average trends in the comparative magnitude of 
 within- plant variability of the different reiterated structures, and that 
patterns exhibited by individual species may depart signifi cantly from 
that overall pattern. This is exemplifi ed by two congeneric shrub species, 

fi g. 3.2 A comparison of  within- plant variability for continuously varying leaf, fl ower, 
fruit, and seed features using two variability metrics. %Varwithin is the proportion of total 
 population- level variance accounted for by differences between structures produced by the 
same plant. CVwithin refers to  within- plant coeffi cients of variation. Box plots show the 10%, 
25%, 50%, 75%, and 90% percentiles of the distributions. Figures in parentheses beside boxes 
denote the number of distinct data sets included in each case. Based on the data in tables 3.1 
through 3.4.
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Daphne gnidium and D. laureola, the only two species listed in tables 3.1 
to 3.4 with data simultaneously available for  within- plant variability of 
leaves, seeds, fruits, and fl owers. In D. gnidium, CVwithin values for leaf area, 
seed mass, fruit width, and corolla length are 19.6, 14.1, 8.0 and 9.5, respec-
tively. In D. laureola, the corresponding fi gures are 37.8, 10.9, 6.3, and 12.5. 
In both species, therefore, fruits rather than fl owers are the least subindi-
vidually variable structures.



Within- plant variation is considered in the preceding chapters from 
a very abstract perspective, as if the morphological, structural, or 

functional differences between reiterated structures of the same plant 
lacked organization and occurred in some sort of vacuum or undifferenti-
ated matrix. The total variance of a character within a plant is a value that 
does not depend on whether it is predictably distributed over the plant in 
relation to some spatial gradient or with some discernible directionality. 
The crude fi gures presented in chapter 3 are useful in performing com-
parisons and in convincing skeptics that continuous  within- plant variation 
is suffi ciently widespread and extensive to deserve our attention. Never-
theless, crude measurements of  within- plant variability are just the bare 
bones of a very complex phenomenon involving multiple mechanisms 
(see chapters 5 and 6). For example, subindividual variability may have a 
temporal component, as when fl owers or fruits are continuously produced 
by single plants over extended intervals of the annual cycle or, in the case 
of long- lived perennial plants, in different years. Also,  within- plant vari-
ability may be closely tied to the particularities of a plant’s architecture 
and to environmental gradients extrinsic to the plants. As shown below, 
 within- plant variation in fruit features or morphological and functional 
leaf traits of trees is often associated with vertical and horizontal light 
gradients in the crown, and fl ower features often vary with position on 
the infl orescence. But variation can also be quite fi ne- grained, occurring 

chapter four

Distribution of Subindividual 
Variability in Time and Space
How are variants of reiterated structures organized 
along temporal, spatial, and architectural axes?
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over the restricted spatial scale of the same twig or the interior of one 
fruit, without bearing any obvious relationship to external environmen-
tal gradients. Different patterns of distribution in time and space may 
be attributed to different proximate mechanisms, and will also presum-
ably have different ecological consequences or even evolutionary impli-
cations. Therefore, in order to understand the variety of mechanisms that 
generate  within- plant variation, and to gain insight into its ecological and 
evolutionary signifi cance, it is essential to consider how such variation is 
organized in time and space. This chapter considers the ways in which sub-
individual variability is distributed in time and among different parts and 
spatial locations within a plant. The next section deals with the issues of 
the temporal component of  within- plant variation and the relative impor-
tance of simultaneous and sequential components. After that, patterns of 
spatial organization are considered.

Simultaneous and Sequential Components of Variation

The different variants of the same organ produced by an individual plant 
can either be formed simultaneously on the plant or be separated tem-
porally, hence giving rise to simultaneous and sequential components of 
 within- plant variation. This distinction applies regardless of whether dif-
ferences between organs are of the discontinuous type (e.g., heterophylly, 
heterocarpy) or the continuous type (e.g., continuous variation in size or 
shape).

A sequential component arises whenever individual plants produce 
variants of the same organ over the same season or, in the case or peren-
nials, in different years. The different leaf morphs that characterize hetero-
phyllous plants are often produced at different times of the growing sea-
son (Critchfi eld 1960; Mulkey et al. 1992; Winn 1999b). This phenomenon 
is clearly seen, for example, in some heterophyllous carnivorous plants, 
where the leaves with secretory glands that act as trapping and digestive 
organs are produced only during relatively short periods of the seasonal 
cycle (Green et al. 1979; Zamora 1995). In the case of fl owers, it has long 
been known that their size and characteristics often vary regularly in the 
course of the same reproductive episode. This occurs, for example, in spe-
cies of the Ranunculaceae, a family where the number of parts of fl oral 
verticils often vary widely within species. In Ficaria ranunculoides, for ex-
ample, the number of pistils, the number of stamens, and their correlation 
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change from early to late fl owers during the same fl owering season (Wel-
don 1901), and in Aquilegia canadensis the number of ovules and anthers 
per fl ower, and the number of pollen grains per anther, decline across 
the fl owering sequence of individual plants (Kliber and Eckert 2004). In 
species of Nicotiana, Goodspeed and Clausen (1915) showed that, on the 
same plants, mean corolla length and width declined steadily from the 
beginning to the end of the fl owering period. In Narcissus dubius, a steady 
decline in fl ower size occurs from  early-  to late- opening fl owers in the 
same infl orescences (Worley et al. 2000). Similar seasonal declines in the 
size of fl owers or fl oral parts on individual plants or infl orescences have 
also been reported for numerous species from a broad variety of plant 
families, including Anemonopsis macrophylla (Pellmyr 1987), Mimulus 
guttatus (Macnair and Cumbes 1990), Raphanus sativus (Young and Stan-
ton 1990), Chelidonium majus (Kang and Primack 1991), Hydrophyllum 
appendiculatum (Wolfe 1992), Sidalcea oregana (Ashman 1992), Chamae-
crista fasciculata (Frazee and Marquis 1994), Solanum hirtum (Diggle 
1995), and Raphanus raphanistrum (Williams and Conner 2001). This pre-
vailing pattern of seasonal decline is sometimes reversed, as in the tropi-
cal orchid Myrosmodes cochleare, where fl ower length increases through 
the fl owering season (Berry and Calvo 1991). In a given species, different 
fl oral traits may follow different  within- plant seasonal courses, thus giv-
ing rise to complex patterns of  within- plant variation in fl oral morphol-
ogy. In Oenothera macrocarpa, corolla diameter decreased and  fl oral- tube 
length increased from  early-  to late- produced fl owers within the same 
plant (Mothershead and Marquis 2000).

The sizes of fruits and seeds, and aspects of their chemical composi-
tion, also vary frequently in the course of the same reproductive episode. 
In Celtis durandii, a tropical tree that produces fruit year- round, Worman 
and Chapman (2005) found that the lipid content of ripe fruit pulp var-
ied between 0.3 and 30.8% depending on time of year. This is the most 
extreme example of intraspecifi c variation in fruit chemical composition 
reported to date, although it is not possible to ascertain if such variation 
mainly refl ects  within- tree seasonal variation in fruit chemistry or if it 
arises because individual trees differing in fruit composition ripen fruit 
at different times of year. In cultivated saffl owers (Carthamus tinctorius), 
the oil content of seeds from the earlier fl owering heads is lower than that 
of the late ones (Williams 1962). Cavers and Steele (1984) found a consis-
tent seasonal component in seed size in eight species of herbaceous annu-
als. Seeds from individual plants exhibited the same general pattern over 
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a period of time: the largest seeds were produced fi rst, and then progres-
sively smaller seeds ripened as the plants aged. After reviewing the lit-
erature available at the time, these authors concluded that the phenom-
enon of declining mean seed weight over the fruiting season is common, 
if not universal. Although exceptions sometimes occur and the pattern is 
reversed in some species (e.g., Lobelia infl ata; Simons and Johnston 2000), 
Cavers and Steele’s conclusion has generally been upheld by subsequent 
studies (Levy 1988; Winn 1991; Wolfe 1992, 1995; Obeso 1993). Although 
the phenomenon has received less attention, the size of fruits produced 
by individual plants or infructescences also tends to decline gradually 
throughout a single fruiting season (Macnair and Cumbes 1990; Kang and 
Primack 1991; Herrera 1988; Wolfe and Denton 2001).

The simultaneous component is generally due to plants producing mul-
tiple variants of the same organ simultaneously or over a relatively short 
period of time, in such a way that organ variants are borne at the same 
time by individual plants. This frequently happens, for example, in the 
case of plants that produce at about the same time cleistogamous and 
chasmogamous fl owers (Culley and Klooster 2007), mixtures of different 
fruit types (Imbert 2002), or leaves of different sizes or shapes (Sculthorpe 
1967). Sometimes variation that appears simultaneous is actually due to 
the protracted persistence on the plant of different cohorts of the same 
organ produced at different times of the seasonal cycle or, in the case of 
perennials, in different years. For example, nectar amino acid composition 
may vary with the age of fl owers (Gottsberger et al. 1990); hence coexis-
tence of fl owers of slightly different age on the plant will give rise to snap-
shot heterogeneity within a plant in the amino acid composition of nectar. 
In Narcissus dubius infl orescences, where  early- opening fl owers are the 
largest and late- opening fl owers are the smallest,  within- plant heteroge-
neity in fl ower size is mainly due to the simultaneous display of fl owers of 
different ages (Worley et al. 2000).

Similar effects also occur frequently in leaves (both on deciduous and 
evergreen plants), because the longevity of individual leaves often var-
ies considerably with position in the crown (Miyaji et al. 1997; Harlow 
et al. 2005) and so coexisting leaves are not all the same age. Chemical 
and physical properties of leaves vary with age, with new leaves tending 
to be higher in nitrogen, water, and secondary metabolites than mature 
leaves (e.g., Feeny 1970; Young and Yavitt 1987; Bowers and Stamp 1992; 
van Dam et al. 1994; de Boer 1999; Ikonen 2002; among many others). 
Therefore, age heterogeneity of the leaves on a plant at a given time will 
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normally enhance the simultaneous component of  within- plant variance 
in these, and possibly other, age- dependent leaf features. Some decidu-
ous species produce new leaves over relatively prolonged periods of 
time, which leads to “early” and “late” leaves simultaneously possessing 
different morphological and structural characteristics. This occurs, for ex-
ample, in Liquidambar (Smith 1967), Populus (Critchfi eld 1960), Betula 
(Clausen and Kozlowski 1965), and Salix (Ikonen 2002). The contribu-
tion of age heterogeneity of leaves to the simultaneous component of 
 within- plant variation is considerable among evergreen trees and shrubs, 
where individual leaves may last for up to 12–16 years (Chabot and Hicks 
1982; Rogers and Clifford 1993; Niinemets and Lukjanova 2003; Reich 
et al. 2004; Harlow et al. 2005). Leaves of some evergreen Mediterranean 
plants produce large amounts of monoterpenes, and in Quercus ilex trees, 
leaves of the same plant differ greatly in total terpene emission. These dif-
ferences are largely explained by heterogeneity of leaf ages, since emis-
sions decline steadily from 1- year- old through 3- year- old leaves (Staudt 
et al. 2001). One would generally expect that, everything else being equal, 
the greater the average longevity of individual organs of the same kind on 
a plant, the greater the age snapshot variance of organs on the plant and 
hence the simultaneous component of  within- plant variation due solely 
to this effect.

Rogers and Clifford (1993) analyzed the taxonomic and evolutionary 
correlates of leaf longevity in a large sample of 202 taxa of vascular plants. 
They found a strong correlation between leaf longevity and taxonomi-
cal affi liation, with 60% of total variance in leaf longevity represented 
in the sample being due to differences at the superorder or higher taxo-
nomic levels. They also found an inverse relationship between leaf lon-
gevity and Sporne’s advancement index, a rough index of evolutionary 
advancement (Chapman 1987), with more primitive vascular plants tend-
ing to have  longer- lived leaves than the more advanced. Although Rogers 
and Clifford’s conclusions should be corroborated by more refi ned tech-
niques of evolutionary analysis, their fi ndings lead one to predict that, at 
least among evergreen plants, the extent of  within- plant variation in leaf 
features due to age heterogeneity should exhibit strong taxonomic cor-
relates.

Ascertaining the relative quantitative importance of simultaneous and 
sequential components of  within- plant variance is important because it is 
the simultaneous occurrence on the plant of different forms of the same 
organ that opens the way for the animals that interact with these organs 
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(e.g., pollinators, seed predators, leaf eaters) to detect such variations and 
make choices among them. This topic is considered at length in chap-
ter 8, and it is central to the argument in chapter 10 that subindividual 
variability can have some evolutionary implications for plants. In addi-
tion, assessing the relative importance of the sequential and simultaneous 
components of  within- plant variation has some important methodologi-
cal implications (Cavers and Steel 1984). If seasonal or annual variation 
in the characteristics of the organs produced by a plant is comparatively 
large in relation to simultaneous variation, then estimates of  within- plant 
variation will be artifi cially small when organs are sampled only once, as 
is usually done. In the next section I examine some cases that allow for 
objectively dissecting the  within- plant variance in fl ower, seed, leaf, and 
fruit features into its simultaneous and sequential (seasonal and annual) 
components. As there is little published information amenable to an anal-
ysis of that kind, I mainly rely on ad hoc reanalyses of data from my stud-
ies and those of my associates.

Relative Magnitude of Simultaneous and Sequential Components

In the tree Nyctanthes  arbor- tristis, fl owers of the same plant produced 
at different times differ in mean petal number, which fi rst increases, then 
decreases, and fi nally increases again during the course of a 3.5- month 
fl owering season (Roy 1959). As the raw  petal- number data were tabu-
lated separately by tree and observation date in table 9 of Roy’s study 
(1963), it was possible to partition the total variance in petal number 
exhibited by each tree during its entire fl owering season into sequential 
(i.e., due to seasonal variation) and simultaneous (i.e., due to variation 
within date) components. Despite the seasonal trend in mean number 
of petals, the sequential component accounted for less than 1% of total 
 within- plant variance, which was almost entirely due to the simultaneous 
component. In other words, virtually all the  season- long variance in petal 
number was instantaneously present on plants.

The fruiting phenology of the evergreen Mediterranean shrub Osyris 
lanceolata (= O. quadripartita of earlier publications) is quite unusual. 
Ripe fruits are continuously produced on individual plants throughout 
the year. The stock of developing ovaries resulting from the single annual 
fl owering episode ripens slowly and gradually, taking over a year after 
fl owering (Herrera 1984a, 1985). Fruit- diameter measurements were col-
lected regularly on a large sample of shrubs during two reproductive 
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seasons (Herrera 1988), and there was considerable seasonal variation 
 within- plants in the diameter of ripe fruits (fi g. 4.1). Despite this varia-
tion, and despite the unusually long fruiting season of the species, in 
O. lanceolata the simultaneous (i.e.,  within- date) component still accounts 
for 70% of total  within- plant variance in fruit diameter. This is apparent 
in fi gure 4.1, where the diameter of individual fruits is plotted against rip-
ening date for three representative shrubs. Although there is a discernible 
seasonal trend in fruit size in all shrubs, most diversity of fruit sizes is si-
multaneously represented on individual plants at any given time.

The relative importance of annual variation as a component of sequen-
tial  within- plant variation can be most easily examined for leaf charac-
teristics on deciduous plants. Leaves are renewed once per year in these 
species, and after completion of leaf fl ushing, all mature leaves simulta-
neously borne on a plant have roughly the same age. Data on leaf char-
acteristics of individual plants from several years can thus be used to par-
tition  within- plant variance into its simultaneous (i.e.,  within- year) and 
sequential (i.e., between years) components. Alonso (1997b and unpub-
lished data) studied during two consecutive years fi ve southeastern Span-
ish populations of the deciduous tree Prunus mahaleb. Her data allow for 
a decomposition of total  within- plant variation in leaf fresh mass, area, 
and percent water content into  within- year and  between- year compo-
nents. In this species, the simultaneous component of leaf- trait variance 

fi g. 4.1 Simultaneous and sequential components of  within- plant variation in a fruit’s size 
in the southern Spanish shrub Osyris lanceolata. Graphs show the variation in the diame-
ter of ripe fruits produced by three representative plants during two reproductive episodes 
(the spring fl owering periods of 1980 and 1981). Each symbol corresponds to a single fruit. 
Despite distinct seasonal trends in fruit size on each plant, most fruit size variants produced 
by each shrub are simultaneously present on the plant at any given time. Based on data from 
Herrera 1988.
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(85.1%, 69.6%, and 68.9%, for leaf fresh mass, area, and percent water 
content, respectively) was considerably greater than the sequential com-
ponent (14.9%, 30.4%, 31.1%, respectively).

Annual seed production by perennial plants often fl uctuates consid-
erably from year to year (Herrera et al. 1998; Kelly and Sork 2002). A 
 trade- off between seed size and seed number frequently exists across a 
variety of nested scales, ranging from species and populations down to 
individual plants, and fruits within individuals (Mazer et al. 1986; Simons 
and Johnston 2000; Abrahamson and Layne 2002; Parciak 2002; Karren-
berg and Suter 2003). One would therefore expect annual fl uctuations in 
seed production by species and individuals to run parallel to variation in 
seed size, which would give rise to a long- term sequential component of 
 within- plant variation in seed size, although this aspect does not seem to 
have received much attention in the otherwise abundant literature on the 
ecology of seeds. In the evergreen Mediterranean shrub Lavandula latifo-
lia, the mean mass of single seeds produced by individual plants does vary 
signifi cantly between years, but this component of  within- plant variation 
is quantitatively negligible. In a group of 15 plants studied during two con-
secutive years, the sequential (i.e.,  between- year) component accounted 
for only 10%, while the simultaneous component predominated and was 
responsible for the remaining 90% of total  within- plant variation in seed 
mass (C. M. Herrera, unpublished data). In six individuals of the temper-
ate tree Sorbus aucuparia studied during three consecutive years in north-
western Spain by B. Pías and M. Salvande (unpublished data), the sequen-
tial and simultaneous components of  within- plant variation in seed mass 
were 31% and 69%, respectively. Lavandula latifolia shrubs are charac-
terized by extremely low annual variability in seed production (Kelly and 
Sork 2002), while S. aucuparia is well- known for its intense fl uctuations in 
fruit crop size (Sperens 1997; Raspé et al. 2000). For Quercus petraea and 
Quercus robur, two oak species characterized by strong annual fl uctua-
tions in crop sizes, Brookes and Wigston (1979) found marked variation 
in the size and shape of acorns produced by individual trees on different 
years. For some of the trees studied by these authors, the ranges of acorn 
weight and shape index showed little or no overlap on consecutive years. 
These data although limited are consistent with the expectation advanced 
above that, across species, the relative importance of the sequential com-
ponent of  within- plant variation in seed size would increase with increas-
ing annual fl uctuations in crop size. From this it would also follow, as a 
practical corollary, that tree and shrub species exhibiting marked inter-



74 chapter 4

annual fl uctuations in seed production, as do many of those listed in 
table 3.4, will be particularly prone to underestimation of actual levels of 
 within- plant variability in seed size when  single- sample estimates are used.

The last example in this section illustrates both the seasonal and year-
 to- year components of  within- plant variation. In the southern Spanish 
endemic hawk moth–pollinated perennial violet Viola cazorlensis, each 
plant produces a relatively small number of fl owers during its May–
June fl owering period. In the population studied by Herrera (1993, and 
unpublished data), corolla size (mean petal length) tended to increase on 
the same plant from  early-  to late- opening fl owers, and there was also 
some annual variation. Flowers open at a very slow pace, but as each of 
them lasts for up to two weeks, there are always several fl owers simul-
taneously open on each plant. I collected detailed fl ower measurements 
for individual plants of V. cazorlensis during two different fl owering sea-
sons, which allows for a partition of total  within- plant variation in corolla 
size occurring over a two- year period into its simultaneous (within date) 
and sequential (both seasonal and annual) components. On average, the 
simultaneous component accounted for 64% of the total, the sequential 
component due to seasonal variation for 35%, and the sequential com-
ponent due to annual variation for less than 1%. These fi gures indicate 
that, despite seasonal and annual variation in the average characteris-
tics of the fl owers produced by individual plants, a predominant fraction 
of total  within- plant variation is simultaneously present on plants at any 
given moment.

The main conclusion emerging from the preceding examples is that, 
regardless of the organ considered (leaves, fl owers, fruits, seeds), the simul-
taneous component tends to be the predominant source of  within- plant 
variation. This means that most of the variants of any reiterated structure 
produced by an individual plant in the same reproductive season, or over 
several years, are simultaneously or nearly simultaneously borne on the 
plant. Sampling plants only once, therefore, although obviously missing 
some variability and leading to variance underestimation, will generally 
not lead to any fatally fl awed estimate of  within- plant variability. Further-
more, a substantial portion of the phenotypic range of organs produced 
by an individual plant are simultaneously available to interacting animals, 
namely leaf eaters, seed predators, frugivores, and fl ower visitors. This 
is an important aspect, as it means that foraging animals are exposed to 
organs possessing different features, which in turn make possible discrimi-
nation and choice at the  within- plant scale, as discussed in chapter 8.
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Spatial Structuring of Simultaneous Variation

It has been shown in the preceding section that the sequential component 
of  within- plant variation can sometimes be substantial but that the simul-
taneous component generally predominates. How is this instantaneous or 
nearly instantaneous variability spatially organized on the plant? What 
are the patterns of intraplant variability in one, two, and three dimen-
sions?

The study of the spatial organization of  within- plant variability can be 
approached from two perspectives. First, one may examine whether spa-
tial variation in the trait of interest bears some predictable relationship 
to some reference system of coordinates, which may be either inherent or 
external to the plant itself. This approach leads to the identifi cation of spa-
tial gradients of intraplant variation. The second approach is mainly con-
cerned with elucidating the magnitude and extent of  distance- dependent 
similarities in organ features, regardless in principle of their position 
in relation to coordinate systems. Under this latter approach, what is 
operationally the focus is the issue of spatial autocorrelations, or “spa-
tial continuity” (Rossi et al. 1992), in organ features at the  within- plant 
scale. This may be explicitly addressed by means of spatial models of 
 three- dimensional variation or, in a much simpler but biologically straight-
forward way, by taking advantage of the nested structural organization of 
most plants. I consider the two main approaches to studying the spatial 
organization of  within- plant variation in the next two sections.

Gradients

The phenotypic characteristics of reiterated structures produced by a 
plant often vary more or less predictably in relation to some spatial ref-
erence system, giving rise to discernible intraplant phenotypic gradients. 
Two major types of intraplant gradient may be distinguished, depending 
on whether the reference system that underlies it is extrinsic or intrinsic 
to the plant.

Extrinsic gradients of  within- plant variation are related to variation in 
some environmental parameter that is largely independent of the plant’s 
architecture, such as height above the ground, compass direction, or light 
intensity. A substantial fraction of  within- plant variance in structural and 
functional leaf features is often explained in terms of one or more of these 
major gradients. Within trees, the longevity (Miyaji et al. 1997; Harlow 
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et al. 2005), size (Hollinger 1989; Tucker et al. 1993; Cowart and Graham 
1999), mass per unit area (Ford and Newbould 1971; Ellsworth and Reich 
1993; Kull and Niinemets 1993; Tucker et al. 1993; Casella and Ceulemans 
2002; Leal and Thomas 2003), and photosynthetic capacity of leaves (Ells-
worth and Reich 1993; Porté and Loustau 1998), as well as the concentra-
tion of nitrogen and phosphorus (Lemaire et al. 1991; Le Roux et al. 1999; 
Casella and Ceulemans 2002; Leal and Thomas 2003) and heavy metals 
in leaves and stems (Sanders and Ericsson 1998; Luyssaert et al. 2001), 
all tend to vary regularly with height above the ground. Some of these 
 height- related gradients can be quite steep, as shown by Harlow et al. 
(2005) for leaf longevity within the crown of Thuja plicata trees, where 
maximum duration of individual leaves decreased at an average rate of 
0.3 year per each 1- m increase in height above the ground, declining from 
a mean of 10.6 years in the lower third of the crown to 6.8 years in the 
upper third.

Diverse gradients in leaf photosynthetic capacity, nitrogen concentra-
tion, and specifi c leaf area occurring in the interior of tree crowns are 
generally related to variation in light intensity (Klein et al. 1991; Leun-
ing et al. 1991; Kull and Niinemets 1993; Traw and Ackerly 1995; Casella 
and Ceulemans 2002). In isolated trees, leaf dry weight per area and nitro-
gen concentration may also vary regularly along horizontal transects 
drawn across the tree crown (Le Roux et al. 1999). Compass direction 
also accounts for patterns of  within- plant variation in leaf water (fi g. 4.2) 
and nitrogen content, particularly in isolated shrubs or trees where differ-
ences in canopy orientation are the main source of  within- plant variation 
in incident radiation and transpiration (Infante et al. 2001). In olive trees 
(Olea europaea) the largest single source of  within- plant variation in leaf 
nitrogen content was found to be canopy orientation, with leaf nitrogen 
concentration declining in both the  north- south and the east- west direc-
tions. Leaves from the south side of the tree had 12% more nitrogen than 
 north- side leaves (Perica 2001). Abrupt environmental transitions, such 
as the  water- air discontinuity faced by amphibious plants, can be consid-
ered as merely extreme cases consisting of particularly steep extrinsic gra-
dients. The discontinuous variation in leaf form commonly exhibited by 
heterophyllous aquatic plants depends closely on the leaf position along 
the extrinsic  water- air gradient, with submerged leaves fi nely divided and 
the fl oating or aerial ones relatively simple (Sculthorpe 1967).

Information on extrinsic gradients in features of reiterated structures 
other than leaves is very scanty for wild plants. Such gradients, however, 
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must be frequent in fruits, fl owers, and seeds if one judges from the fre-
quent reports found in the literature on cultivated plants. For Hamelia pat-
ens, a small tropical tree, Levey (1987) reported that berries on exposed 
portions of the tree had pulps with signifi cantly higher sugar content than 
those shaded within the same tree crown. In cultivated apple trees (Malus 
domestica), Broom et al. (1998) found that fruit calcium concentration 
decreased an average of 2.7 µg / g with every 1- m increase in height above 
the ground, and fruit weight increased with height in the canopy and 
decreased toward the outside of the trees. Increases in fruit size, weight, 
and  soluble- solid concentration, and decreases in fruit starch, nitrogen, 
phosphorus, potassium, and  mineral- elements concentration with height 
above the ground, have been also reported by other investigations of a 
variety of apple cultivars (e.g., Jackson et al. 1971; Barritt et al. 1987). 
Within a single Valencia orange tree studied by Sites and Reitz (1950), 
vitamin C concentration in the juice of individual fruits was found to vary 
predictably with compass direction, and increased regularly with height 
at an average rate of 2.4 mg / 100 mL of juice per meter. In lychee (Litchi 
chinensis), average  soluble- solid concentration and acid content of fruits 
vary predictably within tree crowns, depending on both orientation and 

fi g. 4.2 The water content of individual leaves of Prunus mahaleb, a deciduous tree, varies 
within plants according to two extrinsically defi ned gradients, orientation (compass direc-
tion) and height above the ground (upper or lower tier). The two gradients, however, are 
not independent of each other. The  height- related gradient occurs only in the southern and 
western parts of the crown, while the  orientation- related gradient holds only in the lower tier 
of the tree. Bars represent average values for eight trees from one population in the Sierra 
de Cazorla, southeastern Spain (vertical segments are standard errors). Based on data from 
Alonso 1997a, and unpublished.
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height above the ground (Tyas et al. 1998). For peach (Prunus persica), 
Génard and Bruchou (1992) reported that fruits in the upper parts of the 
tree were more purple, less orange red, and less fi rm, and had a higher 
sucrose content, lower citric acid content, and higher pH than fruits in 
the lower parts. Although it has been investigated less frequently, com-
pass direction can also set an extrinsic gradient for  within- plant variation 
in the characteristics of reiterated structures other than fruits. In Annona 
cherimola trees, for example, mean petal length of fl owers located at north 
and south exposures of the same plant is signifi cantly different (Perfectti 
and Camacho 1999).

Intrinsic gradients of  within- plant variation are associated with some 
coordinate system that is closely linked to the plant’s own architecture, 
and are thus inherent to the plant itself. Regular longitudinal variation of 
organ features along nodal positions on basically linear supporting struc-
tures such as main stems, lateral branches, and infl orescence or infructes-
cence axes is probably the commonest, or at least the most frequently 
acknowledged, form of intrinsic intraplant gradients. This type of vari-
ation has been extensively documented since the classic studies on the 
morphogenesis of leaves in species with heteroblastic development (i.e., 
successive leaves produced on the same stem are not all alike), which 
provide some of the best- described examples of intrinsic gradients of 
 within- plant variation (Ashby 1948; Critchfi eld 1960, 1970; Kozlowski and 
Clausen 1966; Steingraeber 1982). In species of Delphinium and Gossyp-
ium, for example, the degree of segmentation of leaves depends predict-
ably on nodal position along the main stem (Ashby 1948). In Ipomoea 
caerulea there is a marked change in leaf shape from node to node, from 
entire leaves to  three- lobed leaves in which the lobing is more and more 
pronounced as one moves up the main axis (Njoku 1956). In Nicotiana 
rustica, leaves are larger and more ovate at the base and become suc-
cessively smaller and more lanceolate toward the infl orescence (Paxman 
1956). Not only the size and shape of leaves, but also their chemical com-
position, can vary predictably along stems. In olive trees (Olea europaea), 
leaf nitrogen content declines from basal through central to distal leaves 
on the same stem, and this pattern remains invariant regardless of height 
or orientation in the canopy (Perica 2001). In Mentha piperita, monoter-
pene composition of essential oil from leaves exhibits a distinct pattern of 
longitudinal variation along stems. The concentration of menthol, men-
thyl acetate, and neomenthol decline, and that of menthone and isomen-
thone increases, from the base to the tip (Maffei et al. 1989; Rohloff 1999). 
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Within Turnera ulmifolia plants, there is a regular increase in the extent 
of cyanogenesis from basal to distal leaves along stems (Shore and Obrist 
1992).

Although intrinsic intraplant gradients have been most thoroughly 
studied for leaf features, they are by no means exclusive to these organs. 
For example, in species of the Ranunculaceae, intraplant variation in num-
ber of fl oral parts (sepals, carpels, stamens) often depends on the position 
of the fl ower in the infl orescence, and in many species of Compositae the 
proportion of disk and ray fl orets in fl ower heads depends on the position 
of the fl ower head on the plant, as reviewed long ago by Baten (1936). 
In Collomia grandifl ora, the production of cleistogamous and chasmoga-
mous fl owers is strongly dependent on nodal position along the infl ores-
cence. Plants of this species grown in an uniform environment produce 
only cleistogamous fl owers in the basal nodes of the infl orescence, both 
cleistogamous and chasmogamous ones in the central positions, and only 
chasmogamous ones in the distal positions (Ellstrand et al. 1984). Predict-
able linear variation along nodal positions of fl owering shoots or infl o-
rescences also frequently involves continuous or  quasi- continuous fl oral 
traits (Ellstrand et al. 1984; Berry and Calvo 1991; Diggle 1995; Vallius 
2000). Acropetal decline in fl ower size has even been considered a diag-
nostic feature of raceme infl orescences (Weberling 1989). In Collomia 
grandifl ora, anther length and corolla length increase from basal to dis-
tal nodal nodes (Ellstrand et al. 1984), while in the orchid Myrosmodes 
cochleare perianth length declines from an average of 9.2 mm at bottom 
positions of the infl orescence to 6.2 mm at the top positions (Berry and 
Calvo 1991). In Polygonatum odoratum, a hermaphroditic perennial herb, 
the number of ovules and pollen grains per fl ower declined regularly from 
basal to apical nodal positions along the fl owering shoot (Guitián et al. 
2004). As the rate of decline was much steeper for ovules than for pol-
len grains, the functional gender of fl owers shifted toward greater rela-
tive maleness with increasing distance from the base of the shoot. Numer-
ous additional examples of intrinsic gradients of  within- plant variation in 
morphological and functional fl oral traits can be found in Diggle (2003).

Seed and fruit features also frequently exhibit intrinsic gradients of 
continuous variation  within- plants. The size and shape of reproductive 
structures of gymnosperms often vary regularly with relative position 
along the length of branches, as illustrated for example by Niklas (1994, 
fi g. 4.6) for a series of ovulate cones from a single branch of Larix. In 
Impatiens capensis, the mean weight of seeds (measuring only cleistoga-
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mous fl owers) varies regularly from the base to the top of the main stem, 
increasing signifi cantly and roughly linearly with increasing node num-
ber (Waller 1982), and in Asphodelus albus, seeds from fruits located at 
the bottom of the long linear infructescence are heavier than those from 
fruits at the distal positions (Obeso 1993). Pastinaca sativa produces seeds 
on primary, secondary, and tertiary umbels of the fl owering stalk. Within 
plants, variation in seed weight is about twofold, with secondary and ter-
tiary seeds weighing 73% and 50% of primary seed weight, respectively 
(Hendrix 1984). Within the infl orescence of Lolium perenne, mean seed 
weight declines sharply from the proximal seed (1.86 mg) to the distal 
(0.71 mg) within individual spikelets, and 89% of the total variation in 
seed weight is accounted for by differences between seeds at different 
positions within the spikelet (Warringa, de Visser, and Kreuzer 1998; 
Warringa, Struik, et al. 1998). Similar declines in individual seed mass 
from basal to distal positions occur in infructescences of Arum italicum 
(Méndez 1997) and Banksia spinulosa (Vaughton and Ramsey 1997). In 
both cases, seeds in the apical positions weigh about 15% less than those 
from the basal positions. The inverse situation is exemplifi ed by Lobelia 
infl ata, where seed size increases with nodal position along the main stem 
(Simons and Johnston 2000). In kiwifruit vines (Actinidia deliciosa), apple 
trees, and hawthorns (Crataegus monogyna), the size of individual fruits 
varies regularly according to their position along stems (de Silva and Ball 
1997; de Silva et al. 2000; Rodríguez Larrinaga 2004).

Intrinsic gradients of intraplant variation can also involve detailed 

fi g. 4.3 Variation in mean protein (fi lled circles) and oil (open circles) content of individual 
soybean (Glycine max) seeds produced at different nodal positions along plants. Nodes are 
numbered from apical (left) to basal (right) positions. Redrawn from Bennett et al. 2003.
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aspects of the chemical composition of fruits and seeds, although the infor-
mation available on this type of variation is almost exclusively restricted 
to cultivated plants. In tomato (Lycopersicon esculentum) plants grown 
under controlled greenhouse conditions, the vitamin C content of fruits 
increases linearly from those located in the basal nodes of the plant to 
those in the uppermost positions (Fryer et al. 1954). Seeds from the lower 
part of the soybean (Glycine max) plant are higher in oil and lower in pro-
tein than those from the upper part (Collins and Carter 1956; Brim et al. 
1967), and the patterns of variation of these two components along nodal 
positions of the plant are essentially linear and mirror each other (fi g. 4.3). 
There is thus a clear seed compositional gradient within soybean plants, 
with seeds near the plant apex being high in protein and low in oil con-
tent, and those around the basal region exhibiting the opposite pattern. In 
addition, the concentration of protease inhibitors in soybean seeds (Mar-
chetti et al. 1995) and the fatty acid composition of seed oil (Bennett et al. 
2003) vary predictably with nodal position along the stem, further contrib-
uting to the  position- dependent compositional gradient. The percentage 
of total fatty acid made up by oleic acid decreases with increasing nodal 
position along the stem, and the proportion of linoleic acid increases. 
Similar chemical changes take place along corn (Zea mays) ears, where 
the content of amylose starch and oleic acid decreases, and that of pal-
mitic and linoleic acids increases, from seeds located at the base to those 
at the tip (Fergason et al. 1966; Jellum 1967). Within sunfl ower heads 
(Helianthus annuus), fatty acid composition of seed oil varies depend-
ing on seed position, although patterns of variation seem to be somewhat 
 cultivar- specifi c. Zimmerman and Fick (1973) reported that the propor-
tion of palmitic and linoleic acids tended to increase, and that of stearic 
and oleic acids to decrease, from the central to the peripheral positions in 
the capitulum. In the cultivars studied by Munshi et al. (2003), in contrast, 
there was a decline in the proportion of palmitic and stearic acids from 
the peripheral to the central whorls, and no discernible  within- capitulum 
variation was found for oleic and linoleic acids. The fatty acid composi-
tion and the concentration and composition of glucosinolates in seeds of 
Brassica napus and B. campestris grown under uniform controlled condi-
tions all depend on the position of pods within the plants (Bechyne and 
Kondra 1970; Kondra and Downey 1970). In mustard seeds (Brassica jun-
cea), Munshi and Kumari (1994) found an increase in free fatty acids, 
phospholipid, glycolipid, and sterol content toward the apical positions 
of the infl orescence. In sesame (Sesamum indicum) seed oil, the percent-
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age of palmitic and linoleic acids declines, and total oil content and the 
percentage of stearic, oleic, and linolenic acids increase, from basal to dis-
tal nodal positions along the plant (Mosjidis and Yermanos 1985; Tashiro 
et al. 1991). Within spikes of wheat (Triticum aestivum), protein content 
of seeds decreases from the basal to distal positions (Bramble et al. 2002), 
and parallel declines occur also for some macronutrients, including Ca, 
Mg, P, and S (Calderini and Ortiz- Monasterio 2003). Although the pre-
ceding selection of examples is far from comprehensive, it leaves little 
doubt about the frequent occurrence of intrinsic  within- plant gradients in 
seed composition in cultivated plants from a broad variety of plant fami-
lies and growth forms. There is no reason to suspect that it is a peculiar-
ity restricted to cultivated species. If sought for, one would expect to fi nd 
similar patterns in their wild counterparts.

Intrinsic gradients of intraplant variation may also take place over very 
small spatial ranges, as when seed size varies regularly within the con-
fi nes of individual fruits. This happens frequently in fruits where seeds are 
arranged linearly, as in legume pods and crucifer siliques. In these cases, 
the size of a seed depends on its location within the fruit relative to the 
fruit pedicel (Schaal 1980; Stanton 1984; Mazer et al. 1986; Rocha and Ste-
phenson 1990; Gutiérrez et al. 1996; Susko and  Lovett- Doust 1999). In 
the legumes of Lupinus texensis, for example, mean seed mass increases 
from 27.8 mg for seeds closest to the fruit peduncle to 30.2 mg for seeds 
farthest away (Schaal 1980). In those of Phaseolus coccineus, mean seed 
mass likewise increases from the basalmost (549 mg) to the distalmost 
(628 mg) positions (Rocha and Stephenson 1990), and a similar pattern 
was reported for the congeneric Phaseolus vulgaris (Nakamura 1988). 
In Raphanus raphanistrum, in contrast, the largest seeds tend to occur 
at positions nearest the pedicel or in the middle of the fruit, and individ-
ual seed mass may vary up to sixfold within single fruits (Stanton 1984). 
Within the cones of Pinus contorta, seed size declines regularly from the 
basal to the apical positions (McGinley et al. 1990).

Gradients in organ features that take place along stems or branches are 
not necessarily linear. In shoots of Sassafras albidum, unlobed leaves pre-
dominate at proximal and distal nodes of shoots, while lobed leaves are 
most common at intermediate nodes. In this species, the highest values of 
leaf area, nitrogen content, chlorophyll content, and net photosynthetic 
rates occur at intermediate nodal positions, and decline toward both 
the basal and distant positions (de Soyza et al. 1990; de Soyza and Kin-
caid 1991). A similarly nonlinear pattern was found by Traw and Ackerly 
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(1995) in the tropical pioneer tree Ficus insipida, where leaf mass per area 
was highest in the central positions of shoots and declined toward both 
the apex and the base. Intrinsic gradients can become extraordinarily 
complex, as in Neotropical rain- forest herbaceous vines of the genus Syn-
gonium (Ray 1987). The growth habit of these unbranched vines consists 
of a succession of terrestrial and arboreal growth phases, in which the 
plant either grows horizontally on the forest fl oor or climbs and descends 
from trees. Within each growth stage, leaf size and shape fl uctuate cycli-
cally, which gives rise to a tremendously complex pattern of longitudinal 
variation in leaf features along the shoot of the vine. Nonlinear gradients 
can also involve structures other than leaves. In fruiting heads of culti-
vated sunfl ower (Helianthus annuus), the oil content of seeds was found 
to be highest in the middle whorl positions, and to decline toward both 
the central and peripheral whorl positions (Fick and Zimmerman 1973).

The distinction between different types of gradients provides a useful 
general framework to differentiate the main axes along which  within- plant 
variation is organized. Nevertheless, it is important to realize that direc-
tions of change can interact with each other, and that the pattern of vari-
ation in some feature of a reiterated structure along one axis frequently 
depends on the structure’s position relative to another reference axis. 
This happens, for example, when there is an interaction between two 
different, independent extrinsic gradients, such as height above ground 
and compass direction. In trees of Prunus mahaleb, leaves from the upper 
and lower tiers of the crown may differ or not, depending on orienta-
tion, as illustrated in fi gure 4.2 for leaf water content. In this example, an 
 orientation- dependent extrinsic gradient exists in the lower branches of 
the tree but not in the upper ones, and a  height- dependent gradient exists 
in southern and western exposures but not in others. Similar interactions 
between extrinsic gradients are probably common in trees, although they 
have been reported in detail only infrequently. In olive trees (Olea euro-
paea), for example, the increase in leaf nitrogen content (percent dry 
mass) from lower through middle to higher position in the canopy is most 
marked among leaves in  north- facing and west- facing crown locations, 
intermediate in  south- facing locations, and does not exist in east- facing 
orientations (Perica 2001).

In addition to interactions between extrinsic gradients, a tight link 
is generally to be expected between extrinsic and intrinsic gradients. 
Clear examples of the intersection between the two main types of gra-
dients are furnished by situations where the sign and magnitude of an 
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intrinsic gradient associated with some plant structure (node number on 
a shoot) depend critically on the position of the structure in relation to 
some relevant extrinsic gradient (light, orientation, height). In apple trees 
of the ‘Royal Gala’ cultivar studied by de Silva et al. (2000), fruit weight 
increases from the base to the tip in the lowermost tree branches, but 
that intrinsic trend is reversed in the uppermost branches, where fruit 
weight declines from base to tip. The nature of intrinsic gradients may 
also depend on  higher- level architectural characteristics of the plants. In 
cultivated kiwifruits (Actinidia deliciosa), fruit weight may either decline 
or remain constant with increasing distance along shoots, depending on 
the method used to train plants in supporting structures (de Silva and 
Ball 1997).

There is little information on the relative importance of extrinsic and 
intrinsic gradients as predictors of  within- plant variation in features of re-
iterated structures. As a broad generalization, it would be tempting to pre-
dict that external gradients would be the prevailing source of intraplant 
variation in those cases where reiterated structures are widely distributed 
in space and thus most likely face quite a broad range of external environ-
mental conditions (height above the ground, light intensity). This would 
apply, for instance, to tall trees in dense forests whose crowns encompass 
broad ranges of a steep vertical gradient of light intensity, often span-
ning several orders of magnitude. Nevertheless, this intuitively appeal-
ing notion is probably simplistic, and is contradicted by some empirical 
data. Hall and Langenheim (1986) studied  within- tree variation in the leaf 
monoterpenes of Sequoia sempervirens, focusing on their possible varia-
tion with height above the ground. As this tree is one of the largest of liv-
ing organisms, it seemed to make a particularly favorable study system for 
documenting patterns of spatial variation within an individual. Despite 
this, Hall and Langenheim found no signifi cant differences in composition 
or concentration of leaf monoterpenes between the three canopy levels 
considered, 2–6 m, 8–15 m, and 20–25 m above the ground. In contrast to 
this failure to detect  height- dependent spatial variation at the very large 
scale of whole Sequoia trees,  Espinosa- Garcia and Langenheim (1990) did 
fi nd signifi cant  within- branch longitudinal gradients in the composition 
of endophytic fungal communities in the same species, which might be 
related to fi ne- scale variations in leaf age and structural or chemical char-
acteristics. This example illustrates well that simple consideration of plant 
size alone, and therefore the potential range of environmental conditions 
faced by different parts of the same individual, may have little predictive 
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power in ascertaining the relative quantitative importance of intrinsic and 
extrinsic gradients as sources of  within- plant variation. Traw and Acker-
ly’s study of fi ve species of rain forest pioneer trees (1995) also supports 
this conclusion. These authors applied path analyses to ask whether leaf 
nitrogen concentration was better explained by leaf nodal position along 
branches than by measured light level. Leaf position on the shoot (intrin-
sic gradient) explained signifi cantly more of the  within- plant variation in 
leaf nitrogen concentration (up to 60–70% of  within- plant variance) than 
did leaf light level (extrinsic gradient) in four of the fi ve species. Further 
evidence suggesting that intrinsic gradients can be responsible for most 
 within- plant variance in leaf features is provided by the fi nding that in 
Sassafras albidum leaf nodal position alone accounts for 30–50% of total 
 within- plant variance in leaf chlorophyll content (de Soyza et al. 1990).

Spatial Analyses

Spatial analyses of  within- plant variation have attempted to elucidate, 
at the whole plant level, spatial dependencies of organ characteris-
tics. They have addressed questions such as whether structures that are 
closer within a plant are more likely to be similar than structures that 
are farther apart. These analyses allow for determining the “grain size” 
of  within- plant spatial variation, a shortcut used here rather informally 
to designate the scale of spatial domains within which organ similarities 
remain predictably higher than the overall average value for all struc-
tures on the plant (for a rigorous defi nition of the grain concept and 
related notions in the context of spatial statistical analysis, see, e.g., Dun-
gan et al. 2002). Leaving aside purely descriptive methods based on the 
visual inspection of  computer- abstracted  three- dimensional representa-
tions of  organ- trait distribution on plants (e.g., Smith et al. 1992), three 
main analytical approaches have been adopted to address the problem of 
effectively describing  within- plant variation in the attributes of reiterated 
structures. These are geostatistical techniques,  mixed- model analyses of 
variance, and hierarchical variance partitioning of organ traits into nested 
architectural levels. The fi rst two are statistically more powerful and have 
the capacity to provide objective and rigorous spatial analyses, yet they 
have the important practical drawback of requiring extensive spatial data 
that are hard or impossible to collect on wild plants in the fi eld. The third 
method takes advantage of the hierarchically nested distribution of re-
iterated structures  within- plants, and fully random nested analyses of 
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variance are used to partition total  within- plant variance in organ attri-
butes into hierarchical components due to different structural levels (e.g., 
branch, infructescence, fruit). This method provides poorer spatial resolu-
tion than the geostatistical or  mixed- model ones, since spatial proximity 
is considered only at an ordinal level, yet it has the important advantage 
of being much less stringent as to the quality and amount of spatial data 
required, and thus easier to use with wild plants.

When geostatistical methods are applied to  within- plant variation, 
the plant is considered as a spatial set of points (i.e., branches, shoots) 
on which a random function can be defi ned in the form of measurements 
made on some reiterated organ (Monestiez et al. 1990). Conventional 
geostatistical methods of the kind ordinarily used in geological surveys 
or ecological investigations of spatial patterns (e.g., Webster 1985; Rossi 
et al. 1992) are then applied to the data, and variogram functions are typ-
ically obtained that depict the relationship between the degree of spa-
tial dependence of two structures, that is, the relationship between their 
similarity in measured attributes and the distance that separates them. 
Due to the particularities of the spatial structure of plants, different types 
of “distances” between organs may be defi ned and used in geostatistical 
analyses of  within- plant variation, including the natural metric distance 
obtained following the branch system, the number of intervening bifur-
cations between them (Monestiez et al. 1990), or the euclidean distance 
on a straight line (Luyssaert et al. 2001). So far, geostatistical methods 
have been implemented mainly in studies of  within- plant variation of cul-
tivated fruit plants (but see Luyssaert et al. 2001; Shelton 2005). Although 
cultivated and wild plants may differ in detailed aspects of the spatial pat-
terns of  within- plant variation, there is no reason to expect drastic differ-
ences; thus I will briefl y summarize here some results obtained by these 
investigations.

Habib et al. (1991) used geostatistical techniques to study the spatial pat-
tern of  within- plant variation in weight, percent dry matter,  soluble- solid 
content of pulp, and acidity of kiwifruits. The distance between fruits was 
taken as the number of branching points (forks) to go from one fruit to 
another. Regardless of the fruit characteristic considered, they found a 
signifi cant spatial dependence between fruits taken at short distances. The 
variogram function (see the legend for fi g. 4.4 for a summary of concepts 
related to the variogram function) fi rst increased with increasing distance, 
indicating declining spatial correlation of fruit attributes with increasing 
separation, and then stabilized at distances equal to or greater than two 
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forks, indicating that fruit characteristics were essentially uncorrelated 
when they were borne by canes separated by two or more forks. Results of 
Monestiez et al. (1990) and Audergon et al. (1993) for peach trees (Prunus 
persica) are similar in showing that fruit features (size,  soluble- solid con-
centration) are spatially autocorrelated only at very short distances within 
the plant (<1 m), and are uncorrelated beyond this very local threshold 
(fi g. 4.4a). This contrasts with the pattern of spatial autocorrelation exhib-
ited by leaf nitrogen content on the same peach tree. For this trait, the 
variogram function exhibits a nearly monotonic increase over most of the 
range of distance between leaves (fi g. 4.4b), which denotes that the spa-
tial dependence of this leaf trait takes place over a broader spatial range. 
Shelton (2005) also used geostatistical methods based on the construction 
of variograms to dissect the spatial pattern of the concentration of gluco-
sinolates in plants of Raphanus sativus down to the  within- leaf scale. One 
striking result of her study was the extremely fi ne- grained distribution 

fi g. 4.4 Variogram functions for the spatial variation of (a) fruit size and (b) leaf nitrogen 
content in a peach tree. The variogram function for lag distance h, (h), is defi ned as the 
average squared difference of values separated by h, expressed in meters and measured using 
the natural distance following the branch system. Three main elements may be distinguished 
in variogram functions (Habib et al. 1991, Rossi et al. 1992): (1) There is a discontinuity at 
the origin. Although the variogram function is by defi nition null at the origin, there is often 
a signifi cant value observed for a distance close to zero, which is known as the nugget. The 
nugget represents all  unaccounted- for spatial variability at distances smaller than the small-
est sampling distance. Nonnegligible nuggets in the graphs indicate that leaf and fruit vari-
ability still occurs at very short distances within the tree. (2) The variogram function increases 
with increasing separation of structures, which means that the farther apart the structures, the 
more independent they are. (3) The function eventually reaches a steady value, the sill, which 
is close to the variance of the whole sample. The lag distance at which the variogram levels off 
is known as the range, which defi nes the average distance within which the structures remain 
correlated spatially. In the graphs shown, the range is considerably smaller for fruits than for 
leaves, meaning that in the single peach tree studied, the threshold for spatial independence is 
smaller for fruits than for leaves. Redrawn from Monestiez et al. 1990, fi gs. 4 and 6.
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of glucosinolates  within- plants. The smallest scale examined, variation 
among samples within a specifi c region of a leaf, accounted for the great-
est variation of any of the spatial scales examined (plants, leaves of the 
same plant, and regions of the same leaf), and there was no spatial auto-
correlation at scales as small as 1–2 cm. Such  small- grained subindividual 
distribution of plant defenses has a number of important implications for 
the interaction between plants and small herbivores, as discussed in detail 
by Shelton (2004, 2005) and in chapter 8.

Geostatistical methods can lead to inaccurate descriptions of the spa-
tial structure of  within- plant variation if the observed features of two 
organs on the plant depend on their location, thus violating the assump-
tion of stationarity underlying these methods (de Silva and Ball 1997; sta-
tionarity assumes constant means and variances throughout the sampling 
space). As illustrated by the intrinsic and extrinsic gradients described in 
the preceding section, organ attributes are generally dependent on their 
position relative to the plant architecture or to some external coordinates; 
hence the stationarity assumption is unlikely to be generally valid.

As an alternative to geostatistical methods, de Silva and Ball (1997) 
proposed the application of  mixed- model analyses of variance that incor-
porate position effects as known fi xed and random effects (i.e., intrinsic 
and extrinsic gradients), and that model the spatial dependence of the 
residual variation by choosing an appropriate covariance structure allow-
ing for spatial autocorrelations. Technical details of the application of 
 mixed- model analyses of variance to the study of spatial patterns may be 
found in Littell et al. (1996). As with geostatistical methods, these proce-
dures seem to have been used so far only in connection with cultivated 
plants. Results of studies on  within- plant variation in fruit weight con-
ducted on apple trees and kiwifruit vines are similar in showing that fruit 
size tends to be spatially autocorrelated only at short nodal distances 
within the same shoot; that the correlation between fruits in different 
shoots is generally negligible; and that by far the greatest variance com-
ponent is accounted for by differences between fruits borne on the same 
shoot (de Silva and Ball 1997; de Silva et al. 2000). Miles et al. (1996) also 
found that variance occurring at the smallest spatial scales was the main 
source of  within- plant variation in size and fl esh fi rmness of kiwifruits.

The third method used to investigate the spatial organization of 
 within- plant variation is based on partitioning the total  within- plant vari-
ance of a given organ attribute into different architectural levels that can 
be envisaged as forming a hierarchically nested structure. Such data are 
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thus amenable to analysis through purely random models of nested anal-
ysis of variance. Under this approach one might dissect, for example, the 
total  within- plant variance in seed mass into components due to differ-
ences between branches, between infructescences borne by the same 
branch, between fruits of the same infructescence, and in the case of multi-
seeded fruits, between seeds of the same fruit. From a strictly statistical 
viewpoint, the spatial information provided by this technique is of poorer 
quality than that obtained using either of the two preceding, more sophis-
ticated methods. From a biological viewpoint, however, it has some advan-
tages. First, it is of interest in assessing the extent to which membership in 
the same supporting structure (branch, infl orescence, infructescence, fruit) 
infl uences the similarity of organs as they might be perceived by herbi-
vores, pollinators, and fruit consumers. Second, information on the appor-
tionment of  within- plant variance in organ traits among  different- level 
supporting structures may provide insight into the relative importance of 
the diverse mechanisms that underlie the variation, as discussed in chap-
ter 6. In addition, partitioning total  within- plant variance into a series of 
nested structural levels is relatively easy to apply to data from wild plants 
obtained for other purposes whenever suffi ciently detailed records were 
kept of the structural level each measured structure belonged to.

Available quantitative information for wild plants on the compo-
nents of  within- plant variance attributable to different structural levels 
is summarized in table 4.1 for leaf, fl ower, fruit, and seed features. Vari-
ance partitions involving the  among- branch versus  within- branch levels 
yield remarkably similar conclusions, regardless of the organ and charac-
ter considered. The vast majority of  within- plant variance in organ attri-
butes is due to variation occurring within individual branches, and only 
secondarily to differences between branches or ramets (75% vs. 25% of 
total variance on average, respectively, for the data in table 4.1). Variance 
partitions at the within and between infl orescence or infructescence levels 
also reveal that most  within- plant variance take place at a very local scale 
(table 4.1). On average, 77% of all  within- plant variance in fl ower, fruit, 
or seed traits is accounted for by variation among organs of the same 
infl orescence or infructescence. Although the data listed in table 4.1 are 
very limited, they suggest a declining trend in the relative importance of 
variance due to  within- infl orescence or  within- infructescence variation as 
a source of  within- plant variation, in the direction of fl owers (96%) to 
fruits (86%) to seeds (67%). I have not included in table 4.1 informa-
tion on cultivated plants, but these provide similar examples documenting 
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the predominant role of  within- infl orescence variation as a source of 
 within- plant variation. For example, in a particularly thorough study of 
the spatial structure of variance in  single- seed protein content of wheat 
(Triticum aestivum), Bramble et al. (2002) found that most  within- plant 
variance in this trait was accounted for by variation occurring within indi-
vidual spikes, while variance among the different spikes of the same plant 
was much less important.

Plants producing multiseeded fruits provide an opportunity to further 
partition  within- plant variance of seed traits into  among-  and  within- fruit 
levels, and data for 33 such instances are listed in table 4.1. In this sample, 
 within- fruit variation in seed traits (mainly seed mass) accounts on 
average for 61% of total  within- plant variance, or in other words, about 
two- thirds of the total variance in seed features exhibited by an individual 
plant occurs within the spatially very constrained limits of a single cap-
sule, legume, or follicle.

In species with apocarpous ovaries made up of several separate, multi-
ovulate carpels (e.g., Ranunculaceae), a single fruit comprises several dis-
tinct follicles, and the  within- plant variance in seed traits can thus be par-
titioned one step beyond the  within- fruit level, that is, between and within 
follicles of the same fruit. Helleborus foetidus is a perennial herb with 
apocarpous fl owers, and its fruits are generally made up of two or three 
independent follicles. The seeds are dispersed by ants and bear an elaio-
some.  Within- plant variance in elaiosome mass is almost entirely due to 
variation between seeds of the same fruit (97.8%; table 4.1). When this 
predominant source of variance is further partitioned into components 
due to variation between and within follicles of the same fruit, all vari-
ance is accounted for by differences between seeds belonging to the same 
follicle (Garrido 2003). Therefore, virtually all the variation in elaiosome 
mass that occurs within a plant of H. foetidus occurs at the very small spa-
tial scale of the individual follicle. If one adds to this that  within- plant 
variation is responsible for an estimated 82.2% of all observed variance 
in elaiosome mass in this species (Garrido 2003), then the striking conclu-
sion follows that about 80% (= 97.8 × 0.822) of the total variance in elaio-
some mass exhibited by Helleborus foetidus seeds over the whole Iberian 
Peninsula is to be found within the few centimeters of a single follicle.

Further examples of extremely  small- scale  within- plant variation 
in chemical composition of reiterated structures are provided by Shel-
ton’s investigation of the distribution of glucosinolates in Raphanus sati-
vus plants (2005) mentioned above, and by Herrera, Pérez, and Alonso’s 
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study of nectar sugar composition in Helleborus foetidus (2006). Flowers 
of this species generally have fi ve separate, independent nectaries. Nec-
tar sugar composition at the level of individual nectaries was determined 
using HPLC analytical techniques, and  population- level variance in sugar 
composition was then dissected into hierarchical components due to vari-
ation among plants, fl owers of the same plant, and nectaries of the same 
fl ower. Nectar sugar composition varied extensively among nectaries, and 
nearly all major combinations of individual sugars were recorded in the 
population. This large  population- wide variance was mainly accounted for 
by variation among nectaries of the same plant, and only minimally by 
differences among plants (14%). On average, 35% of total  within- plant 
variance in nectar sugar composition was due to differences among nec-
taries in the same fl ower. As these are only a few millimeters apart, these 
results reveal extremely fi ne- grained spatial variation in nectar composi-
tion in this species. Similarly fi ne- grained variation in nectar sugar com-
position was also demonstrated by Canto et al. (2007) for wild- growing 
plants of two species of Aquilegia.

Spatial Organization of Variation: Summing Up

The two main approaches adopted to study patterns of  within- plant vari-
ation in the features of reiterated structures, namely  gradient- oriented 
and explicitly spatial ones, furnish complementary views. Combining the 
results from these two views leads to some general insights on the overall 
spatial organization of  within- plant variation.

On one hand,  gradient- oriented analyses reveal the existence of pre-
dictable trends whereby the value acquired by a given phenotypic trait of 
an organ can be partly anticipated by virtue of its location along either 
an external environmental gradient (e.g., height, light intensity) or one 
linked to the plant’s own architecture (e.g., nodal position along a stem or 
fl owering axis). As the variation in organ attributes will in most instances 
be simultaneously subject to the infl uence of both intrinsic and extrinsic 
gradients, the superimposition of the two types of gradients produces a 
relatively  broad- scale  coarse- grained  three- dimensional pattern of rela-
tively predictable  within- plant variation in organ features, as illustrated 
in fi gure 4.5 for the variation in leaf cadmium concentration in the crown 
of a single Salix fragilis tree. The ultimate template defi ning the details 
of this type of  broad- scale  within- plant variation is, of course, the plant’s 
own spatial structure, organized around the hierarchical repetition of sup-
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porting structures (branches, stems, infl orescences, infructescences, fruits). 
The prevalence of the extrinsic gradients over the intrinsic, or vice versa, 
as major determinants of the scale and main trends of variation will there-
fore depend closely on the architecture of the plant, and distinct plant 
architectural models (sensu Hallé et al. 1978) should be expected to lead 
eventually to grossly different “maps” of spatial  within- plant variation. 
In long- lived plants, these maps of variation will vary with age, insofar as 
ontogenetic changes modify both the size and the general architecture of 
the plant.

On the other hand, spatial analyses of  within- plant variation in organ 

fi g. 4.5 Three- dimensional representation of variation in cadmium concentration in leaves 
of a single Salix fragilis tree sampled at 292 different locations regularly distributed over the 
crown. Modifi ed from Luyssaert et al. 2001.
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features reveal that, after the  broad- scale variation disclosed by  gradient- 
oriented analyses has been statistically accounted for, much intraplant 
variation remains, occurring over very restricted spatial scales. Meth-
ods based on spatial autocorrelations,  mixed- model analyses of variance, 
or the partition of  organ- trait variance into different plant structural 
levels, all reveal that extremely fi ne- grained variation can sometimes 
be the main, or at times almost the sole, source of  within- plant variation 
in organ features. This very  small- scale variation, exemplifi ed by varia-
tion in seed size within the same pod, nectar composition within the 
same fl ower,  secondary- metabolite concentration within the same leaf, 
and fruit or fl ower size within the same infl orescence or infructescence, 
is responsible for the fraction of  within- plant variance that is left unac-
counted for by  gradient- based explanations. The overall spatial organiza-
tion of  within- plant variance in organ traits may therefore be seen as the 
combined result of one or more predictable trends of variation occurring 
along intrinsic or extrinsic gradients and potentially involving different 
spatial scales (whole plant, branches, infl orescences, or infructescences), 
plus a certain amount of variance that is unexplained by such gradients. 
As shown by geostatistical analyses described above, this unexplained 
variation largely occurs at very local scales. One further example is pro-
vided by the spatial pattern of variation in leaf tannin content within Acer 
saccharum trees described by Schultz (1983). Adjacent leaves on single 
branches may differ by a factor of 2 or more on any given date for this 
trait. Leaves of widely different tannin content appear randomly arrayed 
on branch segments, the position of a leaf of a given value being unpre-
dictable on individual branches.

Luyssaert et al.’s study of intratree variation of cadmium concentration 
in leaves of Salix fragilis (2001), in addition to exemplifying a powerful 
analytical approach, illustrates well a dissection of  within- plant variation 
into components that are explained and unexplained by gradients. These 
authors found a trend of declining leaf cadmium concentration from the 
lower to the upper parts of the tree (fi g. 4.5). After statistically remov-
ing the effect of this  broader- scale trend, they modeled the spatial dis-
tribution of residuals using geostatistical methods. The fi tted variogram 
revealed a clear spatial structure, with most of the total variance occur-
ring at lag distances less than 0.8 m, which means that residuals are spa-
tially autocorrelated only at relatively small scales. The overall pattern 
of  within- tree variation in leaf cadmium concentration in the studied 
individual of Salix fragilis resulted therefore from the combination of a 
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 gradient- based trend plus very local variations unrelated to the gradient. 
These two main sources of  within- plant variation differ with regard to 
the most likely proximate mechanisms involved, as described in detail in 
chapter 6. Furthermore, recognizing the existence of both spatially pre-
dictable (related to gradients) and unpredictable (small scale, largely ran-
dom) components of subindividual variation is also important for a bet-
ter understanding of the interactions between variable plants and animal 
consumers (e.g., leaf eaters, frugivores, seed predators), as will be shown 
in chapters 8 and 9.



The preceding chapters have shown  within- plant variation in virtually 
every conceivable morphological, structural, compositional, and func-

tional feature of reiterated structures that has been ever examined. Fur-
thermore, subindividual variation is often very large, and takes place at a 
variety of nested spatial scales and in relation to environmental gradients 
that are both extrinsic and intrinsic to the plant. In view of the heteroge-
neity of the traits affected and the multiplicity of spatial scales at which 
the phenomenon occurs, many causes are likely to be involved. Under-
standing the variety of causes underlying  within- plant variation and the 
possible interactions among them is an essential step before undertaking 
any examination of the possible functional, ecological, and evolutionary 
signifi cance of subindividual variability.

Causes come in several forms, from remote to immediate. In the next 
chapter, I tackle immediate causes (called mechanisms) that involve the 
organizing infl uences of plant physiology, architecture, and morphogene-
sis. The present chapter gives an account of remote causes of subindivid-
ual variation. These fall into two main classes, namely genetic heteroge-
neity within an individual, and semiautonomous, programmed responses 
of organs within an individual to environmental cues, that is, develop-
mental phenotypic plasticity of individual organs as governed by more or 
less rigid  organ- level reaction norms. Admittedly, mutations and develop-
mental phenotypic plasticity are not causes themselves—rather they are 

chapter five

Causes of Subindividual Variability
Mutations within individuals and  organ- level 
responses to environmental cues are the main 
classes of remote causes of  within- plant variability 
in reiterated structures.
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“inducers” of responses that involve physiology and morphogenesis—but 
it is nevertheless useful to review them as remote causes of subindividual 
phenotypic variation.

Genes, the fi rst class of inducers, can vary within an individual because 
of mutation in meristems. Think of a growing shrub with many apical mer-
istems all subject to mutation. In principle, the branches can acquire a 
different genetic makeup. There are also several ways other than conven-
tional mutations for branches or leaves or fl owers to have different active 
genetic elements. At any rate, one can recognize a class of variation that 
is not the result of changes in the environmental milieu of the plant, and 
I will call these “hard- wired” inducers. The second major class of induc-
ers involves programmed (i.e., genetically based)  organ- level responses to 
microenvironmental variation, for example, variation through the growing 
season in temperature, day length, and soil moisture, or variation in how 
much sun hits this or that leaf. There is an interplay between microenvi-
ronmental variation and the inducible systems of individual organs just 
as there is an interplay between hard- wired variation and the inducible 
systems of the organism. For that matter, genetic variation and environ-
mental variation among modules within an individual surely would inter-
act to the extent that both kinds of variation exist. This chapter reviews 
these two classes of “inducers,” and it is followed by a chapter on how 
the organism offers an ontogenetic contingency plan that responds to the 
action of various inducers as well as simply generating subindividual vari-
ation without induction.

Genetic Mosaicism

When cells with different genotypes coexist in one individual plant (i.e., 
a genetic individual originating from one zygote), the plant is a genetic 
mosaic. Most of the phenotypic traits shown in the preceding chapters 
to be subindividually variable, such as leaf size and shape, fl oral traits, 
and size and chemical composition of seeds, are known to have a genetic 
basis. In Arabidopsis thaliana, for example, up to 94 different genes are 
known to yield mutations causing abnormal leaf morphologies (Berná 
et al. 1999), and dozens of quantitative trait loci (QTL) have been iden-
tifi ed that control quantitative variation in leaf, fl ower, and seed features 
(Alonso- Blanco et al. 1999; Juenger et al. 2000; Pérez- Pérez et al. 2002). 
The heterogeneity in genetic makeup that is characteristic of genetic 
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mosaics thus has the potential for inducing genetically based subindivid-
ual variation in phenotypic attributes of reiterated structures, a possibility 
that received considerable attention in the ecological literature around 
two decades ago (Whitham and Slobodchikoff 1981; Whitham 1981, 1983; 
Whitham et al. 1984; Gill 1986; Gill et al. 1995).

Because of their contrasting conceptual implications, it is important 
to distinguish intraplant variation in organ phenotypes caused by genetic 
mosaicism (i.e., differential cell genotypes) from that due to intraplant 
variation in gene expression. Even if all the cells of a plant have identical 
genotypes, gene expression can still vary among different organs or among 
parts of the same organ, sometimes giving rise to striking  within- plant 
phenotypic heterogeneity. This happens, for example, in some variegated 
plants (having patches of two or more colors in leaves or fl owers) whose 
cells all have the same genotype, yet the genes responsible for the syn-
thesis or destruction of pigments are expressed in only some of the cells 
(Marcotrigiano 1997). Further examples are provided by the so- called 
bud sports (D’Amato 1997) or bud variations (Masters 1869; Darwin 
1883), which are sudden genetic variations of somatic cells in a shoot api-
cal meristem producing phenotypically altered leaves, fl owers, or fruits 
in many ornamental plants (de Schepper et al. 2004). These changes can 
be caused by mutations, but also by abrupt changes in gene expression. I 
ignore for the moment situations where intraplant phenotypic variation is 
related to variations in gene expression, an aspect that will be considered 
in chapter 6. In this section I focus exclusively on sensu stricto genetic 
mosaicism, that is, situations where cells of different genotypes coexist in 
a single individual.

Multiple Genotypes in Individuals

Individual plants are built up by successive cellular divisions of a single 
zygote and thus in principle are genotypically homogeneous. On occa-
sion, however, permanent genetic changes take place in somatic cells 
that lead to  within- plant multiplicity of genotypes. Such changes can be 
caused, for example, by alterations in the normal diploid chromosome 
number (aneusomaty) or by somatic mutations (Klekowski 1988a; Gill 
et al. 1995; D’Amato 1997). Whitham et al. (1984) presented a detailed 
account of cases of cytogenetic  within- plant heterogeneity known at the 
time (see also D’Amato 1997). High frequencies of aneusomatic plants 
occur in natural populations of, for example, Orobanche gracilis, Poa prat-
ensis, and Claytonia virginica (D’Amato 1997). In some populations of 



causes of subindividual variability 101

Claytonia virginica, up to 68% of individuals are internally heterogeneous 
with regard to the number of chromosomes, which are signifi cantly more 
numerous in the aerial parts of the plant than in the roots (Lewis et al. 
1971). Similar  within- plant variation in chromosome numbers has been 
also reported in Xanthisma texanum (Berger and Witkus 1954), Haplo-
pappus spinulosus (Li and Jackson 1961), and Pilosella offi cinarum (Chap-
man et al. 2000). The frequency of the phenomenon led Lewis et al. (1971) 
to consider that “constancy of chromosome number within all individuals 
[of a species or population] is merely a convenient fi ction.”  Within- plant 
variation in ploidy levels is also frequent among cultivated plants. In some 
azaleas (Rhododendron simsii) with two- colored fl owers, cells in the petal 
margins are tetraploid, while the rest of the corolla, as well as the entire 
plant, are diploid (de Schepper et al. 2004).

Somatic mutations, however, have generally received far more atten-
tion than cytogenetic variations or any other possible source of genetic 
mosaicism in plants (Klekowski 1988a; Gill et al. 1995). At least four rea-
sons, both theoretical and applied, have fueled a persistent interest in the 
study of somatic mutations in plants. First, numerous asexually repro-
ducing and clonal plant populations exhibit considerable genetic diver-
sity (for reviews see Ellstrand and Roose 1987; Khudamrongsawat et al. 
2004), and somatic mutations might be one major source contribut-
ing to standing genetic variation in these species (King and Schaal 1990; 
Fernando and Cass 1996; Corradini et al. 2002). Second, somatic muta-
tions may be subjected to selection within the individual and inherited 
by naturally occurring mechanisms, and theoretical models confer pro-
found evolutionary implications when this is so (Antolin and Strobeck 
1985; Klekowski et al. 1985; Otto and Orive 1995; D’Amato 1997; Otto 
and Hastings 1998;  Pineda- Krch and Poore 2004). Third, the combina-
tion of phenotypically discernible somatic mutations (e.g., chlorophyll 
defi ciency) and the peculiar organization of plant meristems into devel-
opmentally  quasi- autonomous layers (described below) has provided a 
powerful tool for investigating organ morphogenesis in plants (Poethig 
1989; Szymkowiak and Sussex 1996; Korn 2001). And fourth, evaluating 
the occurrence of somatic mutations in clonally propagated plants of eco-
nomic importance has become in recent years an important tool for either 
assessing the genetic integrity of lineages possessing desirable features or 
identifying additional sources of selectable genetic variability (Albani and 
Wilkinson 1998; Bregitzer et al. 1998; Al- Zahim et al. 1999; Rahman and 
Rajora 2001; Palombi and Damiano 2002; Ravindra et al. 2004).

Although none of these aspects is directly relevant to the objectives of 
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this chapter, I will take advantage of the empirical information generated 
by these four lines of enquiry to assess the possible signifi cance of genetic 
mosaicism originated by somatic mutations as a cause of  within- plant 
variation in phenotypic traits of reiterated structures in wild plants. I fi rst 
present a short overview of evidence on somatic mutations and associated 
genetic mosaics in cultivated and wild plants. Then I turn to the issue of 
the frequency with which genetic mosaics are expected to translate into 
 within- plant phenotypic mosaics giving rise to subindividual variation in 
reiterated structures. This course of reasoning differs slightly from some 
earlier treatments of genetic mosaicism in relation to  within- plant varia-
tion (e.g., Gill et al. 1995) in that it makes explicit the crucial issue that 
genetic mosaicism should not be automatically assumed to directly trans-
late into associated phenotypic mosaicism. The space devoted in this sec-
tion to deal with genetic mosaicism may perhaps seem excessive for its 
presumably minor role as a cause of  within- plant phenotypic variation in 
natural plant populations. This assessment is necessary, however, in view 
of the signifi cant role attributed by some earlier studies to genetic mosa-
icism as a determinant of  within- plant phenotypic variation, and because 
 within- plant phenotypic variation has sometimes been improperly used 
as an indicator of genetic mosaicism (Gill and Halverson 1984; Gill 1986; 
Gill et al. 1995).

frequency of genetic mosaics Point mutations occurring in somatic 
cells (= somatic mutations) are possibly the most frequent source of 
genetic mosaics in plants (Klekowski 1988a). The occurrence of somatic 
mutations and genetic mosaics in plants was thoroughly reviewed in a 
series of publications by Whitham and Slobodchikoff (1981), Whitham 
(1981), Whitham et al. (1984), Gill (1986), and Gill et al. (1995), in the 
context of the then- emerging hypothesis that genetic mosaicism played 
a crucial role in the evolution of defensive strategies of long- lived plants 
against herbivores. These publications summarized the abundant evi-
dence documenting genetic mosaicism among cultivated plants. Somatic 
mutations, and resulting genetic mosaics, arise naturally in many crops 
and ornamentals, and have long been used in developing new cultivars 
that are superior to parent stock or that have ornamental appeal (e.g., 
variegated plants). Mutations uncovered by cloning research conducted 
on cultivated plants were also interpreted as indicative of somatic muta-
tions. In contrast with the wealth of information from cultivated plants, 
the earlier reviews mentioned above were able to gather very little evi-
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dence of genetic mosaicism from wild plants, and even that evidence was 
mostly indirect. The latter included the occurrence of somatic novelties 
in populations of some apomictic plants, and the genetic heterogeneity 
found among the stems (ramets) of heavily cloning, asexually propagat-
ing plants. In retrospect, the main conclusions emerging from these earlier 
reviews of genetic mosaicism in plants conducted from the perspective of 
evolutionary ecology were that somatic mutations and ensuing genetic 
mosaicism doubtless occur in both cultivated and wild plants; that their 
frequency is probably high among crops and ornamentals; and that there 
was little direct empirical information at the time on their actual preva-
lence among wild plants.

Recent increased availability of molecular genetic markers with high 
discriminatory ability has considerably enhanced the possibilities of 
detecting genetic mosaicism in plants. Random amplifi ed polymorphic 
DNA (RAPD), amplifi ed fragment length polymorphism (AFLP), inter 
simple sequence repeat (ISSR), and single sequence repeat (SSR, or micro-
satellite) markers have all been used to assess the occurrence of genetic 
mosaicism in wild and cultivated plants, and have provided considerable 
empirical evidence of somatic mutations. As shown below, the evidence 
available is still very unequally distributed among natural conditions (wild 
plants in the fi eld) and artifi cial ones (crop plants, transgenic, or in vitro 
cultures of plants of economic interest).

Investigations of crop plants and ornamentals using molecular genetic 
markers have often revealed genetic mosaics presumably derived from 
somatic mutations, most often in the form of stable periclinal chimeras 
(see next section). This has been found, for example, in several grapevine 
cultivars where the existence in some individual plants of more than two 
alleles at the same microsatellite locus revealed a genetic mosaic due to 
periclinal chimerism (Franks et al. 2002; Riaz et al. 2002; Crespan 2004; 
Hocquigny et al. 2004). Likewise, many of the spontaneously occurring 
variegated foliage plants are periclinal chimeras resulting from plastid 
mutations (Marcotrigiano 1997; Korn 2001). Further evidence on somatic 
mutations comes from the observation that clonally micropropagated 
plants originating from genetically homogeneous stocks often become 
phenotypically and / or genetically heterogeneous, a phenomenon known 
as “somaclonal variation” (Larkin and Scowcroft 1981). This may refl ect 
either the induced expression of genetic differentiation that preexisted in 
somatic cells or the occurrence of somatic mutations in the cell lineages 
involved. By means of molecular genetic markers, the second possibility 
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has been documented for dozens of species of herbaceous and woody 
plants of economic interest, including Picea abies (Fourré et al. 1997), 
Hordeum vulgare (Bregitzer et al. 1998), Solanum tuberosum (Albani and 
Wilkinson 1998), Allium sativum (Al- Zahim et al. 1999), Picea glauca (de 
Verno et al. 1999), Populus tremuloides (Rahman and Rajora 2001), Chry-
santhemum varieties (Martín et al. 2002), Actinidia deliciosa (Palombi and 
Damiano 2002), Humulus lupulus (Patzak 2003), and Pelargonium gra-
veolens (Ravindra et al. 2004). These and many other investigations con-
ducted on plant material originating from the culture of plant cells, tissues, 
and organs provide unambiguous confi rmation of the proclivity of certain 
plant genomes to experience high rates of somatic mutations under some 
circumstances. Nevertheless, they are of little value to draw inferences on 
the frequency of occurrence of somatic mutations in wild plants under 
natural conditions.  Tissue- culture environment often causes a general dis-
ruption of cellular controls, leading to numerous genomic changes in the 
derived progeny (McClintock 1984; Phillips et al. 1994). In fact, it is pre-
cisely the general recognition that in vitro culture techniques used in plant 
micropropagation induce genetic variability, that ultimately explains the 
proliferation of investigations aimed at evaluating the genetic integrity 
of artifi cially obtained somaclones. For related reasons, the very high fre-
quencies of spontaneous somatic mutations found by recent studies using 
 mutation- monitoring systems based on transgenic plants (Kovalchuk et al. 
2000) may represent gross overestimates of the somatic mutation fre-
quencies actually experienced by wild plants. Increased somaclonal vari-
ation in transgenic plants versus nontransgenic plants that are similarly 
derived from tissue cultures has been documented for barley (Hordeum 
vulgare, Bregitzer et al. 1998), sugarcane (Saccharum hybrid, Arencibia 
et al. 1999), and rice (Oryza sativa, Labra et al. 2001), among others. This 
suggests that some of the biotechnological steps customarily used to inte-
grate foreign genes into the genome of crop plants to produce transgenic 
clones may enhance the likelihood of somatic mutations over the already 
high background levels generated by tissue culturing itself.

Investigations of intraplant genotypic variation in wild plants using 
molecular markers continue to be relatively scarce in recent years, and 
only a few of these provide unambiguous evidence of somatic mutations 
and genetic mosaicism under natural, unmanipulated conditions. Possibly 
the most conclusive example of a genetic mosaic in a wild plant comes 
from the study by O’Connell and Ritland (2004) of western red cedar 
(Thuja plicata). By sampling haploid megagametophytes from two or 
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three different crown positions in each of 80 different trees, and geno-
typing them at eight microsatellite loci, they detected a single mutation 
corresponding to a stepwise increase in one dinucleotide repeat occur-
ring in the upper crown of a red cedar tree. From their data, mutation 
rate was estimated as 6.3 × 10−4 per microsatellite locus per generation (or 
3.1 × 10−4 per allele per generation), which falls within the range of 10−3 
to 10−4 mutations per generation reported for microsatellites in animals 
(Ellegren 2000). Further recent evidence of genetic mosaicism in wild 
plants comes from genetic analyses based on AFLP and RAPD mark-
ers conducted on colonies of Taxus canadensis, each presumably originat-
ing from a single genotype. These analyses demonstrated the existence 
of small genotypic differences between pairs of physically connected ra-
mets that could reasonably be explained as somatic mutations (Corradini 
et al. 2002). In Butomus umbellatus, an aquatic plant forming large clones 
by vegetative propagation of rhizomes, Fernando and Cass (1996) found 
that a single RAPD fragment (out of 137 RAPD fragments scored) dif-
ferentiated one ramet from all the other ramets in the clone, and inter-
preted this small difference as due to somatic mutation at that particular 
RAPD locus.

Somatic mutations have also been customarily implied among the pos-
sible sources of observed genetic diversity (assessed with molecular mark-
ers) in clonal stands or vegetatively spread patches of wild trees (Populus 
tremuloides, Tuskan et al. 1996; Populus euphratica, Rottenberg et al. 2000; 
Ilex leucoclada, Torimaru et al. 2003), shrubs (Haloragodendron lucasii, 
Sydes and Peakall 1998; Vaccinium stamineum, Kreher et al. 2000), herbs 
(Calamagrostis porteri, Esselman et al. 1999), and reeds (Arundo donax, 
Khudamrongsawat et al. 2004). Although some of these studies are par-
ticularly compelling in their support of the occurrence of somatic muta-
tions (e.g., Tuskan et al. 1996; Sydes and Peakall 1998), none of them pro-
vided the critical evidence necessary to prove that somatic mutations are 
actually the cause of  within- patch genetic diversity, namely demonstrat-
ing genetic heterogeneity in sets of physically interconnected ramets, and 
alternative explanations (e.g., multiple founders, seedling recruitment 
during patch formation) could not be discarded. In one of these investiga-
tions, Kreher et al. (2000) concluded that it seemed unlikely that somatic 
mutations accounted for the high genetic variation observed within Vac-
cinium stamineum patches, and that recruitment of genets from seed was 
a more likely explanation. One further source of seemingly intraclonal 
genetic heterogeneity may be the occurrence of “pseudomosaics,” or 
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apparently unitary plants originating by close anatomical and even physi-
ological fusion of several individuals initially originating from different 
zygotes. This phenomenon is considered in some detail later in this 
chapter.

phenotypic expression of genetic mosaics Even if a plant individual 
is a proven genetic mosaic, this circumstance will not necessarily translate 
into enhanced phenotypic variability of its reiterated structures. Two main 
reasons account for this suggested decoupling between genetic and phe-
notypic mosaicism. The fi rst has to do with the well- known mechanisms 
that limit the phenotypic expression of genetic variation. For example, 
genetic mosaics are not expected to have any discernible phenotypic con-
sequences on the individual plants bearing them when mosaicism involves 
only genetic markers that are supposed to evolve neutrally (or nearly so), 
such as allozymes or microsatellites, or that do not necessarily have an 
immediate regulatory or structural functionality, such as AFLP or RAPD 
markers. Furthermore, even in cases where the mutation giving rise to the 
genetic mosaic is phenotypically consequential and produces large effects 
(e.g., chlorophyll defi ciencies), it will still remain unexpressed in the phe-
notype if dominance or epistasis are involved. In  culture- derived plants, 
somatic mutations underlying somaclonal variation involving major phe-
notypic changes are most frequently recessive alleles, which are inher-
ited as single Mendelian factors (Phillips et al. 1994). Under these cir-
cumstances, any phenotypic consequences of the somatic mutations will 
be phenotypically expressed in part of the progeny but not in either the 
parent plant where it fi rst originated or their clonally propagated descen-
dants (e.g., Franks et al. 2002; Hocquigny et al. 2004). The second major 
reason that genetic mosaics do not always result in increased  within- plant 
variability in the characteristics of reiterated organs such as leaves, fl ow-
ers, and fruits is that, most often, genetic mosaics are expected to gener-
ate  within- organ variation in cell characteristics, rather than  among- organ 
phenotypic variance. This fact is related to certain anatomical and devel-
opmental peculiarities of plants that, although long known to plant mor-
phologists (Tilney- Bassett 1963, 1969), do not seem to have been suffi -
ciently appreciated in some earlier treatments of plant genetic mosaicism 
as a source of intraplant phenotypic heterogeneity. To provide some nec-
essary background, the following paragraphs summarize relevant anatom-
ical and developmental information presented in detail by Esau (1977), 
Poethig (1989), and Marcotrigiano (1997, 2000, 2001).
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All the tissues in the aerial parts of a plant are ultimately derived from 
specialized regions at the tip of the shoot, termed the shoot apical mer-
istem. The primary shoot meristem arises during embryogenesis and gives 
rise to the primary axis of the shoot. Lateral shoot meristems arise regu-
larly at the base of each leaf and can differentiate as vegetative shoots 
(branches) or as fl owering shoots. It is this continuously branching struc-
ture, in combination with the anatomical and developmental peculiarities 
of the meristem, that allows a mutant cell lineage to remain developmen-
tally isolated from other apical lineages in the plant, leading eventually to 
a persistent genetic mosaic. In the angiosperms and some gymnosperms, 
independent cell lineages develop in shoot meristems, which normally 
appear as discrete cell layers. This stratifi cation is the consequence of the 
orientation of cell division, which is almost always anticlinal (perpendic-
ular to the surface) in the outer cell layers of the meristem (fi g. 5.1). The 
peripheral layers in which cell divisions are anticlinal are called the tunica 
layers, while the body of subtending cells not displaying these restricted 
divisions is termed the corpus. This  tunica- corpus organization of apical 
meristems is a characteristic feature of seed plants. Within each cell layer 
there are cells called shoot apical initials. Each of these cells by division 
gives rise to two cells, one of which remains in the meristem; the other is 
added to the plant body.

Following the appearance of a somatic mutation in one actively dividing 

fi g. 5.1 Schematic representation of the two patterns of cell division in the shoot apical mer-
istems of seed plants. Gymnosperms have two fairly distinct cell lineages. The outermost cells 
in the shoot divide predominantly in an anticlinal plane, thereby giving rise to a single discrete 
cell layer. The subepidermal layer of cells divides in an irregular fashion. In angiosperms, two 
or three discrete cell layers surround a core of irregularly arranged cells. This  tunica- corpus 
organization arises because cell division is restricted to an anticlinal plane near the surface of 
the meristem, but occurs in many different orientations in the center of the meristem. From 
Poethig 1989.
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cell of a growing meristem, propagation within the plant may gener-
ate stable genetic mosaics whereby different plant parts have cells with 
different genotypes. There are two main types of genetic mosaics. In one, 
distinct clones of genetically different cells are scattered in the body of 
the plant and are not exclusively derived from the division of shoot apical 
initials. They are typically generated experimentally by grafting, radiation 
treatment, or mutagenic action of transposable genetic elements (Tilney-
 Bassett 1963, 1969; Chaparro et al. 1995; Marcotrigiano 1997). The most 
frequent type of mosaic, however, is the intrapical mosaic, in which shoot 
apical initials are genetically dissimilar and produce a persistent unique 
cell lineage whose origin can be traced back to particular shoot meristems. 
These mosaics are generally termed chimeras (Tilney- Bassett 1963). If a 
genetic change occurs in a shoot apical initial, its daughter cells can even-
tually populate an entire apical cell layer, which may subsequently remain 
developmentally independent from adjacent layers and will continue 
to give rise to the cells that form the body of the plant. This condition 
results in a periclinal chimera, a specifi c type of genetic mosaic in which 
one or more entire apical cell layers are genetically distinct from adja-
cent layer(s). Once a mutant lineage populates one of the three cell lay-
ers in a shoot, the cell- division pattern in the shoot ensures that this con-
dition is perpetuated and is inherited by all the lateral shoots produced 
by the original chimeral meristem. Periclinal chimeras are therefore the 
most stable form of genetic mosaicism in angiosperms, where the apical 
meristem is stratifi ed with cell layers remaining independent and where 
the axillary buds possess the same apical organization as the terminal bud 
from which they were generated.

Chimeras have been thoroughly studied because their anatomical 
peculiarities make them particularly well suited to unravel plant mor-
phogenetic patterns when used in conjunction with cell- lineage analysis 
(Klekowski 1988a; Poethig 1989, 1997; Szymkowiak and Sussex 1996; Mar-
cotrigiano 1997, 2001). The study of periclinal chimeras has demonstrated 
that the different cell layers that form  tunica- corpus meristems gener-
ally contribute predictably to the formation of different parts of leaves 
and homologous organs (Marcotrigiano 2001). In Datura stramonium, for 
example, the outermost meristematic layer (L1) forms the epidermis of 
leaves and fl owers. The initiation and development of the leaves, sepals, 
and petals depend primarily on the activity of the second layer (L2), while 
the initiation of the carpel and early development of its wall, septa, and 
placentas depend primarily on the activity of the innermost layer (L3) 
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(Satina and Blakeslee 1941, 1943). In Nicotiana, the L1 layer produces 
the epidermis of leaves and fl owers, the L2 layer gives rise to the subepi-
dermal layer of cells over the entire leaf lamina, as well as pollen and egg 
cells, and tissue derived from L3 occupies the central, internal portion of 
the leaf (Stewart and Burk 1970; Marcotrigiano 1986). In peach (Prunus 
persica), the L1 layer produces some parts of the ovary and the epider-
mal tissue of fl owers, the L2 layer gives rise to internal tissues in the calyx, 
corolla tube, anther, and ovules, and the L3 layer contributes only to the 
central region of the calyx and corolla tubes and the ovary wall (Dermen 
and Stewart 1973). In fl owers of Arabidopsis thaliana, the L1 contributes 
to the epidermis, the stigma, part of the transmitting tract, and the integu-
ment of the ovules, while the L2 and L3 contribute, to different degrees, to 
the mesophyll and other internal tissues (fi g. 5.2). The “fate map” shown 
in fi gure 5.2 for Arabidopsis differs in some respects from those of other 
species. For instance, in Arabidopsis the perianth organs are composed 
almost exclusively of L1 and L2 cells.  Species- specifi c variations presum-
ably refl ect differences in the developmental programs that give rise to 
the fl oral organs in each species (Jenik and Irish 2000).

Taken together, these and other studies suggest that even dominant 
somatic mutations may not be phenotypically expressed if they are 
sequestered in a meristematic cell layer where they are not develop-
mentally expressed, given that some genes are expressed only in cer-
tain cell layers (e.g., Marcotrigiano 2000; Hocquigny et al. 2004). Fur-
thermore, genetic mosaics of a chimeral nature are unlikely to generate, 
by themselves,  within- plant variation in  whole- organ features. If all 
organs in a genetic mosaic plant are identical with regard to the pre-
cise layering of the different genotypes represented in the chimera, 
then genetic mosaicism in itself will not enhance  within- plant variance 
in  whole- organ phenotypic features. This is illustrated by the results of 
an experimental investigation of artifi cial periclinal chimeras conducted 
by Szymkowiak and Sussex (1992). These authors generated periclinal 
chimeras between tomato (Lycopersicon esculentum) plants expressing 
the mutation fasciated, which increases the number of fl oral organs per 
whorl, and wild type tomato. When the fasciated mutation occupied the 
L3 meristematic layer, the mean number of carpels in fl owers of chime-
ral plants (11.9 carpels / fl owers) was three times that in fl owers of the 
wild type (4.0 carpels / fl owers), yet the relative variability of this mag-
nitude remained unchanged (CV = 34% and 35% in chimeral and wild 
type, respectively).
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Genetic mosaicism will most likely enhance  within- plant variance in 
 whole- organ phenotypic features only in situations where some sectors 
of the plant are chimeral for the genes concerned while others are not, 
or when the distribution of genetic variants among the different mer-
istematic layers in the chimera varies among different parts of the plant. 
 Within- plant variation in the distribution of genetic variants among mer-
istematic layers can result, for example, from the invasion of the outer L1 
layer by cells from the inner layers (a process known as displacement), 
or vice versa, that is, L1 cells invading the inner layer (replacement). The 
frequency of these spontaneous layer rearrangements in periclinal chi-
meras is, however, very low (Stewart and Burk 1970; Marcotrigiano 1986; 
D’Amato 1997). This is illustrated by the results of Hocquigny et al.’s 
study of one chimeral grapevine cultivar (2004) where L1 cells have a 
gray- berry genotype and L2 cells a  white- berry genotype. Despite this, 
the vast majority of chimeral plants produce homogeneously gray ber-
ries. White- berry clusters, single white berries, or  white- berry sectors are 

fi g. 5.2 The shoot apical meristem of Arabidopsis thaliana, like that of most angiosperms, 
consists of three cell layers (L1, L2, L3; shown in the graph as black, dark gray, and pale gray 
areas, respectively) that proliferate to give rise to the aerial organs of the plant. By labeling 
cells in each layer using a transposable element, Jenik and Irish (2000) mapped their contri-
bution to the fl oral organs, as shown schematically in this fi gure reproduced from their study. 
a, b, and c are transverse sections of the pistil at the level of (a) the style, (b) the middle of the 
ovary, and (c) the base of the ovary.
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only sporadically observed, and this happens only if anomalous periclinal 
divisions of L2 cells and their invasion of the L1 layer lead to the expres-
sion of the  white- berry genotype, which under conditions of normal cell 
divisions remains permanently locked and unexpressed in L2. Working 
also with chimeral grapevine cultivars involving hairy (L1 layer) and hair-
less (L2 layer) leaf genotypes, Franks et al. (2002) found that only on rare 
occasions was a leaf observed on some plants that displayed a sectored 
appearance, with part of the leaf lacking the normal hairy phenotype as 
a result of the L2 cell layer replacing the L1 cell layer. In artifi cial inter-
specifi c chimeras between Nicotiana glauca and Nicotiana tabacum syn-
thesized by Marcotrigiano (1986), both quantitative (e.g., corolla, calyx, 
style, and pedicel length) and qualitative (corolla and calyx color, calyx 
pubescence) fl oral traits were closely dependent on the particular geno-
typic combination of chimeral layers, each histogenic arrangement result-
ing in a unique fl oral phenotype (Marcotrigiano 1986, fi g. 3). Neverthe-
less, only very rarely did any fl ower appear in a plant that departed from 
the particular fl oral phenotype expected from the plant’s specifi c chime-
ral arrangement, which generally refl ected occasional cell displacements 
from the L2 to the L1 cell layer.

External agents may increase the probability of  within- plant chimeral 
layer rearrangements, thus inducing the “unlocking” of genotypes that lay 
hidden in a chimeral layer and enhancing  within- plant phenotypic vari-
ability. This was experimentally demonstrated by Marcotrigiano (2000) in 
plants of a variegated form of Nicotiana sylvestris. Control plants were 
a homogeneous  green- white- green periclinal chimera (L1- L2- L3 mer-
istematic layers, respectively) with all leaves similarly variegated. When 
the terminal and primary axillary meristems were removed to simulate 
herbivory, secondary shoots became phenotypically different from con-
trol or primary axillary shoots (e.g., through the appearance of entirely 
white leaves), as a consequence of repositioning of cell layers in the sec-
ondary meristems induced by simulated herbivory.  Within- plant variation 
in degree of stem spinescence has a similar origin in some thornless hor-
ticultural varieties of blackberries (Rubus laciniatus). These are pericli-
nal chimeras in which the epidermis (originating from the L1 layer) has 
mutated to a thornless phenotype while the internal portions of the plant 
(originating from L2 and L3 layers) possess the wild thorny genotype. If 
shoots emerge from a inner tissue layer, as often happens with adventi-
tious shoots, then their epidermis is genetically thorny, prickles develop, 
and  within- plant heterogeneity in spinescence thus arises (McPheeters 
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and Skirvin 1983). In all the preceding examples, therefore, it was not 
genetic mosaicism in itself that made for  within- plant variability in stem, 
leaf, fl ower, or fruit features, but rather  within- plant heterogeneity of the 
chimeral meristematic structure.

conclusion: genetic mosaics as rare sources of subindividual vari-
ation There seems to be little question that somatic mutations and ensu-
ing genetic mosaics occur in both wild and cultivated plants, and that they 
are fairly frequent in crop plants and ornamentals, particularly when the 
plants are subjected to artifi cial conditions that contribute to disruption 
of mechanisms of cellular control. Information on their occurrence in wild 
plants, in contrast, is still very scanty despite the recent improvements in 
detection tools and the increased research efforts aimed to detect it. It is 
important to emphasize that investigations that have looked for genetic 
mosaicism in wild plants have generally been conducted on species that are 
long- lived, profusely branched, or propagating vegetatively to form large 
colonies of hundreds or even thousands of ramets presumably originating 
from a single genotype. In theory, these life- history traits should favor the 
appearance and accumulation of somatic mutations, as well as the long-
 term persistence of genetic mosaicism (Whitham and Slobodchikoff 1981; 
Gill 1986; Klekowski 1988a; Gill et al. 1995), and some empirical evidence 
supports these expectations (Klekowski 1988b; Klekowski and Godfrey 
1989;  Caetano- Anollés 1999). Klekowski and Godfrey (1989), for ex-
ample, found that mutation rates in long- lived mangroves are consider-
ably higher than comparable rates for plants with shorter life spans. In a 
comparison of two fern species, Klekowski (1988b) likewise found that 
the frequency of mutant ramets was considerably higher in the long- lived 
clones of the species reproducing almost solely vegetatively via stolons 
than in the species where sexual reproduction, and genets of sexual ori-
gin, were frequent. Very high genomewide mutation rates were reported 
by  Caetano- Anollés (1999) for heavily cloning, vegetatively propagated 
Bermuda grass (Cynodon). The extreme scarcity of unambiguous cases 
of genetic mosaics in wild plants in spite of biased research efforts favor-
ing species where they are expected to be most frequent (i.e., long- lived, 
clonal, profusely branched), therefore suggests that they are far less fre-
quent among wild plants than among cultivated plants.

Whitham and Slobodchikoff (1981) emphasized that the bulk of evi-
dence for somatic mutations in plants came from the horticultural and 
agronomy literature. They acknowledged the potential problems involved 
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in dealing with cultivated plants, although they did “remind the reader 
that Darwin’s Origin of Species relied heavily on such literature” (288). 
While there are effectively no reasons to suspect that cultivated and wild 
plants differ in any essential way with regard to the biological details of 
the mechanisms taking place at the suborganismal level (e.g., arrangement 
of meristemal layers, cell- division patterns), it is not unlikely that the two 
groups differ widely in the frequency with which certain biological phe-
nomena are expected to occur. It seems likely, for example, that proneness 
to somatic mutations and stable genetic mosaics represented an advanta-
geous trait for the success of the domestication process through facilitat-
ing the vegetative propagation of desirable qualities, which is consistent 
with the observation that about 57% of the 8,800 plant varieties cultivated 
in Europe in 1899 probably were originally derived from bud sports prop-
agated vegetatively (Whitham and Slobodchikoff 1981). In view of this, it 
is not unreasonable to suggest that currently cultivated plants probably 
represent a heavily biased subsample of the plant world, characterized 
by a particularly high incidence of genetic mosaicism. Furthermore, con-
tinuous vegetative propagation of many cultivated plants for centuries or 
even millennia, uninterrupted by meioses, may have accentuated the fre-
quency and persistence of stable mosaics, and extended the natural life-
time of chimeral genotypes, as suggested by Franks et al. (2002) for some 
grapevine cultivars (see also Riaz et al. 2002). As noted by  Tilney- Bassett 
(1963, 281), “the large number of chimeras in cultivation today is a tribute 
to the vigilance of gardeners by whom they have been found and propa-
gated, partly because of their interest as rare sports, and partly because of 
their ornamental value.”

The likely rarity of genetic mosaics among wild plants, along with their 
presumably infrequent expression as phenotypic mosaics, suggest that 
genetic mosaicism is, at best, a very minor source of  within- plant variation 
in phenotypic traits of reiterated structures in wild plants. Some quanti-
tative evidence presented in chapter 3 is consistent with this interpreta-
tion. Given that, as noted earlier, somatic mutations are expected to accu-
mulate in large, long- lived plants where the cumulative number of cell 
division cycles is very large (Klekowski 1988a), then if genetic mosaicism 
were a major source of  within- plant variability in reiterated structures one 
would predict such variability to increase from small,  short- lived plants 
to large, long- lived ones. This prediction may be tested by comparing the 
 within- plant variability estimates for fl ower and fruit traits compiled in 
chapter 3. Woody and herbaceous taxa are similar (P = 0.37, Wilcoxon 
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two- sample test) with regard to the magnitude of  within- plant variability 
in fl oral traits, as measured with CVwithin (table 3.2). Likewise, no differ-
ences exist (P = 0.47) between trees and shrubs in mean CVwithin of fruit 
traits (table 3.3). In that sample of species, therefore, there is no sugges-
tion of greater subindividual variability among comparatively larger and 
 longer- lived plants.

Seed Crops

Seed crops represent a particularly widespread example of a naturally 
occurring genetic mosaic that, although unrelated in its origin to the prop-
agation of somatic mutations, often leads to genetically based subindivid-
ual variation in the phenotypic attributes of reiterated structures. Stud-
ies using allozyme and, more recently, DNA- based genetic markers have 
revealed that multiple male parents are ordinarily involved in the fertiliza-
tion of the ovules of an individual plant or even a single ovary (reviewed 
in Bernasconi 2004). Patterns of multiple paternity may result from pol-
len carryover or from multiple pollinator visits (Ellstrand 1984; Campbell 
1998). In one study population of Raphanus sativus, for instance, multiple 
paternity occurred in all individuals and 85% of all fruits (Ellstrand 1984). 
In Ipomopsis aggregata, a minimum of 68% of fruits with two or more 
seeds were multiply sired (Campbell 1998), and 60% of fruits of Glycine 
argyrea were multiply sired (Brown et al. 1986). Whenever multiple pater-
nity occurs, the developing seed crop borne by an individual plant repre-
sents a genuine, albeit ephemeral, genetic mosaic in respect to the genetic 
makeup of the seeds’ embryos and endosperms. Since some seed traits 
are infl uenced by the paternally contributed genome of the embryo (Ber-
nasconi 2004), multiple paternity of the seeds in a single crop could ulti-
mately be responsible for some  within- plant variance in seed traits. Mul-
tiple paternity may involve either a mixture of cross pollen donors or, 
in the case of self- compatible species, a mixture of self and cross pollen. 
Although genetic heterogeneity in seed traits is expected in both situa-
tions, the magnitude of its consequences in terms of  within- plant variabil-
ity in seed traits is expected to differ, as discussed below.

Multiple paternity exclusively involving a mixture of cross pollen do-
nors, but not self pollen (e.g., in strictly self- incompatible species), most 
often generates a moderate to low amount of  within- plant heterogeneity 
in seed characteristics. In Lychnis fl os- cuculi, for example, 7% of the vari-
ation in seed mass within maternal families could be explained by pater-
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nal genotype (Biere 1991a). Experimental data obtained by Manasse and 
Stanton (1991) for the tropical perennial herb Crinum erubescens also sup-
port a role of variation in paternal genotypes in generating  within- plant 
variation in seed mass. In their study, extreme seed- size variation in fruits 
occurred when mating pairs were inbred, either from selfi ng or biparen-
tal inbreeding, and relatively uniform seeds of intermediate size were 
obtained when pollen from several pollen donors was applied simul-
taneously to a fl ower. In this latter case, seed- mass variability in a fruit 
increased with increasing number of pollen donors involved in the fertil-
ization of the ovules. The CVwithin of seed mass increased regularly from 
the fruits pollinated using cross pollen from a single donor (CV = 51%) to 
fruits resulting from pollinations using pollen from four (CV = 59%) and 
ten (CV = 70%) donors. In Rhamnus alpinus, a temperate shrub, results of 
experimental pollinations involving single and multiple pollen donors also 
demonstrate that multiple paternity of the seeds of single fruits results in 
enhanced  within- fruit variability in seed mass (Bañuelos and Obeso 2003; 
see also Marshall 1991). This study also revealed that the overall distri-
bution of  population- wide variance in seed mass was modifi ed by experi-
mentally manipulating the number of male parents siring the seed crop. 
In the  single- donor treatment group,  within- plant variation accounted for 
42% of total seed- mass variance, and this magnitude rose to 66% in the 
 multiple- donor treatment group.

The results from these experimental studies do not allow for general-
izing about the quantitative importance of multiplicity of crossed pater-
nal parents as a source of  within- plant variation in seed traits under con-
ditions of natural pollination. Its importance is expected to be relatively 
small, at least if one considers that controlled diallel crosses performed 
on a variety of species have generally shown that the quantitative effect 
of the paternal genotype on seed traits is quite modest in comparison to 
that of the maternal genotype and maternal conditions. For seed mass, 
one of the traits investigated most frequently in diallel crossing schemes, 
the effect of the paternal genotype has consistently been shown to be sta-
tistically nonsignifi cant or, if signifi cant, quantitatively negligible. This 
has been shown, for example, in Anthoxanthum odoratum (Antonovics 
and Schmitt 1986), Lychnis fl os- cuculi (Biere 1991a), Nemophila men-
ziesii (Platenkamp and Shaw 1993), Aquilegia coerulea and A. cazorlensis 
(Montalvo and Shaw 1994; Castellanos et al. 2008), Hydrophyllum appen-
diculatum (Wolfe 1995), and Asclepias incarnata (Lipow and Wyatt 1999). 
For Lupinus texensis, however, Helenurm and Schaal (1996) reported a 
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paternal component of seed- mass variance of 18%, thus showing that mul-
tiple paternity of the seed crop may occasionally become a major source 
of  within- plant variance in seed mass.

Genetic heterogeneity of individual seed crops is expected to be a 
quantitatively more important source of  within- plant variance in seed 
traits when multiple paternity involves a mixture of selfed and outcrossed 
pollinations. This is the ordinary situation in the numerous self- compatible 
species with mixed mating systems, whose seed crops are ordinarily made 
up of a variable mixture of selfed and outcrossed seeds (Barrett 1998). 
Even in species that regularly produce a signifi cant fraction of selfed prog-
eny, inbreeding depression is frequently expressed at the seed stage in 
the form, among other symptoms, of reduced size of selfed seeds in rela-
tion to outcrossed ones. Depending on the species, the ratio of selfed to 
outcrossed seed mass ranges between 0.37 and 0.98 in gymnosperms, and 
between 0.59 and 0.93 in angiosperms (Charlesworth and Charlesworth 
1987). The coexistence of  different- sized selfed and outcrossed seeds in 
the same seed crop that is typical of plants with mixed mating systems will 
therefore contribute to  within- plant heterogeneity in seed size in these 
species. In addition, this component of  within- plant heterogeneity in seed 
size may be spatially patterned if selfed and outcrossed progeny are not 
identically distributed within the parent plant, as may occur if outcross-
ing rates (i.e., the proportion of seeds originating from cross fertilization) 
differ among different plant sectors or even at the reduced spatial scale 
of individual fruits. Few studies have explicitly examined the possibility 
of  within- plant variation in outcrossing rates, and these provide contrast-
ing results. O’Connell et al. (2004) found no heterogeneity in outcrossing 
rate within the relatively large crowns of western red cedar (Thuja pli-
cata). In contrast, Carromero and Hamrick (2005) found outcrossing rate 
to vary predictably among seeds located at different positions along the 
linear infl orescence of the biennial herb Verbascum thapsus. Working at 
a very small scale of  within- plant variation, Horovitz et al. (1976) found 
that seeds at different locations within single pods of Lupinus nanus dif-
fered predictably in their average outcrossing rates. In the legumes of this 
species, mean outcrossing rate increases from 30% of seeds located at the 
most basal positions of the pod up to 65% in the most distal positions. 
In the heterocarpic Crepis sancta, the outcrossing rate of the larger, non-
dispersing achenes produced at the periphery of the capitulum (91%) is 
greater than that of the smaller, dispersing achenes produced in the cen-
tral parts (79%; Cheptou et al. 2001). The importance of the component 
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of intraplant variance in seed size due to the mixture of selfed and crossed 
fertilizations in the same crop is expected to vary greatly among species 
and populations within species, depending on the extent of inbreeding 
depression in seed mass and the relative proportions of selfed and out-
crossed seeds (i.e., the mating system).

Pseudomosaics

One or more genotypes originating from distinct zygotes can partly fuse 
or grow so intimately associated that they come to look superfi cially as 
if they were one and the same unitary plant. These close aggregates of 
different individuals exhibiting the appearance of unitary plants are not 
genetic mosaics in a strict sense, because their genetically distinct parts 
actually originate from different zygotes. For this reason, I will designate 
them here as pseudomosaics. Their prevalence in nature is still poorly 
known except for the few well- studied cases noted below, and their pecu-
liar origin clearly sets them apart from most cases of intraindividual vari-
ability considered in this book. Nevertheless, they are probably a more 
frequent source of  intra- “plant” variability than hitherto recognized, 
which justifi es giving them some brief consideration. It is also useful to 
consider these pseudomosaics and some of their most obvious ecologi-
cal correlates because, as noted earlier, some putative instances of sensu 
stricto genetic mosaics attributed to somatic mutations might actually re-
fl ect the coalescence of separate genetic individuals early in their ontog-
eny, which, in the long run, may eventually make them appear to be a uni-
tary plant or clone.

Several mechanisms can give rise to seemingly unitary plants that are 
actually made up of different individuals. One of these is zygotic polyem-
bryony of seeds, whereby multiple embryos are formed within a single 
ovule and enclosed within a single seed coat (Klekowski 1988a). This con-
dition, which occurs more frequently in gymnosperms than in angiosperms 
(Chamberlain 1935; Klekowski 1988a), might in theory produce “plants” 
that are made up of more than one genetic individual, since all seed-
lings from the same polyembryonic seed are frequently viable. Neverthe-
less, they are not expected to be frequent in nature, since supernumerary 
seedlings generally grow poorly and have very high mortality (Martínez-
 Gómez and Gradziel 2003).

One would expect pseudomosaics to originate most frequently from 
spatial proximity of independent seeds during their germination and early 
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seedling establishment. If several seeds end up on the same spot after 
dispersal and germinate very close to each other, and eventually all or 
most of them reach adulthood, the resulting adult plants may have exten-
sively fused trunks that appear to be a single individual. In addition, this 
spatial proximity enhances the opportunities for natural root grafts to 
form, which allows for a certain level of physiological interconnected-
ness among the genotypes involved, in the form of water and nutrient 
sharing (Graham and Bormann 1966). Schuster and Mitton (1991) pro-
vide a photographic illustration of extensive xylem and phloem grafting 
between the main stems of two genetically distinct members of a clus-
ter of Pinus fl exilis. Plants whose seeds are ordinarily dispersed in multi-
seeded packages or those that, although dispersed singly, end up in dense 
postdispersal aggregations, are therefore the most likely candidates to 
originate pseudomosaics. These include  fl eshy- fruited plants whose seeds 
are dispersed by frugivorous birds and mammals that produce extremely 
dense local aggregations of seeds in their feces, and those dispersed by 
 scatter- hoarding birds and mammals that make multiseeded caches. Well-
 documented examples of pseudomosaics are consistent with this predic-
tion. In several species of  vertebrate- dispersed Neotropical strangler fi gs 
(Ficus spp.), seedlings and / or juveniles frequently coalesce and eventu-
ally produce what looks like a single “tree” whose parts are genetically 
dissimilar (Thomson et al. 1991; see also Thomson et al. 1997 for a down-
ward revision of earlier fi gures on the prevalence of pseudomosaics in 
these species). In the California chaparral, seeds of Prunus ilicifolia are 
commonly dispersed by coyotes (Canis latrans), whose feces may contain 
more than 60 seeds of that species. Seedling survival is rather high in these 
dense aggregations, and spontaneous root grafts between emerging seed-
lings and juveniles are quite frequent, which eventually gives rise to a high 
frequency of physiognomic shrubs that are actually made up of several 
genetically distinct individuals (Bullock 1981). As a rule, nonfl ying mam-
mals that feed on fl eshy fruits (berries, drupes) disperse seeds in the form 
of extremely dense local aggregations (Herrera 1989a), so patterns similar 
to those reported by Bullock for Prunus ilicifolia are probably much more 
common in nature than ordinarily acknowledged.

The most detailed empirical information to date on pseudomosaic 
plants comes from a series of investigations by Tomback and associates 
on species of North American and European pines that have seeds dis-
persed by nutcrackers (Nucifraga spp.). These birds harvest ripe seeds and 
bury them in caches for later use. Unretrieved seeds may germinate and 
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produce either  single-  or multitrunk trees (Tomback 1982; Linhart and 
Tomback 1985). Multitrunk trees may be of two growth forms, namely 
 single- genotype multistemmed trees, or clusters of genetically distinct 
trees resulting from the fusion of two or more independent plants in the 
same nutcracker cache. This latter form is the most frequently reported in 
the literature. Frequencies of multiple genotypes in multitrunk pine trees 
are 18–81% in Pinus fl exilis (Linhart and Tomback 1985; Schuster and 
Mitton 1991; Carsey and Tomback 1994), 66–83% in P. albicaulis (Linhart 
and Tomback 1985; Furnier et al. 1987), and 70% in P. cembra (Tomback 
et al. 1993). Multiple genotypes also sometimes occur with nonnegligi-
ble frequency in multitrunk plants of wind- dispersed pines (P. ponderosa, 
P. aristata, and P. contorta), but in these cases they possibly originate 
because nutcrackers and seed- storing rodents make multiseed caches of 
wind- dispersed seeds (Torick et al. 1996).

Some evidence suggests that, as expected,  within- “plant” variation 
exhibited by genetic pseudomosaics tends to be slightly larger than that of 
 single- genotype conspecifi cs. Thomson et al. (1997) studied the fl owering 
phenology at the level of individual branches of strangler fi gs to determine 
if there was greater fl owering asynchrony among branches of pseudomo-
saic trees formed by spontaneous grafting of genetically different individu-
als. They found that some pseudomosaic trees were internally more vari-
able with regard to fl owering phenology than genetically homogeneous 
ones.  Multiple- genotype tree clusters are also internally more variable than 
 single- genotype tree clusters in bird- dispersed pines (Diana Tomback, per-
sonal communication). Each genotype in a cluster may show differences 
in traits related to radial growth, canopy development,  pollen- cone pro-
duction, and seed- cone production and presentation (Feldman et al. 1999; 
Diana Tomback, personal communication). Although part of this variation is 
probably due to genetic differences, environmental factors and competition 
between genotypes are also likely to play a role in enhancing  intra- “plant” 
variability in the case of  multiple- genotype clusters. It must be noted that 
the average genetic relatedness among the different genotypes involved in 
pine tree clusters is signifi cantly greater than that of randomly chosen plant 
pairs in the population (Schuster and Mitton 1991; Carsey and Tomback 
1994). This most likely stems from the combination of coordinated dispersal 
by nutcrackers of half- sib progenies from the same mother plant, and the 
increased likelihood of root and stem grafting in genetically related indi-
viduals (Graham and Bormann 1966; Schuster and Mitton 1991). Under 
these circumstances, genetic effects on the  within- “plant” phenotypic 
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variability of these pseudomosaics, even if they occur, are expected to be 
relatively modest.

Organ- Level Developmental Plasticity

Genotypes are not necessarily strictly mapped into phenotypes. Pheno-
typic constancy is not a cue for the absence of genetic variation, nor does 
phenotypic variation inevitably require genetic differences. In canaliza-
tion, different sets of genes may consistently produce a single phenotype 
even if exposed to variable environmental conditions or genetic back-
grounds (Flatt 2005). Likewise, in phenotypic plasticity, phenotypic varia-
tion does not necessarily refl ect the existence of underlying genetic vari-
ation (Pigliucci 2001). Canalization and phenotypic plasticity can be seen 
as two aspects of the same phenomenon (Flatt 2005), and may be intui-
tively envisaged as representing opposite extremes on a hypothetical con-
tinuum in the nature of the correspondence between genotypic and phe-
notypic spaces (or “genotype- phenotype map”; Wagner and Altenberg 
1996). Because I am concerned in this chapter with the causes of phe-
notypic variation, I focus on plasticity alone, leaving aside canalization 
for the moment (I return to it in chapter 10). This section briefl y intro-
duces  organ- level phenotypic plasticity, the main class of remote causes 
of  within- plant variation in phenotypic characteristics of reiterated organ 
traits. A number of excellent reviews covering the voluminous litera-
ture on phenotypic plasticity have appeared over the last two decades 
(Schlichting 1986; Schlichting and Pigliucci 1998; Wells and Pigliucci 2000; 
Agrawal 2001; Pigliucci 2001; West- Eberhard 2003; DeWitt and Scheiner 
2004a). I provide here only a succinct treatment of the subject, focusing on 
the facet of plasticity that involves reiterated structures and takes place 
at the subindividual level. This section sets the stage for chapter 6, where 
organismal mechanisms of  within- plant variation are considered in detail. 
As discussed there, much  within- plant variation in organ traits is the out-
come of ontogenetic contingency acting in combination with  organ- level 
phenotypic plasticity and associated developmental reaction norms.

Defi nitions and Background

The long- standing consensus on the core meaning of the phenotypic plas-
ticity concept is shown by the following sample of defi nitions skimmed off 
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some authoritative sources and presented in chronological order. Pheno-
typic plasticity has been defi ned as “shown by a genotype when its expres-
sion is able to be altered by environmental infl uences” (Bradshaw 1965); 
“variation in phenotypic expression of a genotype that occurs in response 
to particular environmental conditions and which enhances the capac-
ity of the individual to survive and reproduce under those conditions” 
(Sultan 1987); “the ability of a single genotype to produce more than one 
alternative form of morphology, physiological state, and / or behavior in 
response to environmental conditions” (West- Eberhard 1989); “a mea-
sure of how different the phenotypes produced [by a given genotype] 
in distinct environments are from each other” (Pigliucci 1996); the fact 
whereby “the same set of genes can yield different phenotypic outcomes 
when exposed to distinct environmental conditions” (Pigliucci 1998); the 
fundamental property of an organism whereby “a single genotype can 
produce different phenotypes in different environments” (Sultan 2000); 
“the ability of an organism to express different phenotypes depending 
on the biotic or abiotic environment” (Agrawal 2001); “the property of a 
given phenotype to produce different phenotypes in response to distinct 
environmental conditions” (Pigliucci 2001); and “the environmentally sen-
sitive production of alternative phenotypes by given genotypes” (DeWitt 
and Scheiner 2004b). Leaving aside some subtle differences in ancillary 
elements of the concept that have shifted with the years (e.g., the require-
ment of adaptive value imposed by Sultan [1987], later to be relaxed by 
Sultan [2000]), the consistency of the defi nitions of phenotypic plasticity 
over four decades denotes a persistent agreement on the three core ele-
ments of its meaning: phenotypic plasticity refers to the capacity of (1) a 
genotype to produce a range of (2) phenotypic variants in response to (3) 
environmental variation.

I strictly adhere to this mainstream defi nition. As a shortcut to over-
come the practical diffi culties of obtaining sets of genetically identi-
cal individuals (Valladares 2003, 449), some authors have relaxed or 
dropped altogether the requirement of genotypic uniformity in their 
practical applications of the “phenotypic plasticity” concept, and have 
estimated phenotypic plasticity by  common- garden measurements of the 
total phenotypic variation exhibited by conspecifi c individuals from the 
same population of unknown genetic relatedness (e.g., Valladares et al. 
2000, 2002; Balaguer et al. 2001). This procedure confl ates phenotypic 
variation genuinely due to  genotype- specifi c phenotypic plasticity with 
variation due to genotypic heterogeneity and genotype × environment 
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interactions. Interpretations based on “phenotypic plasticity” estimates 
obtained using such an approach should thus be taken with considerable 
caution.

It has long been acknowledged that, in plants, plasticity may be 
expressed in  whole- plant traits, such as growth habit, size, and fecundity, 
as well as in the traits of reiterated structures such as leaves, fl owers, and 
fruits (Goodspeed and Clausen 1915; Salisbury 1942; Schmalhausen 1949; 
Stebbins 1950; Bradshaw 1965; Sultan 1987). Provided that all modules 
of an individual plant are genotypically identical,  within- plant variation 
in phenotypic traits of reiterated structures will exemplify genuine phe-
notypic plasticity that can most easily be observed without recourse to 
experimentation. In fact, some of the classic examples of phenotypic plas-
ticity involve subindividual variation in organ traits, such as the discon-
tinuous variation in leaf characteristics (heterophylly) shown by certain 
aquatic plants (Bradshaw 1965; Sultan 1987). These classic examples not-
withstanding, phenotypic plasticity studies have mainly focused on the 
effects of environmental variation on  whole- plant traits related to the 
number of modules (e.g., size, fecundity), rather than on the phenotypic 
consequences of environmental variation for the traits of individual mod-
ules. Among the latter, only leaf traits have been considered with some 
frequency in plasticity studies (Sultan 2000; Pigliucci 2001). Investigations 
of phenotypic plasticity in fl owers, fruits, and seeds are remarkably scarce. 
These biases are possibly the outcome of the obvious, extensive variabil-
ity often exhibited by leaves, but also of the widespread prejudice that 
phenotypic traits of reproductive organs (fl owers, fruits, seeds) are very 
robust to alterations in the environment (Stebbins 1950; Trewavas 1986, 
table 1). This view was synthesized by Stebbins (1950, 73): “the relative 
plasticity of certain vegetative characteristics and constancy of reproduc-
tive ones has long been realized by plant systematists; upon it is based the 
greater emphasis in classifi cation on reproductive characteristics as com-
pared to vegetative characteristics.”

Table 5.1 presents a selection of examples where  organ- level phe-
notypic plasticity in response to variation in environmental conditions 
has been demonstrated either experimentally or observationally by 
means of  phenotype- environment correlations under controlled con-
ditions. The abundant information on leaves faithfully refl ects the bias 
toward these organs in phenotypic plasticity studies. A broad variety 
of morphological, structural, and functional leaf traits respond to vari-
ation in aspects of the abiotic environment including light level, light 
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quality, photoperiod, and temperature. Examples involving fl ower and 
fruit traits, although scarcer, clearly counter the view that these organs’ 
phenotypes are particularly robust to environmental variation. Varia-
tions in temperature, light and nutrient levels, and soil moisture induce 
measurable  organ- level phenotypic responses that affect, among other 
things, the number of fl oral parts; the size of the corolla; the produc-
tion and composition of nectar; the size, color, and form of fruits; and 
the size of seeds. The examples gathered in table 5.1 represent instances 
of “developmental phenotypic plasticity,” in which plasticity stems from 
“the fact that there are some windows of time during ontogeny when 
the organism is prone to alter its developmental trajectory in response 
to the external environment” (Pigliucci 1998). In the particular case 
of  organ- level phenotypic traits, it is the individual organs or modules, 
rather than the whole organism as an aggregate of modules, that are 
“prone to alter” their development in an autonomous way according to 
some programmed developmental response to environmental change. I 
thus refer to these instances as “developmental  organ- level phenotypic 
plasticity,” and to the functions linking  organ- level phenotypic traits to 
environmental factors as “organ- level developmental reaction norms,” 
discussed in the next section.

Organ- Level Developmental Reaction Norms

Every genotype is characterized by its own specifi c phenotypic modifi -
cations in response to different environments, or “norm of reaction” 
(Schmalhausen 1949; see Sarkar 2004 for a historical review of the con-
cept). Experimental studies of plant phenotypic plasticity usually use sets 
of genetically identical individuals (e.g., clonal copies obtained by propa-
gating root or stem cuts) or families of controlled parentage (e.g., full- sib 
progenies obtained by controlled pollinations). Such sets of replicate indi-
viduals sharing a similar genetic background are split into groups, each of 
which is exposed to different environmental conditions, and the pheno-
typic traits of individuals in each experimental group are measured after 
some time of exposure to experimental environments. Results of these 
studies are typically depicted as  reaction- norm plots, in which the average 
phenotypic characteristics of the different treatment groups are plotted 
against the environmental axis subject to experimental variation (DeWitt 
and Scheiner 2004b). This empirical description of a reaction norm can 
be modeled as a function, with the value of the environmental variable as 
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argument and the phenotypic value of the trait as function value (de Jong 
1990). In this view, reaction norms describe the shape of the functional 
relationship that, for a given genotype, links phenotypic trait values with 
environmental variables, and provide a synthetic assessment of the nature 
and scope of that genotype’s programmed developmental responses to 
environmental variation.

As noted above, plant traits considered in phenotypic plasticity stud-
ies may refer to either the plant as a whole (e.g., height, biomass, fecun-
dity) or individual organs (e.g., leaf or fl ower size). Idealized represen-
tations of reaction norms for continuously and discontinuously varying 
organ traits are shown in fi gure 5.3. Due to practical limitations, the vast 
majority of reaction norms reported in the literature are based on phe-
notypic data obtained from only two or three distinct environments, and 
the shape of the  phenotype- environment relationship over the whole 
range of conditions faced by a typical individual of a species is accu-
rately known in few cases. These studies suggest, however, that plant 
phenotypic traits are often linked to variation in environmental factors 
by fairly smooth curves more or less akin to those shown in fi gure 5.3 
(Kane and Albert 1982; Pigliucci et al. 1995; Catley et al. 2002; Mal and 
 Lovett- Doust 2005).

Corresponding to the relative scarcity of studies focusing on the phe-
notypic plasticity of organ traits noted above, reaction norms have been 
established less frequently for  organ- level traits than for  plant- level traits. 
Despite this, however, nearly all studies listed in table 5.1 demonstrate 
functional relationships linking leaf, fl ower, fruit, or seed traits to variation 
in environmental factors. As an example, fi gure 5.4 shows the variation of 
average corolla length in Ipomopsis longifl ora in response to variation 
in ambient temperature, for three different levels of water stress. This 
graph also illustrates that the  phenotype- environment relationship can be 
highly  context- dependent, depending on the particular values taken by 
other environmental factors. In the example in fi gure 5.4, the shape of the 
corolla length–temperature relationships depends on  water- stress levels. 
Interaction (i.e., nonadditive) effects of environmental factors on reac-
tion norms are probably widespread, and have also been shown, among 
others, by Kane and Albert (1982) for temperature and photoperiod on 
leaf shape in Proserpinaca intermedia, Menadue and Crowden (1990) for 
temperature and light level on leaf form in Ranunculus nanus, and Catley 
et al. (2002) for temperature and irradiance on corolla size and shape in 
Sandersonia aurantiaca.
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fi g. 5.3 Idealized  organ- level reaction norms, depicting the shape of developmentally pro-
grammed phenotypic responses of organ traits to variation in environmental variables. Both 
discontinuous (e.g., heterophylly) and continuous (e.g., organ size)  organ- level variation can 
be framed in terms of  organ-  and  trait- specifi c reaction norms. In practice, the distinction 
between continuous and discontinuous responses is sometimes rather tenuous, as exempli-
fi ed by the continuum of leaf shapes exhibited by certain heterophyllous plants (Wells and 
Pigliucci 2000).

fi g. 5.4 Relationship between the mean  corolla- tube length of Ipomopsis longifl ora and 
ambient temperature under controlled conditions, evaluated at three levels of water stress. 
Drawn from data in Villarreal and Freeman 1990.
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Phenotypic Plasticity and the Plant’s Internal Milieu

At a macroscopic level,  organ- level phenotypic plasticity implicates, by 
defi nition, the developmental responses of organs to variation in factors 
of the plant’s external environment such as light, temperature, photope-
riod, day length, nutrients, and moisture (table 5.1). These external factors, 
however, merely act as signals whose spatial or temporal variation induce 
more or less localized alterations in the plant’s internal milieu. Such inter-
nal physiological alterations are what eventually trigger the observable 
plastic developmental responses in individual organs. There is consid-
erable evidence indicating that the link between environmental signals 
and  organ- level plastic responses is effected by plant hormones, and that 
endogenous hormone levels play a key role in the regulation of environ-
mentally induced developmental plasticity (reviews in Crane 1964; Tre-
wavas 1986; Voesenek and Blom 1996; Wells and Pigliucci 2000; Minor-
sky 2003). In addition to hormones, other substances may play similar 
regulatory roles in phenotypic plasticity, but the information available is 
considerably scarcer. Soluble sugars, for example, can act as regulatory 
molecules helping to control the development of leaves, fruits, and seeds 
(Gibson 2005; Rolland et al. 2006).

The most detailed and conclusive evidence of hormonal regulation of 
phenotypic plasticity at the organ level comes from numerous experimen-
tal studies of heterophylly in aquatic plants (reviews in Deschamp and 
Cooke 1984; Wells and Pigliucci 2000; Minorsky 2003). In all species stud-
ied so far the application of abscisic acid (ABA) initiates the production of 
 aerial- type leaves by submerged meristems. Gibberellic acid (GA) affects 
leaf morphology in a way opposite to ABA, as its application induces 
 submerged- type leaves in shoots grown aerially. Interactions between 
different hormones may also occur. In Ludwigia arcuata, treatment with 
ABA induces the formation of  aerial- type leaves on submerged shoots, 
while treatment with ethylene results in the formation of  submerged- type 
leaves on shoots grown aerially (Kuwabara et al. 2003). Endogenous ethyl-
ene concentration was higher in submerged shoots than in terrestrial ones, 
while endogenous ABA concentration exhibited the opposite pattern. 
When the two hormones are simultaneously applied to terrestrial shoots, 
the effect of ethylene is suppressed by ABA, and only  terrestrial- type 
leaves form. In submerged leaves, the endogenous level of ethylene was 
unaffected by the addition of ABA, while in aerial leaves the endogenous 
level of ABA was considerably reduced by experimental addition of ethyl-
ene, resulting in the production of  submerged- type leaves.
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In contrast to the abundant information on the hormonal regulation of 
leaf type in heterophyllous plants, the role played by hormones as endog-
enous regulators of the phenotypic plasticity of other organs remains 
essentially unexplored in wild plants. The following examples from cul-
tivated plants show, however, that endogenous levels of different hor-
mones are also expected to play decisive roles in the regulation of the 
developmental plasticity of leaves of nonheterophyllous plants, fl owers, 
and fruits. Variable cytokinin infl ux into leaves mediated by variable tran-
spiration rate was implicated in the plastic responses of Phaseolus vul-
garis leaves to variable shading (Pons and Bergkotte 1996). This mecha-
nism has been confi rmed for Nicotiana tabacum and Arabidopsis thaliana, 
where  within- plant gradients in light intensity and leaf photosynthesis 
are associated with gradients in cytokinin levels, and cytokinins appear 
to act as an endogenous signal involved in the regulation of  whole- plant 
photosynthetic acclimation to light gradients in canopies through their 
effects on leaf functional properties (Boonman et al. 2007). Tomato plants 
(Lycopersicon esculentum) grown at a low temperature regime produced 
fl owers with a greater number of petals, stamens, carpels, and ovary loc-
ules than those grown at a higher temperature regime (Sawhney 1983). 
Experimental application of GA induced an increase in the number of 
petals, stamens, carpels, and ovary locules, but the effect was much greater 
on plants grown at high temperature than on plants grown at lower tem-
perature, implying that at least part of the effect of lower temperatures 
on fl owers was effected through increased levels of endogenous gibber-
ellins. Garrod and Harris (1974) arrived at a similar conclusion regard-
ing the hormonal mechanism underlying the increase in petal number of 
cultivated Dianthus fl owers following exposure to low temperature. Aux-
ins, GA, cytokinins, ABA, and ethylene have been implicated at various 
stages of fruit growth in many species (Crane 1964; Yonemori et al. 1995; 
Pérez and Gómez 2000; Ozga and Reinecke 2003), and spraying of devel-
oping fruit crops with GA is becoming an increasingly popular agronomic 
practice for increasing the size at harvest of the fruits of different species 
(Pérez and Gómez 2000; Chang and Lin 2006; Kappel and MacDonald 
2007).

Summary

Widespread occurrence of  organ- level phenotypic plasticity shows that 
there is no need of invoking subindividual genetic mosaicism to account 
for  within- plant variation in the phenotypic characteristics of all kinds 
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of reiterated organs, including those like fl owers whose development 
has often been considered particularly robust to environmental changes. 
 Within- plant variation can be parsimoniously explained in terms of pre-
dictable (i.e., programmed) plastic developmental responses expressed by 
individual organs in response to variations in both the external environ-
ment (e.g., light, temperature) and the internal environment (e.g., levels 
of endogenous hormones or other substances acting as growth factors), 
or in other words, the external signals and the internal inducers, respec-
tively. As a general phenomenon,  organ- level phenotypic plasticity pro-
vides the conceptual basis, and the necessary developmental context, for 
arguing in the next chapter that a number of the organismal mechanisms 
that account for  within- plant variation stem from the joint effects of loca-
tion in the plant, previous developmental history, and localized environ-
mental features on the expression of plant organ phenotypes, a phenom-
enon known as “ontogenetic contingency” (Diggle 1994).



Chapter 5 was concerned with inducers of subindividual variability, 
that is, those cases where reiterated parts vary because the organ-

ism’s genes vary or the parts experience varied environments. I contend 
that, in nature, the importance of these two inducers are vastly different. 
While genetic mosaicism amounts to little more than a biological odd-
ity, microenvironmental variation acting in combination with  organ- level 
developmental plasticity is responsible for most of the observed variation 
among organs of an individual. Also of very great importance is the exis-
tence of programmed seriation, as when fruits at the base of an infl ores-
cence are largest and size diminishes distally. But such programmed seria-
tion is often the result of spatial and temporal internal gradients, much like 
the response of the plant to external (microenvironmental) heterogene-
ities. In this way,  organ- level developmental plasticity, in combination with 
the spatial and temporal variation in the internal and external microenvi-
ronments to which the organs borne by the same plant are exposed dur-
ing initiation and development, will eventually crystallize into the realized 
 within- plant variation in organ features that I reviewed in chapters 2 and 3.

This chapter takes up the organization of the response of the organism 
to its changing environment as well as the organization that it generates 

chapter six

Organismal Mechanisms of 
Subindividual Variability
Ontogenetic contingency, the interplay between 
inherent architecture and environmental milieu, 
and developmental stochasticity are mechanisms 
responsible for  within- plant variability of reiter-
ated structures.



132 chapter 6

in and of itself. The  organ- level microenvironment is shaped by variables 
that can be both external and internal to the plant. On one hand, variation 
in the external microenvironment is mainly related to spatial and tem-
poral differences in the physical environment as it is perceived by each 
individual aerial organ of a plant. This is the concept of “phylloclimate” 
as defi ned by Chelle (2005; despite its name, the concept applies to any 
sort of aerial organ, not just leaves). The phylloclimate is described by 
physical variables such as spectral irradiance, temperature, and features 
of  around- organ air (e.g., wind speed, temperature, relative humidity). 
On the other hand, different organs in the same plant may also perceive 
different internal microenvironments refl ecting differences between dis-
tinct parts of the plant in, for example, the expression of some genes, pho-
tosynthetic yield, hormonal concentrations, chemical signals, secondary 
compounds, water availability, or concentration of nutrients in the xylem. 
Obviously, certain aspects of the internal plant microenvironment to 
which an organ is exposed will be infl uenced by variation in one or more 
parameters of the external microenvironment. For example, as described 
later in this chapter, the amount of photosynthates locally available to 
a developing fruit or seed is closely related to the light environment to 
which it and the surrounding photosynthesizing leaves are exposed, and 
on the impact of herbivores on these same leaves.

In addition, there is an essential temporal component imposed on 
spatial  within- plant variation in the internal and external microenviron-
ment faced by individual organs. The buildup of plant bodies proceeds by 
the ordered, sequential addition of parts at the apex of growing vegeta-
tive or reproductive shoots. This means that different structures on the 
same plant axis initiate and develop at different times and thus, possibly, 
under contrasting external and internal microenvironments. This is nicely 
exemplifi ed by some deciduous trees from temperate and boreal regions 
(e.g., Betula, Populus, Liquidambar) that have twigs with two morpho-
logically distinct kinds of leaves. The fi rst, more- basal leaves form in early 
spring from overwintering buds formed late in the preceding growing sea-
son, while the more- distal leaves are later produced from the apical mer-
istem without overwintering as leaf primordia (Critchfi eld 1960; Clausen 
and Kozlowski 1965; Smith 1967). In this example, the different times at 
which primordia formed (“preformed” vs. “neoformed,” in Ray’s termi-
nology [1987]) are ultimately responsible for morphological dimorphism. 
But growth by sequential addition of parts along an elongating axis also 
has the unavoidable consequence that older, basally located structures 
precede younger, distally located ones. The former thus have the capac-
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ity to affect the growth and developmental trajectories of the latter via 
modifi cations of their internal microenvironments or, in other words, to 
make the internal microenvironment faced by late- developing parts in the 
same axis different from that experienced by  earlier- developing parts, as 
discussed in detail later in this chapter. This happens, for example, when 
basally located,  early- developing fruits deplete or monopolize available 
resources for growth (Diggle 2003), or when basal, mature leaves in a 
shoot emit chemical signals informed by the external microenvironment 
that modify the characteristics of  later- developing, more distal leaves 
(Lake et al. 2001, 2002; Yano and Terashima 2001).

Spatial and temporal variation in the internal and external microenvi-
ronment faced by initiating and developing organs, in combination with 
the capacity of the individual plant’s genotype to modulate / modify the 
development and morphogenesis of individual organs in response to vari-
ation in features of its microenvironment (i.e.,  organ- level phenotypic 
plasticity, chapter 5), is the predominant source of  within- plant variation 
in characteristics of reiterated structures. Most of this chapter is devoted 
to describing the many ways that organs, in combination with variation in 
infl uential variables of external and internal microenvironments, eventu-
ally give rise to realized  within- plant variation. I group these multifarious 
mechanisms under the common heading of “ontogenetic contingency,” 
a concept coined by Diggle (1994) to refer to the joint effects of posi-
tion in the plant, previous developmental history, and environment on the 
expression of plant phenotypes.

A second major mechanism contributes to  within- plant variation in 
features of reiterated structures and is considered in this chapter. Organ-
 level developmental instability is defi ned here as the inability of an organ’s 
developmental program to generate fi nal copies whose features conform 
exactly to those predicted by the  organ- level reaction norm in response to 
variation in the internal and external microenvironment. In other words, 
 organ- level developmental instability accounts for the fraction of pheno-
typic variance in organ features that remains unexplained after account-
ing for the organ’s specifi c reaction norm.

Ontogenetic Contingency

In many, possibly most, instances the phenotype of a reiterated structure 
ultimately depends on the complex interplay of when and where it is pro-
duced within the  three- dimensional construction of the plant bearing it, 
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and on the environmental milieu in which it develops. That environmen-
tal milieu, in turn, consists of three main elements: (1) the external biotic 
and abiotic environment, for example, CO2 concentration, incident radia-
tion, herbivores, and pollinators; (2) the internal environment, for example, 
nutrient, hormone, and chemical signals in the phloem; and (3) the pre-
ceding developmental events experienced by the structure or its immedi-
ate surroundings, for example, fruit set, infl orescence elongation, and her-
bivory. The joint effects of location, previous developmental history, and 
environment on the expression of plant organ phenotypes has been termed 
“ontogenetic contingency” (Diggle 1994, 1997), the phenomenon whereby 
“the developmental fate of a primordium depends upon when and where 
it is produced and what events have preceded it during the ontogeny of 
the organism” (Diggle 1994, 1364). Although this concept originally arose 
from Diggle’s detailed investigations of variable sex expression (i.e., the 
relative proportions of male and hermaphroditic fl owers produced) in the 
sexually labile plant Solanum hirtum (1994), its applicability extends well 
beyond this rather restricted context (Watson et al. 1995; Pigliucci 1998).

I review in this section the main effects and mechanisms generat-
ing  within- plant variation in characteristics of reiterated structures by 
adopting the framework of Diggle’s concept of ontogenetic contingency. 
Although the interplay of the three factors involved—position, devel-
opmental history, and external and internal environment—is explicitly 
considered whenever applicable, spatial position is the main organizing 
theme. Whenever  within- plant variation in the characteristics of a reiter-
ated structure may be directly or indirectly linked via some mechanism 
to its position in relation to the plant as a whole, or to other reiterated 
structures of any kind, it is appropriate to refer to the existence of some 
architectural effect. My usage of this term is thus more encompassing 
than that of Diggle (1995, 542), who circumscribed “architectural effects” 
to describe “morphological variation that can be ascribed to the position 
of a fl ower (and its organs) within an infl orescence, rather than to effects 
of resource supply.” Furthermore, there is no particular reason to restrict 
architectural effects to fl owers or fruits, since  within- plant variation in leaf 
characteristics can also be explained in terms of architectural effects, as 
shown below.

Organization of This Section

I consider below the effects and mechanisms that, subsumed into the con-
cept of ontogenetic contingency, contribute to  within- plant variation in 
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characteristics of reiterated structures. To help the reader navigate this 
very long section, table 6.1 outlines its organization. The environment’s 
infl uence on organ traits can be  abiotic- external (phylloclimate- driven 
effects),  biotic- internal (architectural effects), or  biotic- external (inter-
actions with animals). Architectural effects driven by the internal envi-
ronment are subdivided into those operating directly and indirectly on 
the organs’ characteristics. In direct architectural effects, position alone 
is responsible for variation in the characteristics of reiterated structures, 
regardless of any possible effects on, for example, spatial variation in 
resource supply. This meaning is close to Diggle’s defi nition (1995) men-
tioned above, as well as its more- recent version (Diggle 2003, 64), where 
she defi ned architectural effects as variation “due to positional variation 
inherent in the architecture of plant axes.” I also include among direct 
architectural effects other types of mechanisms that are not necessarily 
related to positional variation along plant axes, such as  place- dependent 
growth suppression and physical constraints on development (table 6.1).

Under indirect architectural effects I include those effects whereby 
position in the plant is responsible for variation in the characteristics of 
reiterated structures only through some intermediate effects on the supply 
of nutrients, hormones, chemical precursors, or signals, or any other sub-
stance relevant to the initiation, development, or maturation of the struc-
ture. Indirect architectural effects are subdivided into those operating at 
the scale of the whole plant and those operating at the scale of organs 
(e.g., fruits) or groups of organs (e.g., infl orescences, infructescences). 
Effects in the former group are mainly associated with plant sectoriality. 

table 6.1 Taxonomy of the main effects and mechanisms that, subsumed into the “ontogenetic 
contingency” concept, are responsible for generating  within- plant variation in features of 
reiterated organs.

Infl uential 
environment  Class of effects  Proximate mechanisms involved

Abiotic, external Phylloclimate- driven Plastic  organ- level responses to 
microenvironmental variation

Biotic, internal Indirect architectural Sectoriality at the scale of the whole plant
Resource- mediated interference among 

organs and organ groups
Direct architectural Place- dependent suppression of growth 

Physical constraints on growth / development 
Purely positional

Biotic, external Interactions with 
animals

Systemic induction of defenses

    Alteration of the spatiotemporal distribution 
of resources



136 chapter 6

Those in the second group are mostly related to anatomical and geomet-
ric peculiarities of individual organs or groups of organs (e.g., infl ores-
cences, infructescences). The distinction between these two groups of 
indirect architectural effects is partly a matter of convenience, rather than 
refl ecting a real dichotomy. On one hand,  organ- level effects are unavoid-
ably subordinated to processes operating at the  whole- plant level. On the 
other, the hierarchically nested distribution of plant parts may conceiv-
ably give rise to a seamless continuum of architectural and resource allo-
cation effects at every possible  within- plant spatial scale, running from the 
organ up to the  whole- plant level (Obeso 2004a).

Phylloclimate- Driven Effects

Chelle (2005) defi ned phylloclimate as the physical environment perceived 
by the individual aerial organs of plants. Although phyllo is the Greek 
noun for “leaf,” the term coined by Chelle refers to the microclimate per-
ceived by all classes of aerial organs, not just leaves. The set of physical 
variables describing phylloclimate are related to radiation, surrounding 
air, and organ temperature, all of which are known to have some effect 
on a variety of plant functions, as summarized in table 6.2. Phylloclimate 
depends on the interplay of three different agents: the atmosphere, as a 
determining factor of the canopy microclimate; the soil, through its effects 
as a refl ector of energy and via thermal inertia; and the plants themselves 
via their  three- dimensional structure, which implies a complex penetra-
tion of fl uxes as a result of the spatial distribution of sources and sinks of 
mass and energy (Oke 1987; Chelle 2005). Due to this later component, 
phylloclimate- driven variation can also be seen as a particular instance of 
architectural effect.  Within- plant variation in one or several of the physi-
cal variables that defi ne phylloclimate is expected to generate some con-
comitant variation in the traits of individual organs, as a consequence of 
the latter’s capacity to produce distinct phenotypic variants in response to 
changes in infl uential parameters of the external microenvironment such 
as radiation or temperature. One would expect larger plants (e.g., shrubs, 
vines, or trees) to perceive a broader phylloclimate space, and therefore 
it might be predicted that the relative importance of phylloclimate- driven 
variation as a mechanism causing  within- plant heterogeneity should be 
greater among these growth forms. This does not mean, however, that the 
phenomenon is restricted to them. Phylloclimates can also be signifi cantly 
heterogeneous even at the relatively reduced scale of small herbaceous 
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plants, as documented by Chelle (2005 and references therein) for young 
maize plants.

Some of the relatively  coarse- grained, extrinsic gradients of  within- plant 
variation mentioned in chapter 4 can be most parsimoniously explained 
in terms of  organ- level developmental and morphogenetic responses to 
systematic  within- plant variation in one or more components of phyllocli-
mate, typically irradiance and temperature. This applies particularly to the 
case of variation in continuous leaf traits. A sizeable literature shows that 
many leaf traits vary depending on the light environment to which they 
are exposed during initiation and / or subsequent development (Lynch and 
González 1993; Klein et al. 1991; Niinemets and Kull 1998; Le Roux et al. 
1999), and it is reasonably well established that systematic  within- plant 
gradients in leaf size, mass per unit area, and foliar nitrogen concentration 
are largely the consequence of leaf- level developmental responses to the 
variable light environment (Valladares and Pearcy 1999; Balaguer et al. 
2001; Niinemets et al. 2003; Valladares 2003). The horizontal  within- plant 
gradients in leaf traits associated with compass directions, mentioned in 
chapter 4, can likewise be explained as a consequence of  individual- leaf 
responses to  compass- dependent variation in phylloclimate variables. 
For example, in the California chaparral shrub Heteromeles arbutifolia, 
leaves located in different orientations on individual shoots differ signifi -
cantly in their anatomical and functional properties, and the variation is 
related to consistent differences in the light environment (Valladares and 
Pearcy 1999).

table 6.2 Physical variables describing phylloclimate, or the external physical environment 
perceived by individual aerial organs of plants, and their respective effects on plant functions.

  Variables  
Plant functions 
potentially affected

Radiation Spectral irradiance Photosynthesis
Ultraviolet Photomorphogenesis
Photosynthetically active 

radiation
Stomatal opening

Near infrared Energy budget
Surrounding air Wind speed Photosynthesis

Temperature Thigmomorphogenesis
Humidity Stomatal opening
CO2 content Energy budget

Organ temperature Surface temperature Growth and development
  Internal temperature  Photosynthesis

Source: Modifi ed from Chelle 2005.
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Within- plant variation due to  organ- level responses to variation in 
the external physical microenvironment has been most thoroughly stud-
ied for leaves, but it is expected to occur in other organs as well. Jan-
zen (1982b, 1982c) suggested that, if a seed’s size is at least in part deter-
mined by the amount of sunlight received by its fruit, then  within- plant 
variation in seed size might be partly the outcome of heterogeneity in the 
light environment. Field observations and  growth- chamber experiments 
have shown that the sugar composition of the fl oral nectar produced by 
individual plants is a plastic character that varies signifi cantly with ambi-
ent temperature (Freeman and Head 1990; Villarreal and Freeman 1990). 
 Within- plant heterogeneity in average temperature of the air surrounding 
individual fl owers can thus generate some  within- plant variation in nectar 
composition. Variation in ambient temperature can also induce changes 
in fl ower or infl orescence size, as frequently documented for ornamen-
tals grown under controlled greenhouse conditions (e.g., Dendranthema, 
Karlsson et al. 1989; Viola, Pearson et al. 1995; Campanula, Niu et al. 2001; 
Chrysanthemum, Nothnagl et al. 2004) and, although much less often, for 
wild species. In Ipomopsis longifl ora, mean  corolla- tube length of plants 
grown under controlled  growth- chamber conditions was greater for plants 
at 30°C than for those at either 20°C or 35°C (fi g. 5.4). Differences in 
mean fl ower size between the  north-  and  south- facing sides of individual 
trees (Perfectti and Camacho 1999) might be the immediate consequence 
of  fl ower- level developmental responses to  within- plant variation in air 
temperature (Alonso 1997a).

Indirect Architectural Effects: Whole- Plant Level

As a consequence of plant growth taking place by means of the reiterated 
production of morphological subunits by meristems, individual plants are 
decentralized organisms that can be viewed as a collection of subunits hier-
archically assembled at a range of scales (chapter 1). Although the study 
of plant modularity was traditionally the realm of morphologists (reviews 
in White 1979, 1984), the range of consequences of modularity consid-
ered by ecologists has broadened considerably in recent times to include 
aspects related to the demography, life history, resource allocation, evo-
lution, and physiology of plants (White 1984; Watkinson and White 1985; 
Watson 1986; Tuomi and Vuorisalo 1989; Vuorisalo and Mutikainen 1999). 
Among these, physiological aspects are particularly germane to the issue 
of  within- plant variation in the characteristics of reiterated structures.
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Empirical evidence gathered in the last few decades has shown that 
plants consist not only of morphological subunits, as traditionally acknowl-
edged (White 1984), but also of physiological subunits that may behave 
semiautonomously (Watson and Casper 1984; Watson 1986; Sprugel et al. 
1991). In this view, the plant can be seen as an assemblage of semiauton-
omous “integrated physiological units” (IPUs; Watson and Casper 1984) 
made up of identifi able arrays of morphological subunits that function as 
relatively autonomous structures with respect to assimilation, distribution, 
and utilization of carbon. This subdivision into semiautonomous IPUs was 
originally envisaged as a consequence of restrictions in the possible path-
ways of photosynthate movement between sources and sinks, caused by 
one or more of the following: branches receive assimilate only from local-
ized regions of the main body of the plant; lateral assimilate movement 
among structures declines with increasing plant size, structural complex-
ity, and degree of maturity; and vascular architecture poses a rigid con-
straint on patterns of assimilate translocation (Watson and Casper 1984). 
The original  carbon- centered IPU model was subsequently expanded to 
incorporate  within- plant compartmentalization in other plant constitu-
ents and resources (Watson 1986; Sprugel et al. 1991; Orians et al. 2000; 
Orians and Jones 2001; Viswanathan and Thaler 2004). These studies have 
led to the development of a more- encompassing theory of plant sectori-
ality where the IPU model is enriched with the explicit recognition that 
vascular architecture rather rigidly dictates the patterns of movement of 
water, minerals, photosynthates, chemical signals, hormones, and induced 
chemical defenses within a plant, restricting the movement of these sub-
stances along certain pathways but not along others (Orians and Jones 
2001; Orians et al. 2002, 2004). Plant sectoriality thus means that physio-
logical activities are integrated within some parts of plant structures (e.g., 
within the same branch), but the same activities display a strong degree 
of independence at other structural scales (e.g., among distinct branches; 
Sprugel et al. 1991; Vuorisalo and Hutchings 1996; Brooks et al. 2003).

The transport of assimilates among leaves and shoots, from leaves to 
fl owers or fruits, and to and from roots and shoots, is characterized by its 
marked longitudinal confi nement in the vascular bundles associated with 
the leaf traces, and, for this reason, it is ultimately controlled by vascular 
architecture (Wardlaw 1968; Watson and Casper 1984; Watson 1986; Spru-
gel et al. 1991; Marshall 1996). The capacity of different parts of a physi-
cally coherent plant structure to be either integrated or independent is 
largely determined by vascular structure, with parts belonging to the same 
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sector being directly interconnected by vascular strands (Stieber and 
Beringer 1984; Watson 1986; Orians et al. 2004). It is thus the underlying 
vascular architecture of the stem that determines the precise physiologi-
cal link between a source and a given sink, rather than any particular met-
abolic feature of the individual sink (Marshall 1996). For example, within 
a given shoot, mature source leaves will export photosynthates to specifi c 
leaves or parts of leaves based on orthostichy—the phyllotactic arrange-
ment of leaves into longitudinal ranks along the stem, which is corre-
lated with connectivity of vascular traces. Export will be greatest between 
orthostichous leaves (i.e., along the same rank) because they share vas-
cular traces, intermediate between leaves in adjacent orthostichies, and 
minimal or even absent between leaves in opposite orthostichies, for they 
lack vascular connectivity (Watson 1986; Preston 1998). Vascular restric-
tions do not apply exclusively to the movement of assimilates but also to 
the translocation of other substances (Watson 1986; Sprugel et al. 1991; 
Davis et al. 1991; Schittko and Baldwin 2003).

Orians and Jones (2001) suggested that vascular architecture is a key 
determinant of intraplant resource heterogeneity. They proposed a func-
tional model whereby the combination of intrinsic (plant sectoriality) and 
extrinsic factors (local environmental variation) might be used to predict 
patterns of  within- plant heterogeneity in food quality from the viewpoint 
of animal consumers. I focus here on the issue of  within- plant variation 
in the characteristics of reiterated structures without reference to its pos-
sible infl uence on resource use by animals, which is treated in chapter 8. The 
restricted or spatially very limited lateral movement of water, nutrients, 
and photosynthates, in combination with differential acquisition capacity 
of different IPUs, is expected to be a major source of  within- plant varia-
tion for those reiterated structures that are strong metabolic sinks, like 
fl owers, fruits, and seeds. To the extent that certain features of reiterated 
structures (e.g., size, nutrient concentration) will vary depending on the 
supply of carbon, water, and minerals available to each individual struc-
ture during its initiation and development,  within- plant variation in these 
features may be partly explained in terms of the conceptual model shown 
in fi gure 6.1. This model applies particularly to structures that behave con-
sistently as metabolic sinks, such as fl owers, fruits, and seeds, and much 
less so to those that are relatively autonomous (at least with regard to car-
bon), such as leaves. Furthermore, the model is valid only for species or 
situations where the initiation and development of reiterated structures 
rely on resources originating from current photosynthesis and nutrient 
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uptake, rather than on previous seasons’ stored resources. Use of stored 
resources may totally abolish physiological autonomy of plant parts, as 
demonstrated by Lacointe et al. (2004) for deciduous walnut trees (Jug-
lans regia). In their study, paired branches in the same tree were exposed 
to two contrasting light regimes over the whole growing season, and then 
separately labeled with 14CO2 and 13CO2 in September, so that the photo-
synthates from each branch could be traced independently at the same 
time. Before leaf fall, branch autonomy was nearly total, with virtually no 
carbon movement between branches. In the subsequent spring, in con-
trast,  within- plant carbon transfers totally abolished branch autonomy.

As depicted by black arrows in fi gure 6.1, two concurrent mechanisms 
related to  within- plant variation in light availability may act synergisti-
cally to enhance  within- plant patchiness in  carbon- dependent charac-
teristics of reiterated structures (e.g., size). Both are motivated by the 
relationship between  within- plant variation in light availability (due to 
self- shading, compass orientation, height above the ground, depth within 
the crown, etc.) and variation in leaf photosynthetic capacity (Hollinger 
1989, 1996; Ellsworth and Reich 1993; Bassow and Bazzaz 1997; Le Roux 
et al. 1999; Casella and Ceulemans 2002; Meir et al. 2002).  Within- plant 
variability in  carbon- fi xation capacity of leaves, acting in concert with 
restricted or spatially very limited lateral movement of photosynthate, will 
cause  within- plant patchiness in the carbon supply available to initiating 

fi g. 6.1 Simple model depicting the chain of causal mechanisms that, acting in combination 
with plant sectoriality, lead to  within- plant variation in characteristics of reiterated struc-
tures that may partly contribute to their own carbon requirements, but generally behave 
as net photosynthate sinks (e.g., fl owers, fruits, and seeds). Black continuous arrows depict 
mechanisms whereby  light- dependent position effects can generate  within- plant variance in 
 carbon- related characteristics of reiterated structures. Gray dashed arrows depict effects des-
ignated as “bottom- up” sectoriality in the text.
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or developing structures. One of the basic “rules” of assimilate distribu-
tion  within- plants is that reproductive sinks are principally supplied by 
their local source leaves (Marshall 1996). Photosynthates necessary for 
fruit and seed production on a branch are mainly or entirely provided by 
the branch itself, and sectoriality of nutrient transport may be as extreme 
as to lead to individual fruits receiving resources almost exclusively from 
the nearest leaves or those on the same orthostichies (Watson and Casper 
1984; Sprugel et al. 1991). Plant sectoriality changes along with the nor-
mal shifts in carbohydrate demand that accompany fruit and seed pro-
duction, tending to increase during the growing period of these metaboli-
cally very demanding sinks (Lacey and Marshall 1992; Preston 1998). This 
effect accentuates the infl uence of  within- plant variation in local resource 
availability on the characteristics of these reiterated structures. Although 
 within- plant patchiness in local photosynthate availability is expected 
to affect mainly traits of strong metabolic sinks such as fruits and seeds, 
this does not mean that other subindividually variable, less demanding 
organs cannot be similarly affected. In Aesculus hippocastanum, variation 
in carbohydrate availability translates into concomitant variation in the 
volume and sugar concentration of nectar produced by fl owers (Wykes 
1952); hence  within- plant patchiness in photosynthate availability can 
also induce subindividual variation in nectar features.

Restrictions in the movement of photosynthate from source leaves to 
reproductive sinks is not the only way that  within- plant heterogeneity in 
the light environment eventually causes heterogeneity in carbon supply to 
these reiterated structures (fi g. 6.1). Flowers, fruits, and seeds are also pho-
tosynthesizing structures themselves (Blanke and Lenz 1989; Aschan and 
Pfanz 2003). In fl owers, for example, the photosynthetic capacity of green 
sepals at the fl owering or early postfl owering stages can be comparable 
or even exceed that of leaves (Williams et al. 1985; Vemmos and Gold-
win 1994; Smillie et al. 1999;  Salopek- Sondi et al. 2000; Aschan et al. 2005), 
and photosynthesis by developing reproductive structures can contribute 
between 2 and 65% to their own carbon budget (review in Obeso 2002). It 
is therefore expected that  within- plant variation in light intensity will also 
affect the photosynthetic capacity of these structures, and hence the mag-
nitude of their carbon contributions to their own growth and maintenance 
costs will also be subject to  light- dependent position effects.

The importance of  light- dependent position effects and sectoriality as 
determinants of  within- plant variance in  carbon- related characteristics of 
reiterated structures (black arrows in fi g. 6.1) should be greatest for struc-
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tures that have high carbon requirements, have relatively long develop-
mental periods, or are produced by plants with marked  within- plant het-
erogeneity in light availability. Fleshy fruits produced by trees and shrubs 
possess all these characteristics combined, and one would therefore 
expect them to be particularly prone to  within- plant variation induced 
by sectoriality. Results from cultivated fruit trees are consistent with this 
expectation and support the model in fi gure 6.1. For peach (Prunus per-
sica), Génard and Baret (1994) found a very broad  within- tree gradient 
of diffuse and direct light transmitted to shoots. Fruits from the upper 
parts of the peach tree were more purple, less orange red, and less fi rm 
and had a higher sucrose content, a lower citric acid content, and a higher 
pH, than fruits from the lower parts, and this variation was correlated with 
their light regimes (Génard and Bruchou 1992). Fruits exposed to light 
mainly in the afternoon were more purple, less yellow and orange, and 
fi rmer, and had a higher citric acid content and lower sucrose and malic 
acid contents, than fruits exposed to light in the morning. Also for peach, 
Génard (1992) and Souty et al. (1999) found that variation in leaf area 
and number of leaves around fruits gave rise to  within- plant variability in 
the growth rate, fi nal size, and concentration of sugars and organic acids 
of fruits, presumably because of the close relationship existing between 
shoot leaf area and carbon assimilation. In apple trees, intraplant vari-
ation in fruit size, weight, soluble solids, and starch content are closely 
correlated with variation within the crown in photosynthetic photon fl ux 
(Barritt et al. 1987; Tustin et al. 1988). Fruits located in canopy positions 
receiving greater amounts of photosynthetically active radiation tended to 
be signifi cantly larger, and to have a higher concentration of soluble sol-
ids in the pulp, than fruits located in shadier locations. Furthermore, fruit 
size, weight, and starch and  soluble- solid contents were directly correlated 
with average specifi c leaf weight at the same position in the tree crown. 
Kappel and Neilsen (1994) used hemispherical photography to measure 
 within- plant variation in the light microclimate of pear (Pyrus commu-
nis) fruit clusters, and found that the percentage of sky visible above each 
cluster was related to fruit growth patterns and fruit size and quality at 
harvest. When whole branches of pear trees were artifi cially shaded for 
the whole fruit development period, fruits borne by these branches had 
slower growth and were eventually smaller than those borne by control 
branches exposed to full sunlight (Garriz et al. 1994). Although none of 
these studies allow for separating the direct (via effects on fruit photo-
synthesis) and indirect (via effects on leaf photosynthesis in combination 
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with sectoriality) infl uences of the light environment on fruit traits, they 
do clearly support a prominent role of heterogeneity in the  within- plant 
light environment in causing  within- plant variation in fruit characteristics.

Sectoriality also occurs in the transport of resources from roots to 
shoots (Orians et al. 2002; Orians et al. 2004), and architectural charac-
teristics of plants may also limit the horizontal movement of water and 
nutrients, not just that of photosynthates. This effect, which might be 
termed “bottom- up” sectoriality, acts in conjunction with  carbon- supply 
heterogeneity to enhance  within- plant variation in the characteristics of 
reiterated structures, and is depicted by dashed gray arrows in fi gure 6.1. 
There is extensive evidence that soil nutrient availability varies spatially 
at a variety of scales that are relevant to individual plants (Beckett and 
Webster 1971; Arp and Krause 1984; Robertson et al. 1988; Boerner and 
Koslowsky 1989; Grigal et al. 1991; Pelletier et al. 1999). Geostatistical 
analysis has demonstrated that the rooting zone of an individual plant 
can have much variation in nutrient availability, and nitrate and ammo-
nium concentrations in woodland soil may vary two-  to fi vefold at scales 
of only 20 cm (Hodge 2004). Plants exploit this patchiness in soil nutri-
ents through a combination of developmental (root proliferation, con-
sisting of the initiation of new lateral roots) and physiological (increased 
nutrient uptake capacity of individual roots) responses of those roots that 
are exposed to  nutrient-  rich patches (Jackson et al. 1990; Robinson 1994; 
Hodge 2004). In addition, the transport of nutrients within the plant may 
be sectorial, with preferential transport from roots to leaves and branches 
with the most direct vascular connections, as demonstrated by experi-
ments tracing the upward movement of markers applied to roots (e.g., 
dyes in water solution, and isotopically labeled nitrogen or phosphorus 
sources; Rinne and Langston 1960; Stryker et al. 1974; Hay and Sackville 
Hamilton 1996; Orians et al. 2002; Orians et al. 2004). For example, Orians 
et al. (2004) demonstrated experimentally that in saplings of Populus and 
Acer, nutrients are preferentially transported from specifi c roots to spe-
cifi c branches. Rinne and Langston (1960) used a  split- root technique and 
32P as a label to follow the upward movement of nutrients when plants of 
peppermint (Mentha piperita) were fed the labeled solution through spe-
cifi c portions of their root system. When 32P was fed to either half (two of 
the four main vascular bundles) or a quarter (just one of the four main 
vascular bundles) of the root system of a peppermint plant, phospho-
rus showed very little or no lateral movement to those aerial parts of the 
plant that were not directly linked to the particular vascular bundles that 
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had received the nutrient solution. In sugar beet, each vascular ring in the 
root is in direct connection with a certain number of leaves, and leaves are 
preferentially connected with regions of the root belonging to the same 
orthostichy (Stieber and Beringer 1984).

The combination of horizontal patchiness in soil nutrient availabil-
ity and “bottom- up” sectoriality will create  within- plant heterogeneity 
in the characteristics of reiterated structures through differential supply 
of the water and nutrients required for photosynthesis and growth. This 
possibility was fi rst explicitly advanced by Orians and Jones (2001), and 
subsequently demonstrated experimentally by Orians et al. (2002) for 
tomato (Lycopersicon esculentum). These authors manipulated nutrient 
levels to two different root zones of  split- root tomatoes. Fertilizer was 
applied either to lateral roots from one sector of the root system or to the 
remaining root system. They hypothesized that leaves and leafl ets within 
the fertilized sector would be larger and contain lower concentrations of 
phenolics, since fertilization typically causes an increase in growth and 
a decrease in investment in  carbon- based defenses. Results confi rmed 
predictions, as leaves vertically aligned above the fertilized lateral roots, 
which had direct vascular connections to those roots (as corroborated by 
dye transport patterns), were larger and had lower concentrations of phe-
nolics than did leaves without direct vascular connections. In addition, the 
production and growth of lateral shoots was greater in the “fertilized” 
sectors. As shown by this experiment, restricted transport of nutrients 
coupled with spatial variation in  below- ground nutrient availability can 
lead to differential rate of resource supply to specifi c leaves and branches, 
leading to differential growth and chemistry within a plant.

Plants differ in the magnitude of sectoriality. Interspecifi c differences 
may be related to phylogeny, growth habit, or the environment to which 
the species is adapted, and intraspecifi c variation may be due to individual 
differences in genotype, age, or developmental stage (Watson and Casper 
1984; Sprugel et al. 1991; Lacey and Marshall 1992; Lötscher and Hay 
1996; Marshall 1996; Preston 1998). For individual plants, even transient 
environmental conditions can temporally modify their degree of sectorial-
ity (Zwieniecki et al. 2003). The existence of all these sources of variation 
at the  inter-  and intraspecifi c levels implies that the potential importance 
of sectoriality as a source of  within- plant variation in characteristics of re-
iterated structures will vary among species, among individuals of the same 
species, and even temporally for the same individual. The model in fi gure 
6.1, therefore, will apply to variable degrees to different species, conspe-
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cifi c individuals, or even the same individual plant at different times or 
in different environmental conditions. Sectoriality is facilitated by open 
vascular systems, in which the sympodia (axial bundles with associated 
leaf and branch traces) are entirely or essentially discrete, with only occa-
sional interconnections consisting of minor or accessory bundles. Since 
open vascular systems are characteristic of gymnosperms and dicotyle-
dons, sectoriality is expected to occur most frequently in plants belong-
ing to these groups, and only rarely in monocots (Vuorisalo and Hutch-
ings 1996). One would therefore expect that sectoriality should be a more 
important source of  within- plant variation in gymnosperms and dicots 
than in monocots, and hence that the model in fi gure 6.1 should apply 
more specifi cally to the former two groups.

Within eudicots, the extent of sectoriality varies also depending on 
life history, habitat type, and taxonomic affi liation. Clonal species, for ex-
ample, appear less sectorial than nonclonal ones (Watson and Casper 
1984; Price et al. 1996), and interspecifi c differences in sectoriality have 
been related to variation in drought adaptations, growth speed, shade tol-
erance, and colonizing ability (Watson 1986; Orians et al. 2004). Simulated 
herbivory experiments have revealed that, under the stress imposed by 
artifi cial defoliation, resource translocation among branches may range 
from negligible to extensive depending on the species (Janzen 1976; Ste-
phenson 1980; Shea and Watson 1989; Obeso 1998a; Mitchell et al. 2004), 
which probably refl ects  species- specifi c differences in the individual 
plant’s capacity to laterally translocate resources when strong sinks (defo-
liated branches bearing developing fruits) put heavy demands on them. 
Apart from some indirect suggestions, however, there are remarkably few 
empirical data on the extent of interspecifi c differences in sectoriality and 
their ecological and phylogenetic correlates. Orians et al.’s comparative 
study of fi ve species of Betula, Populus, and Acer (2004) represents an 
outstanding exception (see also Wheeler et al. 2005; Ellmore et al. 2006). 
These authors traced the movement of dye from isolated roots to trans-
piring branches, and performed  split- root experiments with application of 
15N- labeled ammonium nitrate to either a single, isolated lateral root or 
the bulk of the root system. Because transport of nutrients between sec-
tors requires fl ow through intervessel pit pairs of adjacent xylem vessel 
elements, they also quantifi ed the area of intervessel pits, the number of 
pits per unit vessel wall area, and the percentage of vessel wall area that 
pits occupy. Their results revealed noticeable interspecifi c differences in 
sectoriality. The two Betula species were not sectorial, with tracers applied 
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to isolated roots being likely to accumulate in all branches. In contrast, 
Populus and Acer species were sectorial, with tracers tending to accumu-
late preferentially in particular branches. In accordance with these fi nd-
ings, Betula species had the largest number of intervessel pits per unit wall 
area and the largest percentage of vessel wall area that pits occupy. Orians 
et al.’s results (2004) are important in that they reveal a decisive role of 
wood anatomy in explaining interspecifi c differences in sectoriality (see 
also Ellmore et al. 2006; Zanne et al. 2006).

Indirect Architectural Effects: Organ and Organ- Group Levels

In addition to the architectural effects operating at the whole plant level, 
other classes of architectural effects operating at considerably fi ner 
scales within individuals (e.g., within infl orescences, within infructes-
cences, within fruits) also help generate  within- plant variation in reiter-
ated organ traits. Most often, fl owers, fruits, and seeds are not produced 
singly, but grouped into infl orescences, infructescences, and multiseeded 
fruits. Leaves may also be produced as close aggregations of two or more 
units, as in species with whorled or opposite leaves. As shown in chapter 
4, a considerable fraction of all  within- plant variance for fl ower, fruit, and 
seed traits takes place quite locally, occurring in the same infl orescence 
or infructescence, or even in the restricted confi nes of individual multi-
seeded fruits. Variation in organ traits at this small spatial scale is gener-
ally due to some combination of indirect (resource- mediated) and direct 
architectural effects. These two mechanisms are considered here and in 
the next section.

Within acropetally developing infl orescences (e.g., racemes), the size 
of fl owers, fl ower parts, fruits, and seeds, as well as the probability of fruit 
and / or seed maturation per fl ower, generally decline from proximal to 
distal positions (Lee 1988; Wolfe 1992; Diggle 1995, 1997). Dating back at 
least to Goodspeed and Clausen (1915) and Salisbury (1942), this well-
 known declining trend has frequently been attributed to a concomitant 
reduction in the amount of resources available for fl ower and fruit de-
velopment, due to competition for resources between basally and distally 
developing structures. Basal fl owers within an infl orescence typically are 
the fi rst to reach anthesis, and may be pollinated and initiate fruit de-
velopment long before distal fl owers are mature. Because of this tempo-
ral precedence, basal fruits may become stronger sinks and more able to 
obtain resources from the parent plant in comparison to  later- developing 
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distal fl owers and fruits. Furthermore, basal fl owers and fruits are closer 
to the source of those resources and may be provisioned preferentially 
for that reason.  Position- dependent differences between fl owers, fruits, 
or seeds of the same infl orescence in their access to the resources nec-
essary for growth and maturation are therefore a frequent mechanism 
underlying fi ne- scale  within- plant variation in the characteristics of these 
reiterated structures. A direct demonstration of this effect was provided 
by Binnie and Clifford (1999). Using radioactively labeled carbon, they 
demonstrated that in infl orescences of Phaseolus vulgaris, reproductive 
organs at proximal sites on the raceme always received greater propor-
tions of 14C- photosynthate, and were shed signifi cantly less often, than 
did reproductive organs at distal sites. Considerable indirect evidence 
comes from experiments showing that, after increasing the amount of 
resources available to distal fl owers and fruits through removal of basally 
located structures, the normal morphological or developmental difference 
between basal and distal organs either vanishes or is much reduced, with 
distal structures becoming indistinguishable from or much more similar 
to those located at basal positions (Stephenson 1981; Wyatt 1982; Lee 
1988; Diggle 1995, 1997; Ashman and Hitchens 2000; Medrano et al. 2000). 
These experiments support the view that  within- infl orescence variation 
in organ traits will often be due to differential access to resources by the 
different organs as a consequence of their different positions. These indi-
rect,  resource- mediated architectural effects on  within- infl orescence vari-
ation of organ traits have been demonstrated experimentally for corolla 
length and spread in Nicotiana tabacum (Goodspeed and Clausen 1915); 
corolla size and ovary length in Solanum hirtum (Diggle 1995); sepal and 
petal length in Sidalcea oregana (Ashman 1992); petal, stigma, and stamen 
length in Arabidopsis thaliana (Diggle 1997); fruit seediness in Pancra-
tium maritimum (Medrano et al. 2000) and Aquilegia canadensis (Kliber 
and Eckert 2004); fruit size in tomato (Lycopersicon esculentum; Bangerth 
and Ho 1984);  fruit- pulp mass in Phytolacca rivinoides (Byrne and Mazer 
1990); and seed size in Hydrophyllum appendiculatum (Wolfe 1992) and 
Lolium perenne (Warringa, de Visser, and Kreuzer 1998; Warringa, Struik, 
et al. 1998). In all these instances, an extra provision of resources to dis-
tally located structures eliminated or mitigated the  position- dependent 
gradient in organ characteristics and therefore reduced the magnitude of 
 within- infl orescence variation.

Resource- mediated position effects are also expected to operate 
within the spatially restricted scale of individual fruits, particularly when 
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these originate from ovaries where ovules are arranged linearly (e.g., 
Fabaceae, Brassicaceae) and thus differ in their distance from the 
resource supply source. In legume pods and crucifer siliques, for ex-
ample, ovules located at different positions with respect to the base of 
the fruits often differ in their probability of producing a seed or in the 
size of the seeds eventually produced, and  within- fruit variation in seed 
size may become one of the major sources of  within- plant variation in 
these species (table 4.1). These patterns have frequently been attributed 
to competition for resources among developing seeds (Schaal 1980; Hos-
saert and Valéro 1988; Nakamura 1988; Rocha and Stephenson 1990). 
Nevertheless, few experiments demonstrate convincingly that compe-
tition for resources actually is the sole or even the main mechanism 
originating  position- dependent variation in seed size within fruits with 
linearly arranged seeds (i.e., demonstrating that, when the resources 
available to individual fruits increase and all other potentially infl uential 
factors are kept constant,  within- fruit variability in seed size is reduced), 
and other factors may be equally or more important in accounting for 
observed patterns. These factors include number of pollen donors siring 
seeds, order of ovule fertilization, intensity of microgametophyte com-
petition, and genetic relatedness of zygotes (Stanton 1984; Mazer et al. 
1986; Rocha and Stephenson 1990, 1991; Marshall 1991; Mohana et al. 
2001; Mena- Alí and Rocha 2005), all of which may combine in intri-
cate ways to modify the extent and outcome of  mother- offspring con-
fl ict and sibling rivalry (Uma Shaanker et al. 1988; Ravishankar et al. 
1995) and, as a consequence, alter patterns of  within- fruit variation in 
seed size (Bañuelos and Obeso 2003; Obeso 2004b). The maternal par-
ent and its offspring have confl icting interests in the extent of mater-
nal resources allocated to developing seeds. As maternal parents are 
equally related to all their offspring, they should nourish equally all the 
seeds. In contrast, offspring are selected to be more selfi sh, compete 
for resources, and demand as much resources as they can from the par-
ent, because they are less closely related to their sibs in the same fruit 
than to themselves (Trivers 1974). Individual developing fruits provide 
a perfect arena for the expression of  parent- offspring confl ict and sib-
ling rivalry (Uma Shaanker et al. 1988; Ravishankar et al. 1995; Obeso 
2004b). Some supporting evidence for the role of these factors in gener-
ating  within- fruit variability in seed size comes from species where indi-
rect architectural effects and unequal access to resources can be safely 
ruled out due to the radial disposition in the ovary of only a few ovules, 
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as in Rhamnus alpinus (Bañuelos and Obeso 2003) and Ilex aquifolium 
(Obeso 2004b).

Direct Architectural Effects: Suppression of Growth and Space 
Constraints

Direct architectural effects are expected to be important determinants of 
 within- plant variation in organ size (Wolfe 1992; Diggle 1995, 1997, 2003). 
Organ size refl ects both cell number and cell size, and cell expansion and 
proliferation play central roles in  organ- size determination (Mizukami 
2001); hence any proximate mechanism that generates  within- plant het-
erogeneity in growth rate will eventually translate into  within- plant vari-
ation in organ size. These mechanisms include  place- dependent suppres-
sion of growth and space constraints.

Place- dependent suppression of growth plays an important role in 
plant morphogenesis through modulation of the size and shape of organs 
(Basile and Basile 1993), and can also contribute to generate  within- plant 
variation in organ traits. Spatial constraints due to morphological charac-
teristics may give rise to  place- dependent suppression of growth. This is 
the case, for example, of space constraints operating within fruiting heads, 
pods, and cones of many species. Woody or leathery fruits may physi-
cally constrain seeds in different positions of the fruit to different extents, 
thus generating  within- fruit variation in seed size for purely mechanical 
reasons, as suggested for Pisum sativum, Raphanus raphanistrum, Theo-
broma cacao, and other species (Glendinning 1963; Stanton 1984; Gutiér-
rez et al. 1996; Fukuta et al. 2006). This effect has been clearly illustrated 
by McGinley et al. (1990) for lodgepole pine (Pinus contorta), where space 
constraints within cones were a major proximate cause of  within- tree 
variation in seed mass. In this species, individual seed mass declines sig-
nifi cantly from the base to the tip of the cone. Because of the shape of the 
cone, scale size declines from the base to the tip of the cone, and within a 
cone there is a positive correlation between scale size and individual seed 
mass. Small scales at the distal end of the cone are so compressed that they 
are unable to hold any seeds at all. In this species, therefore,  within- cone 
seed mass variation appears to be a direct consequence of variation in the 
size of cone scales at different points of the cone. Similar architectural 
effects are expected to operate in other cone- producing gymnosperms 
and in angiosperms that produce conelike fruiting structures (e.g., Betu-
laceae, Proteaceae, Casuarinaceae), where the space available for growth 
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of individual seeds can vary greatly within fruits depending on their posi-
tion in relation to the extremes of the cone axis. In Banksia spinulosa, the 
decline in seed size from basal to distal positions of the conelike infructes-
cence runs parallel to a decline in follicle size, and the smaller follicles in 
the apical third of the infructescence may constrain the size of enclosed 
seeds (Vaughton and Ramsey 1997).

Differential physical constraints on the development of seeds located 
on different positions within fruits or infl orescences can also operate in 
species without woody fruits, as nicely shown by some elegant experi-
ments done on the grains of several cereal species. In rice, barley, oats, and 
wheat, the fi nal size of individual seeds is signifi cantly reduced when the 
available physical space for seed expansion is artifi cially reduced by inser-
tion of small foreign objects (pebbles, Styrofoam pellets) between the 
glumes of fl owers just after pollination (Grafi us 1978). This indicates that 
the hydrostatic pressure of developing grass seeds is rather weak and that, 
for purely mechanical reasons,  within- infl orescence variation in the size 
of the lemma and the palea (the two structures immediately surrounding 
seeds in the infl orescence of grasses) will set variable upper limits to the 
size of individual seeds in the spikelets of grasses, being thus ultimately 
responsible for a signifi cant fraction of  within- infl orescence variation in 
seed size (Grafi us 1978; Tibelius and Klinck 1987). This has been con-
fi rmed experimentally for Triticum aestivum and T. durum (Millet 1986). 
 Within- spike variation in the size and shape of individual grains closely 
mirrors the variation in the size of the fl oret cavity from which they devel-
oped, as estimated by injecting fl oret cavities with liquid silicone.

Seed- size gradients commonly occur within the fruiting heads of Aster-
aceae. In species of this family, regardless of whether they have hetero-
morphic seeds or not, seeds located in central whorls are typically smaller 
than those in peripheral whorls (Fick and Zimmerman 1973; McGinley 
1989; Ruiz de Clavijo 1995; Imbert et al. 1996; Munshi et al. 2003), which 
can also be attributed to physical constraints on growth operating differ-
entially at different locations in the infructescence. In cultivated sunfl ower 
(Helianthus annuus), for example, Fick and Zimmerman (1973) reported 
a 30% decline in average seed weight from the peripheral whorls of fruit-
ing heads to the central ones. Similar centripetal decreases in seed size 
seem commonplace in sunfl ower capitulae (Munshi et al. 2003). These 
radial gradients are also related to architectural constraints mediated by 
 place- dependent suppression of growth due to lack of space in the cen-
tral positions of the receptacle. Florets in the heads of Asteraceae are 
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arranged spirally on the receptacle, with the distance between successive 
fl orets, and hence the space available for the development of individual 
achenes, increasing as the spiral moves out from the center. This results in 
a higher number of seeds per unit area at the center of the receptacle than 
at the edge.  Within- head gradients in seed size are thus expected to arise 
just because seeds in the central whorls experience growth suppression 
derived from intense spatial constraints (McGinley 1989).

Space constraints can also be responsible for the very  small- scale vari-
ations in leaf size and shape of anisophyllous plants, as documented in 
detail for Aucuba japonica (Ali and Kikuzawa 2005). In this evergreen 
understory shrub, the two leaves in an anisophyllous pair have different 
sizes not because their respective precursor primordia differed in size (in 
fact, the smaller leaf of the pair arises from the initially larger primor-
dium), but rather because space limitations constrain the expansion of the 
primordium closer to the infl orescence axis but not the opposite one. That 
anisophylly frequently stems from a simple physical constraint is further 
supported by the observation that, in some species, anisophyllous leaf pro-
duction may switch over to isophyllous development once the constraint 
that causes the inequality of the primordia or of the growing conditions is 
lifted, as discussed by Dengler (1999) for Acer pseudoplatanus and Popu-
lus deltoides. In Acer pseudoplatanus, for example, the fi rst pair of primor-
dia are borne in the transverse plane, and they are of equal size. The sec-
ond primordium pair are initiated in the median plane, where the dorsal 
leaf primordium is physically constrained between the lateral shoot axis 
and the parent shoot. The leaves eventually arising from dorsal leaf pri-
mordia are smaller than those arising from ventral leaf primordia. Anis-
ophylly disappears during the second year of growth, when the new leaf 
primordia are formed without this constraint.

Other Direct Architectural Effects

As noted earlier,  position- dependent variation in features of fl owers, 
fruits, or seeds sometimes originate from differential access to resources 
rather than from differential position itself. In other instances, however, 
the  position- dependent patterning persists regardless of resource status, 
which clearly suggests that differences are an unavoidable developmen-
tal consequence of position alone (Wolfe 1992; Diggle 1995, 1997). This 
aspect has been much less thoroughly studied than  position- related varia-
tion in the probability of setting fruits or seeds, but a number of examples 
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show that variation in fl ower and fruit traits in acropetal infl orescences 
often takes place regardless of resource availability (reviewed by Diggle 
2003). In Fragaria virginiana, variation of fl oral traits with position in the 
infl orescence is essentially unaltered by increased resource availability 
(Ashman and Hitchens 2000). Similar results were reported by Bawa and 
Webb (1983) for stamen number in Muntingia calabura, Wolfe (1992) for 
fl ower size in Hydrophyllum appendiculatum, Diggle (1995) for anther 
length in Solanum hirtum, Diggle (1997) for stigma length in Arabidop-
sis thaliana, and Wolfe and Denton (2001) for fruit size and seed number 
per fruit in Linaria canadensis. In these cases,  within- infl orescence varia-
tion in fl ower or fruit features should be exclusively attributed to direct 
architectural effects (Diggle 1995, 1997, 2003). In other cases, although 
 within- infl orescence variation persisted after artifi cial increases of the 
resources available to fl owers and fruits, the magnitude of the variation 
was lessened. This has been found, for example, for ovary length in Sola-
num hirtum (Diggle 1995); stamen length in Arabidopsis thaliana (Diggle 
1997); calyx, corolla, anther, ovary, and mature fruit size in Mimulus gut-
tatus (Diggle 1995); fruit size in tomato (Lycopersicon esculentum; Bertin 
et al. 1998); and ovule number in Saxifraga longifolia (García 2003). Both 
direct and indirect architectural effects are at work in these species in 
determining  within- infl orescence variation, and organ variation responds 
to an “architectural effect” plus a “resource treatment effect” sensu Diggle 
(1995, 1997).

Direct architectural effects are not restricted to acropetal infl ores-
cences, and the direction of positional trends do not always involve reduc-
tions from basal to distal positions. The infl orescences of oats (Avena 
sativa) and rice (Oryza sativa) differ from that of other  small- grain cere-
als in being a panicle rather than a spike, and their development proceeds 
from the uppermost terminal spikelet downward to the base of the pan-
icle. In these species, the uppermost, primary seeds are signifi cantly heavier 
than the more basal, secondary ones (Jeng, Wang, et al. 2003; Rajala 
and  Peltonen- Sainio 2004), and in the case of rice, total protein content 
declines from distal to basal seeds (Liu et al. 2005). In oat panicles, the 
size disadvantage of basal seeds still persists after artifi cially removing the 
distal fl orets shortly after pollination (Tibelius and Klinck 1987; Rajala 
and  Peltonen- Sainio 2004). In soybean (Glycine max), the regular decline 
in total protein content of seeds occurring from apical to basal nodes in 
the plant (fi g. 4.3) remains unchanged after application of nitrogen fer-
tilizer at different growth stages of the plant (Bennett et al. 2003), which 
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demonstrates that it is position in itself, rather than competition among 
seeds in basal and apical nodes for limiting nitrogen, that is responsible 
for  within- plant variation in seed composition in this plant.

There is still another direct architectural mechanism that applies to 
 within- infl orescence variation in fruit and seed features. Fruits and seeds 
are linked to fl owers and, more specifi cally, to the gynoecium, by ontoge-
netic continuity, and some fl oral traits such as ovary size, ovule number, 
and ovule size are expected to be correlated with the consequent fruit 
traits, namely fruit size, fruit seediness, and seed size, respectively. In the 
absence of differential fertilization or ovule abortion, ovary size and ovule 
number should therefore covary, respectively, with fruit size and seed 
number. This is supported by the strong correlations frequently reported 
between ontogenetically linked characters of fl owers and fruits (Primack 
1987; Kang and Primack 1991). A  fl ower- color dimorphism in the annual 
Linaria canadensis is linked to variation in fl ower size, with fl owers of the 
light blue morph being about 40% smaller than fl owers of the dark purple 
morph. As a consequence, fruits originating from light fl owers are heavier 
than fruits from dark fl owers (Wolfe and Sellers 1997).

Simply because of the close correlations expected between ontoge-
netic earlier and later characters, one would predict that some of the 
 within- infructescence positional effects exhibited by fruit or seed traits 
may eventually prove to be subsidiary, unavoidable consequences of archi-
tectural effects previously exhibited by fl owers within infl orescences. For 
example, the size of the ovary and of individual ovules declines from basal 
to distal positions in the infl orescences of many species (Bawa and Webb 
1983; Macnair and Cumbes 1990; Warringa, Struik, et al. 1998; Ishii and 
Sakai 2002). This fl oral variation may subsequently translate into concom-
itant declines in fruit or seed size even in the absence of competition for 
resources or any direct architectural effect specifi cally pertaining to seeds 
or fruits. Different lines of evidence support this expectation. In Diggle’s 
review (2003), for example, all studies that looked for  within- infl orescence 
variation in both ovary and fruit characters reported similar directions of 
change, that is, similar architectural effects, from proximal to distal posi-
tions for the two types of characters. In tomato (Lycopersicon esculen-
tum) infructescences the decrease in the size of ripe fruits from basal to 
distal positions, although arising in part from competition for resources 
among developing fruits (Bertin et al. 1998), runs parallel to a decline 
in the number of cells in the ovary of fl owers at anthesis (Bohner and 
Bangerth 1988). In Lolium perenne, the steep decline in seed size from 
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basal to distal positions within spikelets mainly arises from positional dif-
ferences in growth rate, which, in turn, are ultimately due to differences in 
ovule dry weight at anthesis (Warringa, Struik, et al. 1998).

Within- infructescence variation in fruit seediness may also be in some 
instances an epiphenomenon of previous  within- infl orescence variation 
in ovule number. Species with racemose infl orescences exhibit a predict-
able acropetal decline in ovule number per ovary (Diggle 1995; Mazer 
and Dawson 2001; Ishii and Sakai 2002; Guitián et al. 2004). Steady reduc-
tions in ovule number per fl ower also occur from early (primary) to later 
(secondary and tertiary) positions in dichasial infl orescences, as shown 
by Buide (2004) for Silene acutifolia. This sort of variation implies that, 
even without differences among fruits in the probability of ovule abortion 
due to insuffi cient resources or pollination, positional variation in ovule 
number per ovary is suffi cient in itself to give rise to positional variation 
in fruit seediness (Diggle 1995). In Clarkia unguiculata, for example, the 
 position- dependent pattern of  within- infructescence variation in number 
of seeds per capsule nearly perfectly matches that of  within- infl orescence 
variation in number of ovules per ovary (Mazer and Dawson 2001), thus 
suggesting that variation in fruit seediness was just an unavoidable sequel 
to variation in ovule number, rather than a  fruit- related architectural 
effect in itself.

Proximate Mechanisms of Direct Architectural Effects

The proximate mechanisms responsible for those direct architectural 
effects at the  organ- group level that are unrelated to space constraints are 
largely unknown (Diggle 1995, 1997). Some plausible explanations impli-
cate  position- dependent variation in size of the vascular system, size and 
shape of meristems, and expression of genes involved in organ develop-
ment. I briefl y consider each of these explanations in turn.

The size of a plant organ is frequently correlated with the amount of 
vascular tissue supplying it (Carlquist 1969; Housley and Peterson 1982; 
Cui et al. 2003), and under conditions of nonlimiting resource availabil-
ity and high photosynthetic rates, the number and size of seeds produced 
by individual plants or single infructescences may ultimately be limited 
by the capacity for translocating photosynthates of the conducting tissues 
that connect source and sink organs. An example of this is the close lin-
ear dependence of kernel dry weight per ear on phloem  cross- sectional 
area in the peduncle across 26 varieties of winter wheat (Triticum aes-
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tivum; Nátrová and Nátr 1993). Similar relationships between vascular 
tissue volume and seed size or number have been documented for oats 
(Avena sativa; Housley and Peterson 1982) and rice (Oryza sativa; Cui 
et al. 2003).

Since the diameter of infl orescence axes and the  cross- sectional area of 
vasculature typically decline distally, it has been suggested that a progres-
sive reduction in meristem size or in the number, size, or characteristics of 
vascular bundles as the infl orescence develops may be at the root of posi-
tional effects on size- related characteristics of late- produced fl owers and 
fruits (Byrne and Mazer 1990; Wolfe 1992). In contrast to reproductive 
structures in basal positions, those produced distally are borne on stems of 
smaller diameter that contain less vascular tissue, which may limit deliv-
ery of the water and nutrients needed to make larger fruits (Diggle 1995). 
This mechanism might explain, for example, the decline in fruit size and 
seed number per fruit from the bottom to the top of the infructescence 
in Linaria canadensis, since that decline runs parallel to a decline in the 
thickness of the stem and there is a close correlation between fruit size 
and stem diameter at the fruit’s node (Wolfe and Denton 2001). It would 
seem that explanations of this sort should not apply to those architectural 
effects that are characterized by larger distal structures in relation to the 
basal ones (Impatiens capensis, Waller 1982; Myrosmodes cochleare, Berry 
and Calvo 1991; Aquilegia canadensis, Kliber and Eckert 2004). Detailed 
anatomical studies of the vascular architecture of Avena sativa, however, 
reveal that this is not necessarily the case. In that species, increase in seed 
size from basal to distal positions in the infl orescence (Tibelius and Klinck 
1987; Rajala and  Peltonen- Sainio 2004) can also be related to an increase 
in the capacity of the vascular system to transport carbohydrates. The size 
of the vascular system does decline from the lower to upper internodes, 
but it does so less rapidly than the number of seeds produced by each 
node; hence each individual seed developing on the upper positions of the 
panicle is served by proportionally more vascular tissue than one in the 
lower positions (Housley and Peterson 1982).

Under most circumstances, the fi nal size of any given organ is propor-
tional to the size of the meristem out of which it has developed (Sinnott 
1921; Whaley 1939; Abbe et al. 1941), a relationship dubbed Sinnott’s law 
(Grafi us 1978). Regular variation along plant axes in the initial size of pri-
mordia may therefore be at the origin of many direct architectural effects 
that involve variation in organ size and, in the case of multipart organs 
like fl owers, variation in the number of parts, as shown recently by Doust 
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(2001) for the highly variable fl owers of Drimys winteri (Winteraceae; see 
below). Sinnott (1921) showed that, in a single Acer saccharum tree, the 
sum of the leaf- blade volumes of the two leaves borne at a given node 
was directly and closely correlated with the  cross- sectional area of the 
pith of the internode below, thus revealing a relationship between fi nal 
leaf size and the size of the leaf primordia when the leaves differentiated. 
In corn (Zea mays) stems, leaf- blade width is directly correlated with the 
size (cell number) of the shoot apex from which the leaf primordia arose 
(Abbe et al. 1941). Most likely, a pervasive structural correlation between 
twig diameter and leaf primordia size also underlies the strong relation-
ship existing across and within species between twig  cross- sectional area 
and surface area of leaves borne by it (one of the so- called Corner’s 
rules; White 1983; Brouat et al. 1998). Although the signifi cance of varia-
tion in meristem size as a source of  within- plant variation in organ size 
is expected to be more important for leaves than for fl owers, fruits, and 
seeds (Sinnott 1921), this does not mean that it cannot sometimes apply 
to  position- dependent variation in these structures (Stevens et al. 1972; 
Doust 2001). In Linanthus androsaceus, Stevens et al. (1972) showed that 
deviations from the normal  corolla- lobe number (fi ve) were related to 
variation in the size of shoot apices. Using two genetically selected lines 
for increased (SU, “selection up”) and decreased (SD, “selection down”) 
number of corolla lobes, these authors tested the hypothesis that apical 
size is a critical determinant of the number of organs a fl ower will form. 
As predicted by the hypothesis, plants of the SU line had signifi cantly 
broader shoot apices than plants of the SD line. Furthermore, anomalies 
in corolla lobe number exhibited by SU plants consisted almost exclu-
sively of fl owers with more than fi ve petals, whereas anomalies shown by 
SD plants consisted predominantly of fl owers with fewer than fi ve petals.

The role played by variation in primordium size in generating archi-
tectural effects is nicely illustrated by Cottrell and Dale’s investigation 
(1984) on size and development of spikelets within the spike of barley 
(Hordeum vulgare). In this plant, fi nal grain size declines from basal to 
distal positions in the spike, and seeds located in the lowermost posi-
tions can be twice as heavy as those at the tip. This pattern is not altered 
by removal of about half the developing grains in the spike, thus show-
ing that  within- spike variation in seed size is purely a direct architectural 
effect. This is confi rmed by observations indicating that carpel size at 
anthesis varies with position along the spike, and that carpel size is corre-
lated with fi nal grain weight (Scott et al. 1983). Cottrell and Dale (1984) 
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asked whether spikelets and fl orets along the spike are similar in size at 
given developmental stages up to carpel differentiation or whether car-
pel size differences are established very early in spikelet development, 
thus well before anthesis. By sequentially measuring spikelet primordia 
at different positions of the developing infl orescence, they demonstrated 
that for any given developmental stage, average size of spikelet primor-
dia declined from basal to distal positions, as a consequence of develop-
ment (i.e., spikelet differentiation) progressing relatively faster than 
growth (i.e., increase in primordium size) in the distal compared with the 
basal spikelets. They also found a close correlation between the fi nal size 
of individual grains and the width of the corresponding spikelet primor-
dia at the developmental stage that preceded the differentiation of the 
glume and lemma initials. Taken together, these results demonstrate that 
architectural effects on seed size in barley spikes are a consequence of 
the regular acropetal decline in spikelet primordium size that becomes 
established during the earliest stages of infl orescence differentiation as a 
consequence of  position- dependent decoupling between developmental 
and growth rates. It is tempting to speculate that similar mechanisms oper-
ate in the spikes of other cereal species that, like barley, exhibit a decline 
in seed size from basal to distal positions in combination with a correla-
tion between grain size and  fl oret- cavity size. Differential spatial varia-
tion of growth and development along plant axes may provide a general 
proximate mechanism accounting for the many direct architectural effects 
characterized by regular variation of organs along axes. Depending on 
whether developmental and growth rates are decoupled along axes and, 
if they are, on their relative trends of variation along nodal positions, 
contrasting patterns of longitudinal variation in organ size are possible 
(fi g. 6.2). The results of Cottrell and Dale (1984) on Hordeum vulgare 
would exemplify an scenario similar to the one depicted in fi gure 6.2b.

Regular  position- dependent variation in the shape of meristems, acting 
in combination with variation in meristem size, can also give rise to direct 
architectural effects involving variation in size and form of structures. 
This has been elegantly shown in Doust’s exemplary study of the develop-
ment of Drimys winteri (Winteraceae) fl owers (2001). In this species, as in 
other basal angiosperms, there is substantial  within- plant variation in the 
number of fl oral organs (perianth parts, stamens, and carpels). In D. win-
teri much of this fl oral variation is  position- dependent, and is accounted 
for by differences between terminal and lateral fl owers in the same infl o-
rescence. Terminal fl oral meristems are generally larger and more circu-
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lar than lateral fl oral meristems, which are smaller and elliptical in shape 
because of space constraints and the pressures exerted by fl oral bracts. 
They are initiated in the axil between its subtending bract and the infl o-
rescence axis. Differences in meristem size translate into  organ- number 
differences, with terminal fl owers initiating on average seven more organs 
than lateral fl owers. Differences in meristem shape, in turn, determine 
variation in fl oral symmetry and organ arrangement. During the early 
development of terminal fl owers with more or less circular fl oral mer-
istems, organ primordia are initiated sequentially at a regular divergence 
angle. In contrast, in lateral fl owers with elliptical meristems, organs are 
preferentially initiated toward the poles. As a result, fl owers at different 
positions in the infl orescence differ rather predictably in aspect ratio and 
phyllotactic patterns of their fl oral organs.

fi g. 6.2 Different relationships between the gradients in growth and developmental rates 
of organ primordia along plant axes (left column) may give rise to contrasting longitudinal 
patterns of organ size variation (right column) and, therefore, to direct architectural effects 
of different signs. Size constancy along axes would be expected to occur whenever growth 
and development vary in unison along axis positions (a). In contrast, decoupled  within- axis 
gradients of growth and developmental rates may give rise to either acropetal declines (b) 
or increases (c) in organ size, depending on the relative trends of variation of growth and 
development. Only simple linear relationships are shown, but this model could easily be 
extended to accommodate other types of functions linking growth and developmental rates 
(e.g., nonlinear), which would likewise result in different trends of  within- axis organ variation.
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Position- dependent gene expression can also eventually give rise to 
direct architectural effects, as when the effects of some mutations vary 
with fl ower position (Diggle 1995, 1997). In Arabidopsis thaliana, for ex-
ample, leafy and  apetala- 1 cause the transformation of proximal fl owers to 
infl orescences, whereas distal fl owers are only partially affected. In con-
trast, the effects of some organ identity mutations (e.g., alleles of ap2) 
become more severe in distal fl owers within infl orescences. In Avena 
sativa, architectural effects on seed size are largely mediated by predict-
able  within- infl orescence gradients in cell division rate and, eventually, 
cell number per seed (Rajala and  Peltonen- Sainio 2004), which may be 
related to concomitant  position- dependent variations in the expression 
of one or more genes in a set involved in the control of organ size (Mizu-
kami 2001).

There is growing recognition that seed development in general, and 
particularly the growth phase characterized by highest cell division rate 
and accumulation of storage products, is subject to regulation by a highly 
complex network involving a variety of genes, transcription factors, sig-
naling molecules, and  signal- responsive hormones, each of which may 
interact with others, act independently of others, or even have opposite 
effects (Brocard- Gifford et al. 2003; Borisjuk et al. 2004; Hills 2004; Gib-
son 2005). Although the nature of the possible cues driving differential 
gene expression remains largely unknown, it seems reasonable to sug-
gest that  position- dependent variation in any external or internal cue with 
the capacity to modulate one or more crucial steps of the regulatory net-
work (e.g., signaling molecules such as sugars; Gibson 2005) might ulti-
mately explain some direct architectural effects on seed characteristics 
that are fully or largely independent of variations in resource supply. This 
explanation was advanced by Bennett et al. (2003) to account for the gra-
dients in protein content and fatty acid composition of seeds occurring 
within soybean (Glycine max) plants (fi g. 4.3). These gradients were resis-
tant to increases in nitrogen availability, as the application of fertilizer did 
not enhance the amount of protein precursors in the lower nodes. These 
authors suggested that genes coding for these proteins may be under the 
infl uence of some environmental factor(s) that vary  within- plants in a 
 position- dependent fashion, and hypothesized that temperature and spec-
tral quality of the light might be playing this role of positional cues infl u-
encing gene expression.

Further evidence supporting a role of differential gene expression in 
determining direct architectural effects comes from detailed studies con-
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ducted on rice (Oryza sativa) seeds. In this species, grains located on distal 
branches of the panicle are larger and contain more amylose than those on 
basal branches (Umemoto et al. 1994; Jeng, Wang, et al. 2003; Zhang et al. 
2003; Liu et al. 2005).  Within- infl orescence differences in size and amylose 
content of rice seeds are mainly due to  position- specifi c differences in the 
activity of enzymes involved in starch synthesis in the endosperm during 
seed development, particularly the  granule- bound starch synthase encoded 
by the waxy gene, which is expressed in the seed endosperm (Umemoto 
et al. 1994; Umemoto and Terashima 2002; Jeng, Wang, et al. 2003; Hirano 
and Sano 1998, 2000). Variation in the amylose content of rice endosperm 
is closely related to the posttranscriptional regulation of the waxy gene, 
and waxy expression is sensitive to variation in environmental factors like 
temperature (Wang et al. 1995; Hirano and Sano 1998; Lin et al. 2005). 
 Within- panicle variation in the size and amylose content of rice seeds 
might therefore be a consequence of  position- dependent variation in the 
expression of waxy associated with microenvironmental variation. Addi-
tional support for the hypothesis of genetic control of  within- panicle vari-
ation in the characteristics of rice seed is provided by a comparison of 
wild type cultivar Tainung 67 and its sodium azide–induced mutant SA419 
(Jeng, Wang, et al. 2003; Jeng, Tseng, et al. 2003). In marked contrast with 
the wild type, in the mutant the activity of enzymes involved in starch 
synthesis varies little between the grains located on distal and basal posi-
tions of the panicle, and as a consequence, the effect of position in the 
panicle on both the size and the amylose content of grains is negligible.

Interactions with Animals: Systemic Induction of Defenses

Animals form part of the plant’s external environment, one of the three 
interacting forces inherent to ontogenetic contingency. Any interac-
tion with animals that has the capacity to modify the  source- sink rela-
tionship  within- plants (e.g., herbivores, pollinators, seed predators), or to 
induce chemical changes that are not homogeneously distributed over 
the plant, can ultimately modify the magnitude and the spatial pattern 
of  within- plant variation in the characteristics of reiterated structures at 
both the  whole- plant and  organ- group levels. Depending on the type of 
interaction and on specifi c details, interactions with animals can either 
enhance or reduce  within- plant variation.

In addition to the two main causal pathways depicted in fi gure 6.1, 
there is another  sectoriality- related mechanism whereby physiological 
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compartmentalization of plants, acting in concert with localized herbivory, 
promotes  within- plant variance in chemical characteristics of reiterated 
structures, particularly leaves. Secondary metabolites found in leaves can 
be constitutive (permanent) or induced in response to localized damage 
by herbivores or pathogens. Induced responses can be systemic or local, 
when they occur in the same organ that suffered damage (Karban and 
Baldwin 1997). In the case of local responses, variation between different 
parts of a plant in their biographies of herbivory generates patchiness in 
chemical properties of organs, whose duration will depend on the per-
sistence of the induced defense, and whose degree of heterogeneity will 
depend on the spatial patterning of the damage and the extent of lat-
eral transport of the defensive compounds. Systemically induced defenses 
can also generate  within- plant heterogeneity in chemical characteristics. 
In this case, the damaged plant tissue produces a signal that is transmitted 
systemically throughout undamaged parts of the plant, causing the induc-
tion of a defensive response elsewhere (León et al. 2001). The molecular 
signals that elicit the induction of secondary metabolites at remote sites 
are spread through the plant vascular system; hence the spatial pattern of 
 within- plant distribution of induced systemic responses to localized dam-
age depends closely on vascular architecture (Orians 2005). This has been 
demonstrated for species of Populus, Nicotiana, and Solanum (Davis et al. 
1991; Jones et al. 1993; Shulaev et al. 1995; Orians et al. 2000; Schittko 
and Baldwin 2003; Viswanathan and Thaler 2004). In these species, sys-
temic chemical induction tended to be greatest in orthostichous leaves, 
lower in leaves in adjacent orthostichies, and minimal in leaves in oppo-
site orthostichies. In other words, plant vascular architecture caused sys-
temic induction to be sectorial, rather than uniformly distributed through-
out the plant, thus enhancing  within- plant variability in the concentration 
of defensive secondary metabolites. In these and other similar cases (Shel-
ton 2005), damage by herbivores may signifi cantly enhance  within- plant 
variation.

Although induction of chemical defenses by herbivore damage was 
fi rst demonstrated for proteinase inhibitors (Green and Ryan 1972), three 
decades of active research in this fi eld have shown that almost every sec-
ondary metabolite known to play a defensive function in plants is also 
subject to induction (Karban and Baldwin 1997, table 3.2). This means 
that, in principle,  sectoriality- mediated heterogeneity in systemic induc-
tion can affect most types of secondary compounds and, therefore, that 
their  within- plant heterogeneity in concentration is partly attributable 
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to that phenomenon. The degree of  within- plant variability in secondary 
metabolite concentrations attributable to this effect, however, is expected 
to be infl uenced by the specifi c distribution and magnitude of the damage. 
Orians and Jones (2001) predicted that as damage extent increases, plants 
will fi rst become internally more heterogeneous and then less heteroge-
neous. If damage is localized within one vascularly connected sector, het-
erogeneity would be maximal, but as damage spreads across most or all 
sectors, heterogeneity should decrease. Some empirical evidence is consis-
tent with this intuition, as several studies have shown that severe wound-
ing may effectively reduce the constraining effects of vascular architecture 
on the movement of the induced compounds (Jones et al. 1993; Rhodes 
et al. 1999; Viswanathan and Thaler 2004).

Within- plant variation in the concentration of secondary metab-
olites may also take place at the reduced  within- leaf level (chapter 2). 
 Sectoriality- mediated heterogeneity of systemic induction might con-
tribute to generating  within- plant variation in concentration of second-
ary metabolites at this restricted spatial scale as well, although this aspect 
remains essentially uncharted territory. Within leaves, systemic induction 
may affect only some particular leafl ets or leaf halves, and patterns of 
 within- leaf variation can be satisfactorily explained by consideration of 
detailed aspects of vascular architecture, specifi cally the number of vas-
cular bundles provisioning each leaf and how they are shared among con-
tiguous orthostichies (Rhodes et al. 1999; Orians et al. 2000; Viswanathan 
and Thaler 2004). Nevertheless,  within- leaf heterogeneity in concentration 
of secondary metabolites may in some instances be unrelated to the spa-
tial pattern of vascular bundles in the leaf. In Raphanus sativus, Shelton 
(2005) found that the extreme  within- leaf patchiness in the concentration 
of glucosinolates (accounting for 57% of total variance) was spatially ran-
dom and did not exhibit spatial autocorrelation at the  within- leaf scale.

Interactions with Animals: Spatiotemporal Distribution of Resources

The infl uence of herbivory on  within- plant variation can extend beyond 
its effects on the systemic induction of defenses. By altering the overall 
amount of resources available for the development of reiterated struc-
tures, or modifying the spatiotemporal distribution of these resources 
within plants, herbivores may contribute to modifying the extent and 
spatial distribution of  within- plant variation. For example, by feeding on 
the subtending leaves that supply resources to infl orescences, herbivores 
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may produce steeper  within- infl orescence acropetal gradients in resource 
availability, to the detriment of late- season, distally located fl owers and 
fruits. Although a number of studies have demonstrated effects of foliar 
herbivory on mean fl ower, fruit, and seed traits (Frazee and Marquis 1994; 
Aizen and Raffaele 1996; Strauss et al. 1996; Strauss et al. 2001), I am 
not aware of any investigation specifi cally relating leaf herbivory to levels 
of  within- infl orescence variation. The relationship suggested here, how-
ever, is supported by results of some experiments showing that the mag-
nitude of  within- infl orescence variation increases after manipulations 
mimicking foliar herbivory. In Aquilegia canadensis, several fl ower and 
fruit traits decline with fl ower sequence in the infl orescence. To ascer-
tain the relative importance of architectural effects and resource com-
petition as causes of this pattern, Kliber and Eckert (2004) reduced 
resource availability to experimental plants by removing basal rosette 
leaves and cauline leaves subtending fl owers. Although these authors 
did not test for the infl uence of simulated herbivory on the magnitude of 
 within- infl orescence variability, a simple reanalysis of some of their data 
clearly supports the predicted relationship. For each trait and experimen-
tal group (control vs. defoliated), I computed the ratio between the larg-
est and smallest means of the four  fl ower- sequence positions considered. 
These ratios can be used as rough estimates of  within- infl orescence vari-
ability. The ratio of  within- infl orescence extreme values was larger for 
defoliated infl orescences than for controls for all traits (fi g. 6.3), thus sup-
porting the predicted direct relationship between foliar herbivory and 
 within- infl orescence variation through reduction in resource availability.

Seed predation on immature seeds can also modify  within- infl orescence 
variation in fruit or seed traits, but its effects generally run opposite to 
that of herbivory on basal leaves. By removing competing metabolic sinks, 
seed predators may indirectly favor fruits and seeds located more dis-
tally and initiated later, which may eventually translate into decreased 
 within- infl orescence variation in size- related fruit and seed traits. Some 
results of Marshall et al. (1985) for Sesbania are consistent with this sce-
nario. In the perennial Sesbania drummondii, the incidence of seed preda-
tors varied greatly between two study seasons. In one of the years the inci-
dence of seed predators was negligible, and there was a signifi cant decline 
in seed size toward the distal extreme of the infl orescence. In the other 
year, seed destruction by seed predators was extensive, and the size of 
seeds did not vary signifi cantly with position in the infl orescence, which is 
consistent with an “homogenizing” effect of seed predation.
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In cases where  within- infl orescence variation in fl ower and fruit 
traits is at least partly due to depletion of resources by  early- developing 
structures, pollinators can also contribute to modify the magnitude of 
 within- plant variability, and geographical or seasonal variation in polli-
nator abundance can result in variation in the extent of  within- plant vari-
ability. In species where fruit set is related to pollinator visitation, the 
degree of resource depletion within infl orescences will be directly related 
to pollinator visitation and pollination success, and one would predict that 
 within- infl orescence variation will increase with increasing pollinator vis-
itation. This prediction is supported for Hydrophyllum appendiculatum, 
where increased pollination intensity results in enhanced  within- plant 
variability in seed weight and infl orescence size (Wolfe 1992). Differences 
between fl owers of the same plant in the identity of pollinating agents may 
also give rise to  within- plant variation in fruit and seed features whenever 
pollinators differ in the quality or quantity of pollen delivered to stigmas, 
a possibility that does not seem to have been explored to date. In species 
where such effects occur, individual plants whose fl owers are pollinated 
by more diverse pollinator arrays should be expected to exhibit larger 

fi g. 6.3 By reducing the amount of resources available for fl ower and fruit development, foliar 
herbivory may increase the magnitude of  within- infl orescence variability in those fl ower, fruit, 
and seed traits that decline with position in the infl orescence as a consequence of resource 
competition. For fi ve traits that decline with fl ower sequence position in the infl orescences 
of the perennial herb Aquilegia canadensis, the graph illustrates the difference between con-
trol and defoliated (basal rosette leaves removed) plants in the ratio between the largest 
and smallest means of the four  fl ower- sequence positions. Based on Kliber and Eckert 2004. 
Numerical data were obtained from graphs in their fi gs. 2 and F1.
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variation in those fruit and seed features that are contingent on the qual-
ity and quantity of pollen received.

Organ- Level Developmental Instability

Developmental stability, or “developmental homeostasis,” is the ability of 
organisms to produce consistent phenotypes despite fl uctuations in their 
internal and external environments (Mather 1953; Lerner 1954). Markow 
(1995, 105) offered a second defi nition of developmental stability as “the 
situation achieved when an organism has adequately buffered itself against 
epigenetic perturbations, displaying its developmentally programmed phe-
notype.” In the fi rst defi nition, the expression “consistent phenotypes” 
should not be taken to mean “identical phenotypes,” but rather pheno-
types conforming consistently with those predicted as a function of the 
prevailing environmental conditions and reaction norms for the organs 
involved (i.e., the “developmentally programmed phenotype” in Markow’s 
defi nition). Homeostasis and its opposite, developmental instability, can 
be used in relation to either whole organisms or individual organs. I am 
mainly concerned here with the latter meaning. Failure to produce organ 
phenotypes that are closely consistent with those expected from a pre-
determined developmental and morphogenetic plan may contribute to 
 within- plant variation in the characteristics of reiterated structures.

Organ- level developmental instability may be seen as the inability of 
the developmental and morphogenetic program inherent to an organ to 
eventually generate copies whose features conform exactly to those pre-
dicted by the  organ- level specifi c  reaction- norm function for the current 
internal and external environment. As defi ned in chapter 5,  organ- level 
reaction norms refl ect developmental plasticity and represent average 
functional relationships linking organ phenotypes with the external and 
internal microenvironments. They are better seen as probabilistic rela-
tionships rather than errorless, perfectly deterministic functional rela-
tionships. In this view, trait value departures from the average  organ- level 
reaction norm (i.e., noise around the functions depicted in fi gure 5.3) 
denotes developmental instability. In other words,  organ- level develop-
mental instability accounts for the fraction of  within- plant variance in 
phenotypic organ features that remains unexplained after the organ’s spe-
cifi c reaction norm to changing internal and external microenvironment 
has been comprehensively accounted for.
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For purely stochastic reasons, the phenotypes of two genetically identi-
cal organs exposed to identical internal and external microenvironments 
during their initiation, growth, and maturation, may still differ to some 
extent due to “developmental noise” or “developmental error.” Such vari-
ability seems inevitable in biological systems, at least because of a ran-
dom component in chemical reactions within cells (McAdams and Arkin 
1999; Elowitz et al. 2002; Blake et al. 2003).  Temperature- dependent sto-
chasticity in chemical reactions within cells (“thermal noise”; Soulé 1982), 
and particularly stochasticity in the set of reactions that control the abun-
dance of gene products, will generate heterogeneity in the response of a 
population of cells to inducing stimuli and limit the accuracy of cellular 
and developmental processes. Living cells possess low copy numbers of 
many components, including DNA and important regulatory molecules; 
thus stochastic effects or “noise” in gene expression may account for dif-
ferences between cells that are otherwise genetically identical (Raser and 
O’Shea 2005; Kærn et al. 2005). In clonal populations of genetically iden-
tical unicellular organisms, stochasticity in gene expression leads to sub-
stantial phenotypic variation (Elowitz et al. 2002; Sumner and Avery 2002; 
Raser and O’Shea 2004), and similar mechanisms might also account for 
the instability of the phenotypes in multicellular organs. Even though 
cells of multicellular organisms possess distinctive molecular devices that 
are dedicated to fi ltering noise in gene expression (Martinez Arias and 
Hayward 2006) and buffering morphogenetic responses from the desta-
bilizing effects of stochastic processes (Queitsch et al. 2002), these molec-
ular mechanisms themselves may also be susceptible to a certain error 
rate. This would allow some unfi ltered stochasticity of gene expression to 
cascade into the macroscopic phenotypic scale and translate into devel-
opmental noise and phenotypic instability. For example, in Arabidopsis 
thaliana organ size is regulated through coordination of cell division and 
expansion involving a broad range of transcription factors and other sig-
naling molecules, and is controlled by the action of an  organ- size check-
point gene (Mizukami 2001). Stochasticity in the expression of any gene 
involved in the regulatory network, and particularly of the  organ- size 
checkpoint gene, if not fully cancelled by some molecular fi ltering mech-
anism, may eventually generate developmental noise and random devia-
tions in organ size.

There is yet another reason for unavoidable random scatter of organ 
trait values around the average predicted by  organ- level reaction norms. 
Organ development takes some time, and the internal and external 
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environments do not remain constant during the whole period of initia-
tion and development. With regard to the external environment, consider 
for example that individual developing leaves, fl owers, or fruits are not 
permanently in exactly the same spot (supporting structures grow, and 
are irregularly shaken by wind), which means that the developmental and 
morphogenetic program underlying the  organ- level reaction norm will 
“perceive” a succession of slightly different phylloclimates rather than a 
static, invariant one. This inherently noisy external microenvironment will 
likely contribute to the appearance of noisy phenotypic responses around 
the mean values predicted from consideration of average phylloclimate.

Measuring Instability: Systematic and Random Components of  Within-
 Plant Variation

Studies of developmental instability in plants are comparatively scarce in 
relation to the remarkable number of investigations conducted on the sub-
ject in animals in the last few decades (Parsons 1990; Markow 1995; Møller 
1997; Swaddle 2003). Furthermore, almost all the few  plant- oriented stud-
ies of developmental instability have focused on fl uctuating asymmetry 
(Freeman et al. 1993). Fluctuating asymmetry is a particular symptom of 
developmental instability that involves slight departures from identical 
expression of a trait in (1) paired organs located at the two sides of some 
obvious axis of bilateral symmetry, such as opposite leaves in the same 
node or petals at both sides of zygomorphic fl owers; or (2) the two halves 
of bilaterally symmetrical structures like leaves (Møller and Eriksson 
1994; Evans and Marshall 1996; Cowart and Graham 1999; Perfectti and 
Camacho 1999; Llorens et al. 2002; Díaz et al. 2003). The appealing sim-
plicity of the a priori null hypothesis of developmental stability tested by 
fl uctuating asymmetry studies (i.e., perfect bilateral symmetry) probably 
explains much of the extraordinary popularity enjoyed by these investiga-
tions (Palmer 1996).

Fluctuating asymmetry has been traditionally used as a proxy for 
(Mather 1953), or interchangeably with (Markow 1995; Møller and Shy-
koff 1999) developmental instability, although it actually represents only 
a particular subclass of a broader, more- encompassing phenomenon. 
Recognizing this distinction is particularly pertinent in the case of plants. 
While fl uctuating asymmetry is often the only instability measure avail-
able in animals, in plants a multiplicity of developmentally equivalent 
structures, peculiarities of growth form, and diverse intrinsic gradients of 
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phenotypic variation (e.g., regular variation along stem or infl orescence 
axes; chapter 4), combine to open a considerable range of possibilities 
for measuring developmental instability beyond fl uctuating asymmetry 
(Freeman et al. 1993; Freeman et al. 1996; Sherry and Lord 1996b; Alados 
et al. 1999; Alados et al. 2001). However, fl uctuating asymmetry is for the 
most part not directly relevant to the issue of differences among reiter-
ated organs of the same plant; hence I do not give separate consideration 
to it here (for treatments of fl uctuating asymmetry in paired or bilaterally 
symmetric plant organs see, e.g., Møller and Eriksson 1994; Jennions 1996; 
Møller and Shykoff 1999).

In comparison to the abundant literature on methods for measuring 
and analyzing developmental instability within individual organs (Palmer 
and Strobeck 1986; Merilä and Björklund 1995; van Dongen et al. 1999), 
the more general issue of measuring developmental instability among 
organs has received relatively little attention (Freeman et al. 1993). 
Whenever some predictable  within- plant gradient in the characteristics 
of an organ exists (e.g., in relation to position along a stem or infl ores-
cence axis), the  within- plant variance of the trait under consideration can 
be decomposed into two distinct components, namely the fraction due 
to developmentally predictable, patterned variation attributable to the 
aggregate effect of ontogenetic contingencies impinging upon organ de-
velopment, and the fraction due to random deviations around this pat-
tern. This distinction was already acknowledged by Pearson in 1901, when 
he distinguished between variation due to organ differentiation related to 
function, position on the individual, or season of production, and varia-
tion due to chance events alone. In a footnote aimed as a rebuttal to some 
of Bateson’s criticisms (1901) of his publication on homotyposis, Pear-
son wrote (287): “A diversity due to differentiation and a variability due 
to chance are quite distinct things. The one is the result of dominating 
factors which can be isolated and described; the other of a great num-
ber of small factors, varying from organ to organ, and incapable of being 
defi ned or specifi ed. Indeed, upon each dominating factor of differentia-
tion is superposed such a chance variability.” Half a century later, Paxman 
(1956) called these the “differentiation” and “instability” components of 
 within- plant variation, respectively. Freeman et al. (1993), referring to 
these same components of  within- plant variation, distinguished between 
a “developmental invariant” providing an a priori idealized state of varia-
tion, and “developmental instability” around such invariant, represented 
by deviations away from the ideal. For simplicity, I refer to these here as 
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the “systematic” and “random” components of intraplant variation. When 
it exists, the systematic component may be interpreted as the realization 
of some putative  organ- level reaction norm in response to variation in 
some external (e.g., incident light) or internal (e.g., hormone or nutrient 
levels) factors that, by varying predictably along the gradient considered, 
induce a predictable variation of organs (e.g., regular decline in leaf size 
with nodal position along the stem, or predictable changes in specifi c leaf 
weight with depth within the canopy).

Consider the simplest case whereby a quantitative character of a re-
iterated structure, for example, leaf size, is linearly related to its position 
along some intrinsic or extrinsic plant gradient, for example, nodal posi-
tion along a stem or depth into the canopy (chapter 4). By designating 
leaf area as y and position on the gradient as x, and using the standard 
notation for linear models, the area of leaf i may be modeled as

yi = a + b · xi + i, 6.1

where b · xi represents the systematic component and i stands for the ran-
dom component of variation (fi g. 6.4a). In the particular case when b = 0, 
there would be no  organ- level plastic response to  position- dependent 
changes in internal or external infl uential factors (i.e., a fl at  organ- level 
reaction norm), and all observed variation in the trait would consist of 
purely random deviations around a constant mean value a, regardless of 
position along the gradient (fi g. 6.4b).

Equation 6.1 may be generalized to accommodate any functional rela-
tionship linking organ trait value and its coordinate on the intrinsic or 
extrinsic plant gradient under consideration,

yi = f(xi) + i. 6.2

This generalized equation might describe, for example, the  organ- level 
norm of reaction of a continuous character (fi g. 5.3), around which some 
developmental stochasticity is also to be expected. Assuming that sam-
pling and measuring error are both negligible (or separately accounted 
for), the phenotypic variance remaining after statistically accounting for 
any existing functional relationship of the type f(x) is attributable to devel-
opmental instability. This approach to the study of developmental stability 
was fi rst formulated and applied in Paxman’s pioneering study (1956) on 
differentiation along stem nodal positions and developmental stability in 
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the fl owers and leaves of Nicotiana rustica, and has been adopted by later 
investigators (Freeman et al. 1993; Sherry and Lord 1996a). In the par-
ticular case of f(x) = constant, that is, when no discernible functional rela-
tionship exists between the phenotype of an organ and its position along 
the plant gradient considered, all variance would therefore be attribut-
able to developmental instability. Using Paxman’s terminology (1956), 
fi gure 6.4a depicts a signifi cant differentiation component defi ned by the 
regression line, plus a developmental instability component denoted by 
the scatter of points around the regression line. Figure 6.4b, in contrast, 
refl ects only instability, since the differentiation component would be null 
(regression slope equals zero).

It is important to emphasize that function f(x) in equation 6.2 provides 

fi g. 6.4 Schematic representation of the systematic and random (developmental instability) 
components of  within- plant variation in trait value of a reiterated structure in relation to 
some extrinsic (e.g., light intensity) or intrinsic (e.g., nodal position along a branch or linear 
infl orescence) plant gradient. In a,  within- plant trait variance is due to the combination of a 
systematic trend of variation (represented by a linear relationship) and a random component 
attributable to developmental instability (random departures from the regression line, i). In 
b, no systematic component of  within- plant variation exists (b = 0), and all variance is due to 
random deviations around a constant trait value. Upper graphs denote situations of greater 
developmental instability than lower ones.
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only a subtraction criterion for the dissection and analysis of  within- plant 
phenotypic variability. Under that explicit formulation, the random com-
ponent of variation will closely refl ect “developmental instability” if and 
only if all other possible causes related to systematic variation have been 
either ruled out or statistically accounted for (Paxman 1956; Freeman 
et al. 1993). This exclusion of alternative causes may come about through 
either (1) testing and rejecting one or more hypothesized functional rela-
tionships, leading to acceptance of the condition that f(x) is constant, as in 
Sherry and Lord’s study of fl oral instability (1996a) referred to below; or 
(2) if some hypothesized functional relationship is supported (i.e., f(x) is 
not constant), statistically removing the effect of such relationship. Devel-
opmental instability will thus account for, at most, the fraction of variation 
that remains (statistically) unexplained after verifi cation or falsifi cation 
of one or more hypothesized trends of variation implicating other plau-
sible internal or external causes. In other words, the fraction of  within- plant 
variation that cannot be explained in terms of genetic mosaicism, archi-
tecture, plastic developmental patterns, or some complex combination of 
these, can be attributed to developmental instability. Because of its resid-
ual nature, estimates of the relative importance of developmental instabil-
ity in causing  within- plant variation will therefore be as good and reliable 
as our estimates of the shape of f(x) for the particular set of conditions 
under consideration. If the hypotheses of functional relationships tested 
are insuffi cient, poorly chosen, or biologically unrealistic, the importance 
of developmental instability will be overestimated. For this reason, esti-
mates of developmental instability based on subtracting the variability 
imputed to predictable patterns must be interpreted as upper limits rather 
than actual estimates, since there is always the possibility that some archi-
tectural or developmental effect contributing to systematic variation went 
unrecognized.

Developmental Instability and Variability of Reiterated Structures

Although developmental instability has often been considered an impor-
tant cause of  within- plant variation of reiterated structures in plants 
(Heslop- Harrison 1959; Roy 1963; Sakai and Shimamoto 1965; Barrett and 
Harder 1992), I am aware of few studies that have directly addressed its 
relative importance in comparison to other causes of  within- plant variation.

The general framework depicted in fi gure 6.4, which partitions 
observed  within- plant variance into its systematic and random compo-
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nents, is also useful in examining the signifi cance of developmental insta-
bility in generating  within- plant variation in discrete, meristic traits. Two 
illustrative examples are provided by studies of intraplant variation in 
organ numbers in fl owers of Actaea rubra (Ranunculaceae; Lehmann 
and Sattler 1994) and Drimys winteri (Winteraceae; Doust 2001). In the 
fi rst species, the number and position of petals and stamens vary consid-
erably among fl owers of the same plant as a consequence of homeotic 
transformations of fl oral primordia. This variation is not predictably asso-
ciated with the intrinsic gradient represented by position of the fl ower in 
the infl orescence (upper, middle, and basal positions). Consequently, the 
respective f(x) for these fl oral traits in relation to infl orescence position 
would be constant, and developmental instability would account for all 
 within- plant variation in fl oral organ number in this species. In contrast, 
for plants of Drimys winteri the number of fl oral organs varies predictably 
depending on the position of the fl ower in the infl orescence (terminal 
vs. lateral); hence f(x) is not constant, and partitioning  within- plant vari-
ance into its systematic and random components is justifi ed. Doust (2001, 
table 7, and unpublished data) partitioned the total  within- plant variance 
in organ numbers into the systematic component due to position in the 
infl orescence and the random component attributable to developmen-
tal instability. His results indicate that, in Drimys winteri, developmental 
instability may account for up to 73–98% of  within- plant variance in petal 
number and 74–100% of variance in carpel number, but only 18–38% of 
 within- plant variance in stamen number.

As noted in chapter 2,  within- plant variation in fl oral organ number is 
not restricted to species that, like Actaea or Drimys, belong to families in 
or near the magnoliid clade, which are well- known for their variable fl oral 
merosity. Variability in fl oral merosity also occurs in species belonging to 
families or genera where fl oral part number is a constant, taxonomically 
diagnostic character (family- specifi c “fl oral formulas”). In the few cases 
where this fl oral inconstancy has been examined in some detail, develop-
mental instability seems a major cause of  within- plant variation in meris-
tic fl oral traits (Nyctanthes, Linanthus, Ipomopsis, Spergularia; Roy 1963; 
Huether 1968, 1969; Ellstrand 1983; Ellstrand and Mitchell 1988; Mazer 
and Delesalle 1996).

Continuous traits are more amenable to the dissection of  within- plant 
variance into systematic and random components, but there have been few 
attempts at studying intraplant variation from that perspective. In Clarkia 
tembloriensis, Sherry and Lord (1996a) found no signifi cant relationship 
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between nodal position and either overall fl ower size or length of fl oral 
organs. In this case, therefore, f(x) is constant, and  within- plant variation 
in these fl oral features could properly be interpreted as random fl uctua-
tions around mean values mainly refl ecting developmental instability. All 
fl oral traits exhibited considerable  within- plant variation, as judged by the 
relatively large mean CVwithin values for style length (CVwithin = 10.7%), 
short fi lament length (8.2%), long fi lament length (7.5%), petal length 
(9.0%), petal width (10.0%), sepal length (6.6%), hypanthium length 
(16.3%), and ovary length (12.0%; Sherry and Lord 1996a, table 6). These 
fi gures fall within the range of variation of CVwithin for fl oral traits for a 
large number of species summarized in table 3.2 and fi gure 3.2, which may 
be an indication that these latter predominantly refl ect variation stem-
ming from developmental instability.

Investigations of intrinsic and extrinsic gradients of  within- plant varia-
tion in leaf traits provide useful information to assess the relative impor-
tance of developmental instability in determining  within- plant variation. I 
estimated the systematic and random components of variation in leaf struc-
tural and compositional traits by dissecting total variance in the trait into 
components explained (R2) and unexplained (1 – R2) by fi tted functional 
relationships f(x) linking the trait with intrinsic (nodal position) or extrin-
sic (e.g., irradiance)  within- plant gradients (table 6.3). When the systematic 
component of leaf trait variation is evaluated in relation to intrinsic gra-
dients, estimates of developmental instability are relatively high, ranging 
between 0.29 and 0.65 (mean = 0.44). When variation in relation to extrin-
sic,  light- based gradients is considered, the corresponding fi gures are much 
lower, in the range 0.03–0.37 (mean = 0.17). These fi gures are similar to 
Cowart and Graham’s estimates (1999) for the proportion of  within- plant 
variation in Ficus carica leaf width and lobe length attributable to random 
developmental variation (0.08–0.21), obtained using a method based on 
fl uctuating asymmetry measurements. Estimates of developmental insta-
bility shown in table 6.3 obtained after accounting for systematic varia-
tion related to extrinsic and intrinsic gradients refer to different species, 
and thus are not strictly comparable. Nevertheless, it is tempting to inter-
pret the difference between the two groups of estimates as indicative of 
more precise systematic variation and, consequently, smaller developmen-
tal instability, of leaf trait in relation to extrinsic gradients (light microenvi-
ronment) rather than to intrinsic gradients (nodal position).

Despite the presumed importance of developmental instability as a 
source of  within- plant variation, direct quantitative evidence of its pro-
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portional importance in relation to other causes is rather scarce, being 
mostly referred to variation in leaf traits, as shown by the preceding para-
graphs. Nevertheless, two further lines of evidence give indirect support 
to the notion that developmental instability can often be a major cause of 
 within- plant variation: (1) a direct relationship has frequently been dem-
onstrated or inferred between factors known to increase developmental 
instability and the magnitude of  within- plant variation; and (2) in all cases 
where spatial pattern of  within- plant variation in a trait has been exam-
ined with a suffi cient degree of resolution, most  within- plant variation 
takes place at very small spatial scales and lacks spatial autocorrelation. I 
summarize the relevant evidence below.

If  within- plant variation in the characteristics of reiterated structures is 
partly a consequence of developmental instability operating at the organ 
level, then the magnitude of the former will be affected by the same fac-
tors known to impinge on the latter. The level of developmental instabil-
ity of an organism is infl uenced by both environment and genotype, as 
evidenced by different strains displaying different levels of stability under 
the same environmental conditions, and identical strains showing different 
levels of stability under different environmental conditions (Clarke 1993; 
Møller and Shykoff 1999). Increased homozygosity and disruption of 
coadapted gene complexes that arose through genomic coadaptation are 
the two main genetic factors thought to increase developmental insta-
bility (Mitton and Grant 1984; Palmer and Strobeck 1986; Clarke 1993; 
see Pertoldi et al. 2006 for a recent review of the relationship between 
developmental instability and “genetic stress”). In a meta- analysis of the 
effects of genetic factors hypothesized to increase developmental insta-
bility in plants (homozygosity, hybridization, mutation, and genetic dif-
ferences among individuals), Møller and Shykoff (1999) showed variable 
but usually signifi cant effects, although the number of studies included 
was generally small. Among environmental causes, a broad variety of fac-
tors have been reported to increase developmental instability in plants, 
including pollutants, light, temperature, moisture, soil nutrients, herbivory, 
parasitism, competition, and radioactive, electromagnetic, and ultravio-
let radiation (Møller and Shykoff 1999). Considerable evidence supports 
a causal relationship between environmental stress involving these fac-
tors and increased developmental instability (Freeman et al. 1993; Par-
sons 1990, 1992; Markow 1995; Alados et al. 2002), so that it has become 
customary to use developmental instability as a biomonitoring tool for 
inferring the quality of the environment in which organisms are reared 
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and for assessing environmental stress before fi tness components become 
infl uenced (Freeman et al. 1996; Freeman et al. 1999; Freeman et al. 2005; 
Leary and Allendorf 1989; Palmer 1996; Kozlov and Niemelä 1999; Alados 
et al. 2001; for some objections and caveats see Anne et al. 1998; Heard 
et al. 1999; Duda et al. 2004; Murphy and  Lovett- Doust 2004).

All else being equal,  within- plant variability of reiterated structures 
would tend to be comparatively larger in hybrids (assuming hybridiza-
tion generally disrupts coadapted gene complexes), in inbred populations, 
and in populations or individuals that are exposed to distinctly subopti-
mal values of one or more potentially infl uential environmental factors. 
Some studies support the predicted relationship between heterozygosity 
and  within- plant variability. In Clarkia tembloriensis, plants from more 
homozygous populations tend to have greater  within- plant variance in 
leaf size over developmentally comparable stem nodes than plants from 
more heterozygous populations (Sherry and Lord 1996b). Seyffert (1983) 
likewise found an inverse relationship between mean heterozygosity and 
 within- genotype variability in the anthocyanin content of the fl owers of 
Matthiola incana.

Experimental and observational evidence link environmental stress 
and  within- plant variation. Investigations conducted under controlled 
greenhouse conditions have demonstrated that the magnitude of  within-
 plant variation tends to increase after exposure of plants to some envi-
ronmental stress. This effect was demonstrated for male plants of Can-
nabis sativa by  Heslop- Harrison (1959), who showed that experimental 
exposure to stress in the form of cold night temperatures considerably 
increased  within- plant variability in fl oral traits. Plants exposed to a tem-
perature regime of 22°C during the light period and 10°C during the 
dark had considerably larger  within- plant variance in tepal and stamen 
number than control plants remaining throughout at 22°C, while mean 
values for fl oral traits were similar for control and experimental plants. 
Similar effects have been reported for experimental plants of Ipomop-
sis longifl ora grown under controlled conditions and exposed to different 
levels of water stress. In this case, the average coeffi cient of variation of 
 corolla- tube length increases steadily from low through moderate to high 
water stress levels (Villarreal and Freeman 1990). In the tristylous species 
Eichhornia paniculata, plants of the midstyled morph exhibit variability 
in the position of  short- level stamens, the extent of which varies depend-
ing on stress level (Barrett and Harder 1992). Plants grown in large pots, 
fertilized regularly, and getting sustained water levels (unstressed) had 
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only 3% of fl owers with abnormally elongated short stamens. In contrast, 
plants in small pots, unfertilized, and subjected to periodic drought stress 
had 31% of fl owers with abnormal short stamens.

Correlative evidence from natural plant populations documenting 
relations between environmental stress and  within- plant variability is 
more diffi cult to interpret unambiguously in terms of cause and effect 
than are results of greenhouse or  growth- chamber studies. Such fi eld 
data, however, are particularly valuable in that they demonstrate that 
variations in  within- plant variability can take place in the range of envi-
ronmental conditions actually faced by organisms in the wild. In Lupi-
nus perennis and Purshia tridentata,  within- plant variability in seed size 
increases under stressful conditions caused by intraspecifi c competition 
and herbivory (Krannitz 1997a; Halpern 2005). In three populations of 
Linanthus androsaceus studied by Huether (1969), the proportion of 
plants having one or more fl owers deviating from the normal pentamer-
ous corolla was far greater among plants that had been decapitated by 
ground squirrels at the seedling stage (30–33%) than among those that 
had escaped herbivory (3–8%). Huether did not interpret this difference 
as a consequence of herbivory per se; instead his explanation was based 
on the fact that chewed plants had to develop their new fl ower primor-
dia later in the season, when both the length of daylight and the extreme 
temperatures are greater than would normally have been encountered 
by the plants. These two factors would act as an environmental stress on 
the plants, leading to an increase in the number of abnormal fl owers pro-
duced. This interpretation was corroborated experimentally by Huether 
(1968). Seasonally increasing or decreasing levels of  within- plant vari-
ability in fl oral traits has been found in other species and interpreted as 
a consequence of seasonally variable environmental stress (Roy 1959, 
1963; Ellstrand and Mitchell 1988). In trees of Nyctanthes  arbor- tristis, 
for example, Roy (1959) found that individual means for the number 
of petals per fl ower changed over the fl owering season by only 2–4%, 
while the corresponding standard deviations changed by 20–40%. In the 
perennial herb Helleborus foetidus, the cymose infl orescences produce 
fl owers continuously over the  three- month- long winter fl owering period. 
At a southeastern Spanish montane locality,  within- plant variability in 
fl ower size was greater for fl owers opening in February, when plants were 
exposed almost daily to freezing temperatures, than for those opening in 
March, when the ambient temperature was warmer and there were no 
frosts (fi g. 6.5).
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The extent of developmental instability may vary among different 
parts of the same plant, and existing data on  within- plant variation in the 
extent of variability are also consistent with an important role of devel-
opmental instability in generating  within- plant variation. In Ficus carica, 
leaves located in the crown periphery are more asymmetrical than those 
inside the crown, and this effect was interpreted as a consequence of the 
fact that the outer crown is a more stressful environment for leaves than 
the inner crown, as the former are subjected to greater cold, heat, ultra-
violet and visible light, and desiccation (Cowart and Graham 1999). Like-
wise, leaves located at the top of Tectona grandis trees are more devel-
opmentally unstable than those located at middle and lower crown 
positions (Bagchi et al. 1989). In Annona cherimola trees grown under 
 Mediterranean- climate conditions, fl uctuating asymmetry of  south- facing 
leaves is greater than that of  north- facing ones, probably a consequence of 
the more stressful conditions experienced by the former, sunnier locations 
(Perfectti and Camacho 1999). In addition to providing evidence support-
ing developmental instability as a source of  within- plant variation, these 

fi g. 6.5 Within- plant variability in fl ower size in the  winter- fl owering perennial herb Helle-
borus foetidus declines signifi cantly (F1,20 = 9.19, P = 0.007) from  early-  to late- opening fl ow-
ers, a pattern that is consistent with the prediction of greater developmental instability under 
cold stress. Each line joins the early and late variability values of one plant (N = 21 plants). 
In February 39% of the days had frost, and the monthly mean of daily minimum temperature 
was 1.8 C. The thermal environment was considerably less stressful in March, when the cor-
responding fi gures were 0% and 5.8 C. C. M. Herrera, unpublished data.
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examples also illustrate the point that, due to environmentally induced 
variation in the accuracy of developmental regulation, the amplitude of 
 within- plant variation may be very labile and  context- sensitive, varying 
not only among but also within plants. This implies that variability itself 
will often be spatially textured within plants, with more and less variable 
zones and, accordingly, with intraplant gradients in variability running 
between zones of differing variabilities.

Further suggestions that developmental instability may be an impor-
tant source of  within- plant variation come from studies showing that, 
when spatial patterns of  within- plant variation in a trait are examined 
with a suffi cient degree of resolution, a substantial fraction of  within- plant 
variation takes place at very small spatial scales, is randomly distributed, 
and lacks spatial autocorrelation (chapter 4). One of these examples is 
provided by Luyssaert et al.’s study of intratree variation of cadmium con-
centration in leaves of Salix fragilis (2001), described in chapter 4. Ran-
domness at even smaller spatial scales has been also reported. After her-
bivory by lepidopteran larvae, the distribution of induced glucosinolates 
in leaves of Raphanus sativus was spatially random and did not exhibit 
spatial autocorrelation at the  within- leaf scale (Shelton 2005). Since it is 
reasonable to assume that over very small spatial scales organs or organ 
parts develop at about the same time and under similar internal and 
external microenvironmental conditions (i.e., position on the x- axis of fi g. 
6.4 held constant), then variation in organ traits at this restricted scale 
must predominantly refl ect developmental instability derived from ran-
dom effects occurring at the molecular and cellular levels.

Rate of development of organs has been suggested as a possible cor-
relate of development instability, on the reasoning that a faster growth 
rate may result in more “developmental mistakes” and hence a decrease 
in developmental stability (Heslop- Harrison 1959). According to this 
hypothesis, one would expect  within- plant variability to be greater for 
individuals or populations characterized by faster organ growth rates. 
Although the justifi cation for a direct relationship between growth rate 
and developmental instability may be intuitively appealing, an inverse 
one would make equal sense, since faster growth implies shorter exposure 
to external disrupting agents and, therefore, decreased likelihood of fail-
ures in the accuracy of the developmental program. This possibility was 
suggested by Stebbins (1950), who pointed out that structures that are 
formed by short periods of meristematic activity, such as petals, are less 
subject to environmental infl uences and are likely to be less modifi able 
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than characters that are formed over longer periods. According to this 
interpretation, therefore, one would expect  within- plant variability to 
be smaller for individuals or populations characterized by faster organ 
growth rates. I am unaware of investigations providing suitable data to 
distinguish between these two opposite possibilities (but see Sherry and 
Lord 1996b for some evidence favoring a direct relationship between 
growth rate and instability).

Assessing the Importance of Different Causes: Some Prospects

The preceding sections have illustrated the broad variety of organismal 
mechanisms that may underlie  within- plant variation in reiterated struc-
tures. The orderly dissection and classifi cation presented should not lead 
us to lose sight of the fact that in any particular situation most of these 
mechanisms may be operating concurrently. Observed  within- plant varia-
tion of a particular organ trait in a given species or population will invari-
ably represent the aggregate outcome of the joint operation of all major 
factors, namely phylloclimate- driven developmental plasticity, direct and 
indirect architectural effects, and developmental instability. Differences in 
levels of  within- plant variability—between organ types, traits of the same 
organ, populations, or species—will refl ect in complex ways the confl u-
ence of distinct underlying factors, each acting with different intensity and 
at different times. To complicate things even further, interactions between 
infl uential factors (i.e., nonadditivity of the phenotypic effects of different 
causal agents) are also to be expected. This is illustrated, for example, by 
instances of plastic heteroblasty where patterns of leaf trait variation along 
shoots depend on light and temperature (Winn 1996b; Burns 2005; see 
below). Because of the presumable complexity of the causal network infl u-
encing  within- plant variability, performing an accurate dissection of the 
relative importance of each factor is a formidable or even infeasible task 
in most instances, and it is not surprising that a comprehensive dissection 
and factoring of  within- plant variation has not been attempted so far for 
any plant species, and that there is no published data set amenable to that 
sort of analysis. Nevertheless, less ambitious approaches aimed at exam-
ining the signifi cance of only a few factors at a time are certainly feasible.

Manipulative experiments aimed at answering specifi c questions about 
the origin of  within- plant variation exhibited by particular species pro-
vide a fi rst step toward elucidating the relative importance of different 
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mechanisms in generating subindividual variation. A good example of 
this approach is provided by Winn’s experimental investigation (1996b) 
of the factors responsible for  within- individual variation in leaf traits in 
the annual plant Dicerandra linearifolia. Leaves of this species exhibit 
 within- plant variation in morphological, anatomical, and physiological 
traits, with consistent differences existing between the early leaves pro-
duced in winter at the more basal nodes and late ones produced in sum-
mer at the distal nodes. Because for this species temperature and leaf 
nodal position are confounded in nature (basal leaves are produced in 
winter, distal ones in summer), the effects of these factors on  within- plant 
variation could be separated only by means of an experimental design 
conducted under controlled conditions. By growing plants in controlled 
chambers according to a factorial design involving high and low tempera-
ture levels, Winn was able to dissect the relative importance of two factors 
that potentially infl uence leaf variation, as well as their interaction: “pro-
grammed developmental change” and phenotypic plasticity at the level of 
individual organs in response to temperature. In the terminology used in 
this chapter, the former source of variation would correspond to an intrin-
sic gradient in leaf variation linked to a direct architectural effect. Results 
indicated that leaves produced by the same individual differed depending 
on both the environmental conditions during their development and the 
node at which they were produced, but the relative importance of these 
two factors differed considerably among traits. For fi ve of the six traits 
examined (leaf thickness, leaf area, specifi c leaf weight, density of stomata, 
and chlorophyll content), the effects of node were much larger than the 
effects of temperature, and direct architectural effects appeared to con-
tribute more to  within- individual variation in these traits than did phe-
notypic plasticity. Furthermore, results of the experiment demonstrated 
that patterns of variation in leaf traits along nodal positions are not fi xed 
but can be altered by temperature, as denoted by signifi cant interaction 
effects between node and temperature on  within- plant variation. A similar 
 environment- dependent pattern of regular leaf trait variation along stems 
has been demonstrated experimentally by Burns (2005) for Senecio lau-
tus. In this species, the shape of the relationships linking nodal position 
of the leaf with leaf length, area, degree of lobing, and mass per unit area 
depended signifi cantly on light intensity. In plants in shaded environments 
the increase with nodal position of leaf area and leaf length was consid-
erably steeper, and that of leaf mass per area and degree of lobing much 
shallower, than in control plants exposed to normal light conditions. By 
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experimentally testing for interaction effects of nodal position and envi-
ronmental variables on leaf traits, these studies were able to dissect the 
relative importance of plastic responses, direct architectural effects, and 
their interaction on organ traits.

For a given organ trait, plant species differ widely in levels of 
 within- plant variability and in the relative contributions to this variabil-
ity of differences among and within branches or stems (chapters 3 and 
4). Comparative analyses testing hypotheses or predictions that relate 
interspecifi c differences to variation in infl uential factors may also shed 
light on the importance of the various sources of intraplant variation. This 
comparative approach may be useful, for example, to ascertain the impor-
tance of sectoriality as a cause of  within- plant variation, and to examine 
whether its importance remains consistent across species or environ-
ments. Degree of physiological integration differs widely among species, 
thus denoting the existence of an  integration- sectoriality continuum. This 
gradient seems related to intrinsic differences among species in vascular 
architecture and xylem anatomy, particularly the size, characteristics, and 
density of intervascular pits, the small openings in the walls of vascular 
elements that permit lateral water fl ow between adjacent vessels (Ori-
ans et al. 2004; Orians et al. 2005; Wheeler et al. 2005; Ellmore et al. 2006). 
On one hand, xylem anatomy has a strong phylogenetic component, and 
structural and functional xylem traits, including detailed morphological 
aspects of intervascular pits, are diagnostic features of entire plant fam-
ilies or even higher taxonomic categories (Cronquist 1981; Jansen et al. 
2001; Boyce et al. 2004). On the other, the distribution of species and gen-
era possessing different types of intervascular pits has clear ecological 
correlates.  Drought- induced embolism (cavitation) has been related to 
the porosity of lateral intervessel connections, and plants with distinctly 
developed vestured pits (those having pit apertures with projections from 
the secondary cell wall) are mainly restricted to warm  frost- free habitats 
such as lowland rain forests, deserts, savannas, and  Mediterranean- climate 
areas (Jansen et al. 2003; Jansen et al. 2004). These ecological patterns may 
be interpreted as an indication that vestured pits are specialized struc-
tures acting to reduce the probability of  water- stress- induced cavitation 
in environments where plants are likely to be subject to high transpira-
tion rates and high negative xylem pressures (Jansen et al. 2004). From the 
preceding observations it may be predicted that, if sectoriality is actually a 
major factor infl uencing  within- plant variation, then interspecifi c patterns 
of  within- plant variation in woody plants, and particularly the compo-
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nent arising from differences among shoots or branches, should generally 
match the phylogenetic and ecological patterns of xylem traits that ulti-
mately are the main determinants of sectoriality. For example, if structural 
restrictions to lateral water movement (e.g., reduced pit area per vessel; 
Wheeler et al. 2005) is a feature characteristic of the xylem of woody 
plants living in arid environments, one would then predict greater sectori-
ality in plants from these habitats, and hence greater overall  within- plant 
variability in organ traits and / or a larger component of variability due to 
variation among stems and branches. Unfortunately, the comparative data 
on levels of  within- plant variation summarized in chapters 3 and 4 are too 
scanty to test this prediction in a comparative context.

To this point, I have shown that subindividual variation in reiterated 
organ traits is widespread, extensive, and spatially organized; affects 
almost every conceivable trait; and is the visible outcome of a complex 
underlying web of remote causal agents and proximate mechanisms. Deal-
ing with all these highly descriptive topics was necessary to lay the biolog-
ical foundations for the analysis of the ecological and evolutionary impli-
cations of subindividual variation, which constitutes the ultimate goal of 
this book. The four chapters that follow show that subindividual variabil-
ity often is a genetically based individual property; that  within- plant vari-
ation in organ traits may have manifold consequences for foraging ani-
mals; and that such variation may infl uence the fi tness of individual plants, 
thus creating distinct opportunities for  animal- mediated selection on sub-
individual variability levels. Such variability being the composite outcome 
of a web of causes, any of these may eventually become the target(s) of 
selection on variability.



In 1959 Indian biometrician Subodh Roy published in Nature a one-
 page note whose succinct title read “Regulation of Morphogenesis in 

an Oleaceous Tree, Nyctanthes  arbor- tristis.” Despite its promising title, 
this contribution actually provided little in the way of information on 
morphogenesis, as it was exclusively concerned with summarizing the 
results of a detailed investigation of the variability of the number of petals 
in fl owers of the species, based on the examination of an amazingly large 
sample consisting of 158,926 fl owers (a full account of this and related 
work was presented in Roy 1963). Roy’s original publication is remark-
able not only because of its unbeatable sample size, but also because it has 
been nearly completely ignored by researchers during the fi ve decades 
since its publication. It has received only four citations during the period 
1960–2005 (according to ISI Web of Science database, accessed Febru-
ary 2006), and I suspect that very few publications appearing in Nature 
will ever equal that record. His obvious failure to arouse interest among 
peers notwithstanding, Roy was actually a pioneer in attributing sea-
sonal changes in intraplant variability of numbers of fl oral part to tem-
porally variable homeostasis. He wrote, “The variance of a metrical char-
acter may be as important a property of an organism as its mean, and 

chapter seven

Subindividual Variability as an 
Individual Property
The  Haldane- Roy conjecture is verifi ed and 
extended: individual plants have not only their 
characteristic means, but also their characteristic 
standard deviations and characteristic spatial 
patterns of  within- plant variation.
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should be measured on a number of species.” Although his failed appeal 
to treat variability as another descriptive feature of organisms obviously 
was aimed at the reiterated, analogous structures produced by plants, it 
may also be considered a forerunner to the subsequently widespread use 
of the phenotypic variance of paired structures in (bilaterally symmetri-
cal) animals as a measure of the developmental instability of individuals, 
a subject discussed in chapter 6.

Roy’s studies of  within- plant variation of fl owers and leaves in Nyctan-
thes, along with those of Dronamraju (1961) on  within- plant heteroge-
neity in style length in fl owers of Bauhinia acuminata, and of Davis and 
Ramanujacharyulu (1971, and references therein) on  within- plant varia-
tion in the handedness of fl oral estivation and leaf vernation, were all the 
direct outcome of one of the new lines of research initiated by J. B. S. Hal-
dane shortly after he settled in India in 1957 (Clark 1968). According to 
one of his pupils, Haldane initiated this particular research “to understand 
the nature of organ regulation in living organisms” (Dronamraju 1987), 
and he clearly placed the results of Roy’s research on  within- plant vari-
ability of Nyctanthes fl owers in the context of developmental instability. 
Referring to these results, and particularly to the fact that  within- plant 
variability in petal number increased toward the end of the fl owering 
period, Haldane (1959, 713) wrote: “If the size of pots made by a potter 
became more variable at the end of a day, we should say that he was get-
ting tired. I do not know what we are to say about a plant.” In addition, 
Haldane stressed elsewhere (1957, 312) that “individual plants not only 
have their characteristic means, but their characteristic standard devia-
tions” and remarked that Roy had taken up “the problem of homotypo-
sis where [Karl] Pearson left it in 1903” (see chapter 2 for the Pearsonian 
concept of homotyposis). Since this publication by Haldane antedated 
Roy (1959) by a couple of years, the former is probably to be credited as 
much as the latter with the paternity of the notion that intraplant variance 
should be considered as distinctive an individual trait as the mean. For this 
reason, and because the idea has gone essentially untested since its origi-
nal formulation, I will refer to it here as the “Haldane- Roy conjecture.” 
It is interesting to note that the attention paid by Haldane in his later life 
to the issue of  within- plant (or  within- genotype, for that matter) variabil-
ity in organ characteristics denoted a signifi cant shift of opinion about 
the importance of a phenomenon whose evolutionary signifi cance he 
had previously categorically dismissed in one of his major works as being 
“irrelevant for the problem of evolution” (Haldane 1932; see chapter 1 
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for full quotation). Most likely this change of mind was not unrelated to 
the increasing signifi cance conferred by some evolutionists during the 
1940s and 1950s to the issues of developmental homeostasis and plasticity 
(Waddington 1941, 1959; Mather 1953; Lerner 1954; Berg 1959).

Haldane’s and Roy’s suggestion of considering  within- plant variances 
in a given organ trait as another descriptor of the plants’ phenotypes in 
addition to customary trait means (for similar views see Paxman 1956; 
Suomela and Ayres 1994) was initially motivated by the assumption that 
observed variability would largely refl ect departures from some expected 
average value due to lack of developmental homeostasis. Nevertheless, 
characterizing individuals by their  within- plant variances still holds con-
siderable practical and theoretical interest even after acknowledging that 
 within- plant variation will in most instances represent the aggregate out-
come of a mixture of proximate mechanisms acting simultaneously, and 
not just the consequence of developmental instability alone, as shown in 
chapter 6. As noted there, some aspects of  within- plant variation prob-
ably are an inevitable consequence dictated by direct architectural effects 
and space constraints (e.g., seed- size variation within cones and conelike 
fruits). In other cases, however,  within- plant variability in organ traits may 
itself be a trait that has been shaped by special adaptation because it con-
fers some fi tness advantage to the plants that exhibit it in comparison to 
those that do not (Winn 1996a, 1999b; chapter 10). This would apply, for 
instance, to  within- crown variation in leaf traits of trees, such as specifi c 
leaf area, nitrogen content, and photosynthetic features (Field 1983; Hol-
linger 1996; Kull 2002).

The possible adaptive signifi cance of  within- plant variability in the 
characteristics of leaves, fl owers, fruits, and seeds is discussed at length in 
subsequent chapters. Nevertheless, before examining the fi tness implica-
tions of  within- plant variability in organ traits, it is essential to verify the 
generality of the  Haldane- Roy conjecture. This implies testing whether, in 
most species and for most traits of reiterated structures,  within- plant vari-
ability in a given organ feature is actually a distinctive trait of individual 
plants, or in other words, whether individual plants in the same popula-
tion differ with regard to their respective intraplant variabilities. Regard-
less of their causes, individual differences in variability are the necessary 
raw material for (phenotypic) selection on variability to occur. The fi rst 
section of this chapter is devoted to this crucial question. I also consider 
another facet of  within- plant variability that, although it was not incorpo-
rated originally into the  Haldane- Roy conjecture, does represent a logical 
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extension of it: Conspecifi c individuals may differ with regard to the shape 
of their respective  trait- value distributions. In addition, plants not only 
differ in the purely statistical properties of their  within- plant  trait- value 
distributions, but also in how such variation is spatially organized at small 
scales. The second section documents individual differences in the organi-
zation of  within- plant variation in relation to intrinsic and extrinsic gradi-
ents, and in the apportionment of organ trait variance among and within 
axes of the same plant (e.g., branches, infl orescences). From an evolution-
ary perspective, individual differences in the statistical properties and 
spatial organization of  within- plant variation would only make sense if 
they have some genetic component. In the last section of this chapter, 
I examine several lines of evidence showing that individual differences 
in the magnitude and characteristics of  within- plant variation frequently 
have a genetic basis.

The  Haldane- Roy Conjecture Verifi ed

Since  within- plant variability has been very rarely treated before as an 
individual attribute deserving consideration, there is almost no published 
evidence that can be used to test the  Haldane- Roy conjecture and related 
notions. Variances or standard deviations for organ traits of individual 
plants are virtually absent from the ecological and botanical primary lit-
erature. For this reason, I rely largely in this section on reanalyses of data 
from my own studies or those of my associates. Table 7.1 summarizes 
information on the magnitude and statistical signifi cance of individual 
differences in  within- plant variability of leaf, fl ower, fruit, and seed traits 
for those species listed in tables 3.1 to 3.4 with raw data available and suf-
fi ciently large sample sizes per plant as to provide reliable estimates of 
CVwithin. The magnitude of individual differences in variability is expressed 
in terms of both the observed range of individual plants’ CVwithin and the 
interquartile range, a robust measure of scale. In addition, whenever pos-
sible I tested the statistical signifi cance of individual differences in vari-
ability by application of a version of Levene’s test for comparing relative 
variabilities (Van Valen 1978).

The data in table 7.1 provide strong and unequivocal support for the 
 Haldane- Roy conjecture for a variety of traits and a sample of species dif-
fering widely in growth form and taxonomic affi liation. Regardless of the 
species and the organ trait considered, and with relatively few exceptions 



table 7.1 Variation among conspecifi c individuals in the magnitude of  within- plant variability for leaf, fl ower, 
fruit and seed traits.

Trait  Species  

Within- plant variability (CVwithin)

Range  
Interquartile 
range  

Signifi cance 
of individual 
differencesa

Leaf traits
 Area Daphne gnidium 12.7–26.9 7.3 ****

Daphne laureola 24.0–55.1 7.6 ****
Prunus mahaleb 37.9–77.6 12.2 ****

 Fresh mass Daphne laureola 26.0–51.8 9.9 ****
Prunus mahaleb 37.8–95.7 10.6 ****

 Length Daphne gnidium 7.3–17.4 4.0 **
 Longevityb Thuja plicata 12.1–37.3 10.2 ns
 Number of teeth in 
  marginc

Nyctanthes  arbor- tristis 54.1–258.9 147.8 na

 Specifi c weight Daphne laureola 5.2–39.7 4.6 ****
Prunus mahaleb 6.6–30.1 3.4 ****

 Water content Daphne laureola 1.0–9.5 1.5 ****
 Width Daphne gnidium 7.4–17.7 5.7 ****
Floral traits
 Petal number Nyctanthes arbor- tristis 8.4–11.0 1.7 ****
 Petal length Silene acutifolia 7.7–12.3 2.1 ns
 Corolla length or 
  diameter

Daphne laureola 6.5–23.7 4.1 *

Helleborus foetidus 0.4–12.6 2.4 ****
Hormathophylla spinosa 5.6–12.9 3.0 *
Ipomoea wolcottiana 3.1–31.9 7.3 ****
Lavandula latifolia 1.0–9.3 2.4 ****
Pancratium maritimum 1.6–19.0 6.0 **

 Spur length Viola cazorlensis 1.2–26.7 6.5 ****
 Nectar production rated Epilobium canum 6.5–116.7 na na
Fruit traits
 Transversal diameter Arum italicum 4.1–13.0 2.8 ns

Berberis hispanica 7.2–19.6 4.4 ns
Corema album 3.4–11.5 2.2 ****
Crataegus laciniata 6.2–9.3 1.5 ns
Crataegus monogyna 8.4–15.3 4.2 ****
Daphne gnidium 2.9–12.9 2.9 ****
Daphne laureola 5.0–8.2 2.1 ns
Gonzalagunia hirsuta 5.6–17.8 3.4 ns
Guaiacum offi cinale 3.1–10.8 5.8 *
Guazuma ulmifolia 4.9–15.8 4.4 **
Hedera helix 5.7–12.1 2.6 *
Juniperus communis 5.3–12.7 3.6 *
Juniperus phoenicea 5.0–10.5 3.4 *
Miconia prasina 5.7–11.9 4.8 **
Olea europaea 3.7–7.6 1.0 ns
Osyris lanceolata 3.4–10.1 2.1 ****
Phillyrea latifolia 3.6–10.5 3.2 ****
Rosa canina 4.8–35.4 3.2 *
Viburnum lantana 7.3–12.1 3.2 ns



(10 statistically nonsignifi cant outcomes out of a total of 62 tests), the 
tests reveal that conspecifi c individuals differ signifi cantly in their levels 
of  within- plant variability. CVwithin varied considerably among individuals 
of the same species, as denoted by broad ranges and large interquartile 
ranges. A  within- plant variability continuum occurs in most species, with 
populations generally comprising phenotypically constant to highly vari-
able plants. This is illustrated graphically in fi gure 7.1 for four selected 
examples taken from table 7.1.  Within- plant variability (CVwithin) ranged 
between 38 and 78% for leaf area in trees of Prunus mahaleb, between 
1 and 9% for corolla length in Lavandula latifolia shrubs, between 5 and 
20% for seed mass in the perennial herb Narcissus longispathus, and 
between 32 and 85% for elaiosome mass in the herb Helleborus foeti-

 Fruit mass Hedera helix 23.7–34.9 2.1 *
Juniperus communis 4.0–31.9 9.5 *
Juniperus phoenicea 16.0–34.8 8.2 ns
Osyris lanceolata 10.4–57.0 12.9 ****
Rosa canina 12.5–33.2 7.7 *

Seed traits
 Elaiosome mass Helleborus foetidus 32.4–84.6 14.4 ****
 Seed mass Asphodelus albus 8.2–28.9 7.0 ****

Ateleia  herbert- smithii 8.5–22.6 3.0 na
Cassia grandis 7.0–13.0 2.0 na
Crataegus monogyna 11.3–28.5 5.6 *
Daphne gnidium 7.2–34.7 7.8 ***
Helleborus foetidus 6.0–51.1 9.1 ****
Ilex aquifolium 15.0–39.1 11.2 ****
Lavandula latifolia 12.6–33.2 10.8 ****
Narcissus longispathus 4.9–20.4 3.9 ****
Paeonia broteroi 5.0–61.0 15.5 ****
Pancratium maritimum 3.8–59.9 7.9 ****
Phillyrea latifolia 9.4–29.9 8.7 ****
Pinus sylvestris 14.1–20.1 3.6 **
Prunella vulgaris 28.5–52.8 9.0 na
Quercus coccifera 7.1–38.6 13.2 ***
Quercus ilex 5.5–28.0 5.7 ***
Smilax aspera 9.2–33.7 6.4 ****
Sorbus aucupariae 11.1–24.2 3.9 ****
Tamus communis 8.7–54.2 13.1 ****

  Taxus baccata  3.0–23.3  2.4  ****

Note: Estimated with CVwithin, as defi ned in chapter 3. Species and traits are a representative subsample of those listed in tables 
3.1 to 3.4, and were selected among those with the largest average sample sizes per plant. Except where otherwise indicated, see 
those tables for data sources.
aStatistical signifi cance of  among- individual heterogeneity in the extent of  within- plant variation was tested using Levene’s test 
for relative variability (Van Valen 1978). *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001; ns, not signifi cant; na, original 
data not available for computations.
bData from Harlow et al. 2005; B. Harlow, personal communication.
cData from Roy 1963.
dFrom Boose 1997.
eB. Pías and M. Salvande unpublished data.



192 chapter 7

dus. The distributions of CVwithin presented in fi gure 7.1 are representa-
tive of the set of species listed in table 7.1. Regardless of the organ or trait 
under consideration, therefore, populations of most species are made up 
of individuals differing widely in the magnitude of  within- plant variabil-
ity in organ traits.

The preceding conclusion is further supported by the few published 
reports of individual differences in  within- plant variability that I have 
been able to locate. For example, in the  nickel- hyperaccumulating plant 
Psychotria douarrei, Boyd et al. (1999) found that individual shrubs did 
not differ signifi cantly in mean nickel concentration in leaves, but dif-
fered widely in the extent of  within- plant variation. In Populus angusti-
folia, the magnitude of differences in phenol content among leaves of the 
same shoot were shown by Zucker (1982) to vary strongly between trees. 

fi g. 7.1 Frequency distributions of  within- plant variability estimates (CVwithin, as defi ned in 
chapter 3) for representative leaf, fl ower, and seed traits in southeastern Spanish populations 
of Prunus mahaleb (a tree), Lavandula latifolia (a shrub), Narcissus longispathus, and Helle-
borus foetidus (perennial herbs). Note differences in scaling of horizontal axes. Data sources 
are shown in tables 3.1, 3.2, and 3.4 for these species and traits.
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For Lychnis fl os- cuculi, Biere (1991a) reported that seed progenies from 
different maternal parents sown under controlled conditions differed sig-
nifi cantly in their respective coeffi cients of variation of time to germina-
tion. In a population of Phytolacca americana, Armesto et al. (1983) found 
that CVwithin for mean percent germination of seeds, as estimated from 
germinability of seeds from different racemes on the same plant, varied 
widely among plants, ranging between 25 and 99%. For Ipomopsis aggre-
gata, Pleasants (1983) showed that individual plants differed signifi cantly 
in  within- plant variability of nectar production rate, as measured by their 
respective CVwithin. In a test of the hypothesis that  within- plant variabil-
ity in nectar production rate increases with the number of open fl owers 
per plant, Biernaskie and Cartar (2004, fi g. 1) presented data revealing 
considerable differences among conspecifi cs in  within- plant variability 
in nectar production rate. In conclusion, therefore, there is clear support 
for Haldane’s and Roy’s suggestion that individual plants not only have 
their characteristic means but also their characteristic variation around 
the mean, as well as their contention that subindividual variability should 
be treated as an individual property in itself. In addition, the fact that 
different plants in a population show different levels of  within- plant vari-
ability ultimately implies that the component of  population- wide pheno-
typic variance in an organ trait due to  within- plant variation (Varwithin, as 
defi ned in chapter 3) is not distributed equally among individuals.

The Conjecture Extended: Higher Moments of  Within- Plant 
Distributions

The  Haldane- Roy conjecture ultimately arises from the recognition that 
all the repetitions of a given organ produced by the same plant in a par-
ticular season, or over the course of its whole existence, are not identi-
cal. Consequently, a proper description of an individual plant’s phenotype 
with regard to some trait of a reiterated structure will require informa-
tion on the  within- plant statistical distribution of organ trait values. This 
information should include not only the central tendency represented by 
the mean (fi rst moment of the distribution), but also the scatter around 
the mean represented by the variance (the second moment). The incorpo-
ration of the  within- plant variance to the description of individual plant 
phenotypes represents an improvement in relation to the usual way of 
describing them using the mean alone. Nevertheless, the variance describes 
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only the amount of variation exhibited by an individual, yet it is insensi-
tive to possible differences in the shape of  within- plant distributions of 
trait values, an aspect that can also be useful in characterizing individual 
plants phenotypically. Acceptance of the fact that it is the statistical distri-
bution of organ trait values that provides the best and most comprehen-
sive phenotypic description of one individual, rather than any arbitrarily 
chosen moment of the distribution (traditionally, the mean), opens the 
way for one obvious extension of the  Haldane- Roy conjecture: A com-
plete phenotypic characterization of individual plants would require the 
inclusion of the third (skewness) and fourth (kurtosis) moments of the 
 within- plant distributions of organ trait values in addition to the mean 
and the variance.

Skewness characterizes the degree of asymmetry of a distribution 
around its mean. A positive skewness implies a distribution with an asym-
metric tail extending out toward more positive values, while a negative 
value signifi es a distribution whose tail extends out toward more negative 
values. Kurtosis measures the relative peakedness or fl atness of the distri-
bution relative to a normal distribution. Skewness and kurtosis, therefore, 
are parameters that are informative about the shape of  within- plant trait 
distributions that may provide additional information on  individual- level 
characteristics of variability. Their incorporation represents a logical 
extension of the  Haldane- Roy conjecture. In fact, Roy (1963) explored 
the possible use of measurements of skewness and kurtosis to character-
ize differences between plants in the frequency distribution of petal num-
bers. The question thus becomes: In addition to differing in the means and 
variances of organ trait values, do individual plants differ also in the shape 
of trait value distributions ?

In practice, incorporating the skewness and kurtosis coeffi cients 
(usually denoted by g1 and g2, respectively) of  within- plant distributions 
of organ trait values into the description of individual phenotypes is less 
generally applicable than incorporating the mean or the variance. It will 
be statistically feasible and biologically meaningful only if the number of 
similar structures produced by a plant is large enough for the notion of 
“shape” of the  within- plant distribution to make sense. This limitation will 
generally restrict the application of g1 and g2 to trees and large shrubs pro-
ducing large numbers of reiterated structures. In these particular cases, 
however, there is evidence that individual plants also differ in the skew-
ness and kurtosis of their  within- plant trait distributions. In nine Pinus 
contorta trees studied by McGinley et al. (1990), two trees showed signifi -
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cantly  right- skewed seed- mass distributions (g1 > 0), one tree was signifi -
cantly left skewed (g1 < 0), and the rest did not differ signifi cantly from a 
normal distribution. These authors did not present numerical data on the 
kurtosis coeffi cients, but inspection of frequency distributions in their fi g-
ure 1 suggests that individual trees also differed in this respect, since some 
seed- mass distributions departed noticeably from  normal- shaped curves 
by being either too fl at (platykurtic) or too narrow (leptokurtic). Com-
paring the frequency distributions of petal number per fl ower of Jasmi-
num multifl orum plants, Roy (1963) found that some of them had posi-
tively skewed distributions, while others had distributions not departing 
from normality. I was able to compute  within- tree skewness and kurtosis 
coeffi cients for leaf traits for 116 Prunus mahaleb trees with leaf variabil-
ity data included in fi gure 7.1 and table 7.1. For leaf area, for example, 32 
trees (27.6%) had signifi cantly positively skewed distributions (g1 range 
= 0.7–2.0), and 13 trees (11.2%) had signifi cantly leptokurtic distribu-
tions (g2 range = 1.6–8.1), which clearly denotes the existence of consid-
erable individual variation in the shape of distributions for this trait. I 
obtained results similarly denoting individual variation in g1 and g2 for 
other leaf characters in P. mahaleb, and for leaf, fruit, and seed traits of 
other trees and shrubs included in table 7.1. This lends support to the sug-
gested extension of the  Haldane- Roy proposal: In plants producing large 
numbers of reiterated structures, the skewness and kurtosis coeffi cients 
of  within- plant distributions could profi tably be included as two further 
descriptive statistics of individual phenotypes in addition to the mean 
and the variance. In this way, a truly comprehensive statistical description 
of individual phenotypes could be achieved by combining the fi rst four 
moments of the  within- plant trait distributions.

Individual Differences in the Organization of  Within- Plant 
Variation

Descriptors of  within- plant variability based on the moments of trait value 
distributions are of a purely statistical nature. They provide a numerical 
description of the magnitude of variation and the shape of the trait distri-
bution, but are insensitive to important biological details, such as individ-
ual differences in the distribution over time or space of organ trait values. 
For a given organ trait, individual plants of the same population not only 
differ in the amount of variability but also, as shown below, in the nature 
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of their respective intrinsic and extrinsic gradients of  within- plant pheno-
typic variation. In addition, plants differ in the proportional contribution 
of variation among and within axes (e.g., stems, infl orescences) to over-
all  within- plant variance in organ trait values, thus giving rise to individ-
ual differences in the spatial texture of  within- plant variation. In short, 
individuals differ in how they deploy organ variants over time and space, 
which means that spatial and temporal patterns of deployment of sub-
individual phenotypic diversity should be considered as individual prop-
erties too.

Leaves

Several intrinsic and extrinsic gradients of  within- plant variation in leaf 
traits were described in chapter 4. Although these gradients have rarely 
been examined on a per- plant basis, signifi cant differences between con-
specifi cs have invariably been found in the characteristics of such spatial 
relationships whenever they have been looked for.

De Soyza et al. (1990) studied the variation of leaf chlorophyll content 
within eight Sassafras albidum trees, and found remarkable individual het-
erogeneity in the  within- plant pattern of variation of that leaf trait. They 
performed  within- tree comparisons between leaves located in the outer-
most, sunlit shell of foliage (“sun” leaves) and those located near the pri-
mary trunk, deep into the crown (“shade” leaves). For all trees combined, 
sun leaves had higher average chlorophyll content per leaf surface area 
than shade ones, yet there was considerable individual scatter around this 
predominant trend: the chlorophyll content of sun leaves was signifi cantly 
greater than that of shade leaves in fi ve trees, signifi cantly smaller in one 
tree, and did not differ signifi cantly in two trees. De Boer (1999) stud-
ied the variation in pyrrolizidine alkaloid concentration in leaves of Sene-
cio jacobaea at different positions along the stem, and reported the data 
separately for each of four study plants. Alkaloid concentration declined 
steadily from top to bottom leaves in three plants, but remained fairly 
constant in one plant. Harlow et al. (2005) demonstrated that, on average, 
leaf longevity increased signifi cantly with depth in canopy in Thuja plicata 
trees. Individual trees, however, differed signifi cantly in the slope of the 
leaf longevity–canopy depth regressions. Some trees exhibited very steep 
relationships while others had fl at and nonsignifi cant relationships. Cowart 
and Graham’s study of  within- plant variation of leaf traits in Ficus carica 
trees (1999) revealed signifi cant plant × crown position (inner vs. outer) 
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and plant × height interaction effects on both leaf width and leaf lateral 
lobe length, which denoted heterogeneity among trees in their respective 
 within- plant gradients in leaf morphology. In a similar vein, Perfectti and 
Camacho (1999) also reported signifi cant tree × exposure effects on leaf 
size in cultivated Annona cherimola. In wild Prunus mahaleb trees, water 
content of individual leaves varies predictably within trees depending on 
both exposure and height above the ground (fi g. 4.2). A detailed analysis 
of these data on a per- plant basis further revealed signifi cant individual 
differences in both the  exposure-  and  height- related gradients of intra-
plant variation in that leaf trait.

Flowers

Few published reports have explicitly documented individual differences 
in spatial or temporal patterns of fl oral features, but these scanty data 
and some reanalyses of raw data from published studies unequivocally 
show that conspecifi c individuals generally differ in their organization of 
 within- plant variation in fl oral traits. This is apparent, for example, in the 
signifi cant time × maternal family interaction effect on number of ovules 
per fl ower found by Mazer and Delesalle (1996) in a greenhouse study 
of Spergularia maritima. In the perennial herb Pancratium maritimum, 
infl orescences produce four to nine large fl owers that open sequentially. 
On average for the population, corolla length declines with blooming 
order in the infl orescence, each consecutive fl ower being on average about 
2 mm shorter than the one that opened just prior to it (Medrano et al. 2000, 
and personal communication). I computed regressions of corolla length 
on order in the infl orescence separately for the different plants studied 
by Medrano et al. (2000), and found that regression slopes differed signifi -
cantly among individuals, ranging between −4.6 mm / position (sequential 
decline) and +2.5 mm / position (sequential increase). This result denotes 
broad individual differences in both the sign and the magnitude of the 
 within- plant trend of variation that links fl ower size with position in the 
opening sequence. Similar conclusions emerge from detailed investiga-
tions of intraspecifi c and intraplant fl oral variation in two species of Cary-
ophyllaceae. In Silene acutifolia, Buide (2004) found that the number of 
ovules per fl ower declined from early (primary) position to later (tertiary) 
position in the infl orescence, and that this pattern of intrainfl orescence 
variation remained consistent across populations and years of study. To 
look for possible individual differences, I reanalyzed a subset of Buide’s 
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raw data on a per- plant basis and found that plants differed signifi cantly 
in the rate of decline in ovule number from primary through secondary 
to tertiary fl owers in the infl orescence. The declining trend was not signifi -
cant in some plants, and in those in which it was, the slope of the regres-
sion varied widely among individuals. Petal length and ovule number also 
decline regularly from primary to tertiary positions in the infl orescences 
of Petrocoptis viscosa (Navarro 1996, and personal communication). As in 
the case of S. acutifolia, reanalysis of the raw data for P. viscosa showed 
that individuals effectively differed in the slope and statistical signifi cance 
of the relationship linking fl oral traits and infl orescence position. A last ex-
ample of individual differences in the nature of intrinsic gradients of fl oral 
variation concerns the perennial herb Polygonatum odoratum. Flowers of 
this species are hermaphroditic, but the number of ovules per fl ower tends 
to decline from basal to distal positions along stems, thus exemplifying a 
clear intrinsic gradient in a fl oral trait along a plant axis (Guitián et al. 
2004). On reanalysis of the original data, I found a signifi cant plant × posi-
tion interaction effect on the number of ovules per fl ower, the slope of the 
regression of ovule number on nodal position on stem ranging from −1.8 
(acropetal decline) to +1.8 (acropetal increase). Although an acropetal 
decline in ovule number was the prevailing trend at the population level, 
a fraction of individuals departed from this general pattern by exhibiting 
either a reversed trend or no trend at all.

Fruits

I failed to locate published information allowing for an assessment of indi-
vidual differences in intrinsic or extrinsic gradients of  within- plant varia-
tion in fruit traits, either for wild or cultivated plants. Nevertheless, two 
large unpublished data sets for  fl eshy- fruited trees from the Iberian Pen-
insula do reveal that conspecifi c plants growing in the same population 
can be surprisingly heterogeneous with regard to the spatial scale at which 
 within- plant variation in fruit traits takes place. Sorbus aucuparia is a slen-
der deciduous tree whose fl eshy fruits (berrylike pomes) are produced in 
infructescences located at the tip of branches. Bea Pías and Miguel Sal-
vande (personal communication) conducted a detailed investigation of 
fruit variation in a large population of this species from the Sierra del 
Caurel, in northwestern Spain. For each of 44 study trees, they sampled 
ten ripe fruits from each of fi ve infructescences on different branches (N 
= 2,200 fruit in total), then measured fruit length and width and counted 
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the number of enclosed seeds. I did a similar study of fruit variation in 
the small tree Crataegus monogyna in the Sierra de Cazorla, southeastern 
Spain, in which I sampled and measured ten ripe drupes from each of four 
branches at main compass directions in 60 trees (N = 2,400 fruits in total). 
Variance partitions conducted separately for each tree demonstrate that 
conspecifi c trees differed widely in the relative importance of differences 
among and within branches of the same plant as sources of  within- plant 
variance in fruit traits (table 7.2). In populations of the two species, trees 
where all  within- plant variance in fruit traits occurred among fruits of the 
same branch coexisted with others where most  within- plant variance was 
accounted for by differences among branches. These data demonstrate 
that, in these species at least, the “spatial texture” of phenotypic variation 
in fruit traits was also an individual trait, in the same manner as the magni-
tude of variation or the characteristics of intrinsic and extrinsic gradients.

Seeds

A number of studies have clearly shown that the spatial organization of 
 within- plant variation in seed traits generally varies among conspecifi cs. In 
fourteen plants of Asphodelus albus studied by Obeso (1993), mean seed 
weight declined signifi cantly from basal to distal positions in the infl o-
rescence in ten plants and increased signifi cantly in one plant, and there 
was no signifi cant  position- dependent gradient in seed size in three plants. 
In Pastinaca sativa, average seed weight declines from primary through 

table 7.2 Conspecifi c trees of Sorbus aucuparia and of Crataegus monogyna differ widely in 
how the  within- tree phenotypic variation in fruit traits maps onto the plant’s architecture.

Species and trait  

Percentage of  within- tree variance due to 
differences among branches

Range Interquartile range

Sorbus aucuparia (N = 44 trees)
 Fruit length 0–67.9 27.7
 Fruit width 0–60.1 25.9
 Fruit seediness 0–50.7 20.3
Crataegus monogyna (N = 60 trees)
 Fruit length 0–33.8 11.8
 Fruit width  0–78.4  16.1

Note: In both species, individual trees differed widely in the relative importance of differences between branches 
and among fruits on the same branch as sources of  within- plant variance in fruit traits. Based on unpublished data 
from B. Pías and M. Salvande (S. aucuparia) and C. M. Herrera (C. monogyna).
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secondary to tertiary umbels plants studied, although this pattern is not 
invariant in all plants (Hendrix 1984). Seeds produced by primary umbels 
were signifi cantly heavier than those produced by secondary umbels in 
only nine of the ten plants studied by Hendrix, and seeds produced by sec-
ondary umbels were heavier than tertiary seeds in only eight plants. Fur-
thermore, secondary and tertiary seeds’ weight relative to primary seeds’ 
weight both varied greatly among plants (ranges = 36–97% and 16–83%, 
respectively), thus denoting considerable individual heterogeneity in the 
steepness of the  within- plant gradient in seed weight running from pri-
mary through secondary to tertiary umbels. For Onopordum acanthium, 
Amaranthus retrofl exus, Diplotaxis tenuifolia, and Tragopogon dubius, 
Cavers and Steele (1984) and McGinley (1989) presented data showing 
considerable heterogeneity among individuals of the same species in sea-
sonal patterns of variation in seed size. To the extent that seasonal varia-
tion in seed size in these species refl ects architectural effects (chapter 6), 
these data illustrate individual differences in intrinsic patterns of seed- size 
variation  within- plants. Individual differences may also involve variations 
taking place at much smaller scales. In Raphanus raphanistrum, the pat-
tern of seed- weight variation by position within fruits was shown by Stan-
ton (1984) to differ markedly among maternal families. In  three-  and four-
 seeded fruits, for example, seed size declined from basal to distal positions 
in the fruit in some families, while it did not vary in others.

Evidence from cultivated plants likewise shows that  within- plant gra-
dients of variation in the chemical composition of seeds may also differ 
among conspecifi cs. Brim et al. (1967) used nuclear magnetic resonance 
spectrometry to investigate  within- plant variation in percent oil content in 
soybeans (Glycine max), and found a signifi cant plant × position interac-
tion effect on oil content. The trend of variation in oil content along nodal 
positions of the stem was not consistent among plants, or in other words, 
individuals differed with regard to their intrinsic,  position- dependent 
gradients in this seed trait. Working also on soybeans, Marchetti et al. 
(1995) likewise found that individual plants differed in the characteristics 
of  within- plant gradients in the amount of protease inhibitors in seeds. 
Similar inconsistencies among individual plants in patterns of  within- plant 
variation in seed mass, oil content, and oil composition have been reported 
for sesame (Sesamum indicum; Mosjidis and Yermanos 1985) and sun-
fl ower (Helianthus annuus; Fick and Zimmerman 1973).

Individual differences in the spatial or temporal organization of 
 within- plant seed variation may sometimes involve discrete characters. 
Plants of Impatiens capensis produce two types of seeds, originating from 
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either cleistogamous (CL) or chasmogamous (CH) fl owers. In one of his 
study populations, Waller (1982) found a highly signifi cant plant × seed 
type interaction effect on seed mass, with CH seeds larger in some plants 
and CL seeds larger in others. This striking result reveals that not only 
the magnitude, but also the sign of  within- plant differences in seed size 
among seed types may differ among individuals of the same population.

Genetic Basis of Differences in  Within- Plant Trait Variability

This section summarizes evidence showing that differences among conspe-
cifi cs in both the magnitude and the spatial organization of  within- plant 
variation in organ traits often have a genetic basis. Individual differences 
in  within- plant variation represent the realized outcome of the differen-
tial operation, importance, or characteristics of one or more of the mech-
anisms described in chapters 5 and 6, that is,  organ- level reaction norms, 
ontogenetic contingency (phylloclimate- driven variation, direct and indi-
rect architectural effects, responses to biotic factors), and developmental 
instability. If the factors underlying these mechanisms have a genetic basis, 
then observed individual differences will ultimately have a genetic basis 
too. It is not biologically unrealistic to suggest, for example, that individ-
ual plants of the same species may differ in the shape of their  organ- level 
reaction norms, degree of physiological integration,  three- dimensional 
arrangement of vascular bundles, density and characteristics of intervessel 
pits, geometry of fruit walls, homeostatic ability, or any other factor ulti-
mately responsible for  within- plant variation in organ traits. To the extent 
that these structural or functional differences have a genetic basis, then 
individual differences in the  within- plant variation in organ traits caused 
by these factors will also be genetically based. I consider this indirect evi-
dence in the fi rst subsection below. The clearest evidence of a genetic basis 
of  within- plant variation, however, is provided by a handful of studies con-
sidering organ variability itself as another phenotypic trait, and address-
ing its study by adopting classic quantitative genetics approaches. These 
investigations are considered in the second and third subsections below.

Indirect Support: Genetic Basis of Factors Causing  Within- Plant Variation

I argued in the preceding chapters that the existence of  organ- level devel-
opmental reaction norms is ultimately responsible for a signifi cant por-
tion of  within- plant variation in organ traits. If individual plants differ 
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genetically in the shape of their  organ- level responses to variation in envi-
ronmental variables, this provides a mechanism for genetically based vari-
ation among conspecifi cs in  within- plant variation. One example of vari-
able  organ- level responses to the external environment is the differences 
between genetically distinct conspecifi c trees in their leaf- level response 
curves to variation in the light environment.  Within- tree variation in leaf 
mass per unit leaf area and nitrogen content generally refl ect leaf- level 
plastic responses to variation in the light environment (see references in 
chapter 4). In Juglans regia, genetically distinct lines differ in the func-
tional relationship describing the response of leaf mass per unit area and 
nitrogen content to variable daily photon fl ux density (Klein et al. 1991). 
Intraspecifi c variation in the magnitude and spatial characteristics of leaf-
 shape variation along intrinsic plant gradients, such as those involved in 
heteroblastic species, may also have a genetic basis. In wild Arabidopsis 
thaliana plants, leaves change in size and shape from the juvenile through 
the adult stage according to a well- defi ned heteroblastic pattern, and a 
large number of genes have been identifi ed that infl uence the develop-
mental pattern that originates such sequential variation in leaf form (Tsu-
kaya et al. 2000; Pérez- Pérez et al. 2002).

The extent and nature of plant sectoriality, another major factor con-
tributing to  within- plant variation in organ features, may also differ among 
conspecifi c plants, and these differences may have a genetic basis. Lötscher 
and Hay (1996, 1997) demonstrated experimentally that two genotypes 
of Trifolium repens differed in physiological integration, as revealed by 
their different capacities to translocate 32P and 45Ca from a single nodal 
root to shoot branches. These genotypic differences were most apparent 
when treatments were imposed that altered intraplant  source- sink rela-
tionships (root severance and defoliation). In one genotype the imposed 
treatments had only minor effects on the translocation of nutrients from 
the nodal root to distant branches, thus denoting strong sectoriality. In the 
other genotype, in contrast, the treatments considerably enhanced lateral 
transport of nutrients to far- side branches, thus denoting weak sectorial-
ity. These differences among genotypes in the extent of sectoriality were 
consistent with differences in the organization of the vasculature of their 
stolons. Genetically based differences in the extent of physiological inte-
gration (i.e., the inverse of sectoriality) have been also demonstrated for 
Fragaria chiloensis (Alpert 1999) and Ranunculus reptans (van Kleunen 
et al. 2000). These examples involve clonal herbs characterized by vigor-
ous vegetative growth and the formation of large clones, and extrapola-
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tions to nonclonal plants such as trees or shrubs should be done with cau-
tion. Despite this, they are useful to illustrate that individual differences 
in sectoriality may have a genetic basis and, therefore, that genetic differ-
ences may also lie behind individual differences in the extent and spatial 
organization of  within- plant variation.

Of all the factors accounting for  within- plant variation in organ traits, 
developmental instability has been the only one frequently considered 
from the perspective of its possible genetic basis. By defi nition, random 
deviations from a systematic developmental trend (fi g. 6.4) are not heri-
table, but this is not to say that none of the factors that infl uence the appear-
ance of such deviations is inherited. The factors that infl uence the extent 
of noise at the molecular or cellular level, or those homeostatic mech-
anisms that correct for errors during development, may have a genetic 
basis (Palmer 1996). In fact, a few studies using classic population genet-
ics crossing designs have demonstrated signifi cant maternal and paternal 
infl uences on the extent of homeostasis in plants. These include studies by 
Paxman (1956) and Sakai and Shimamoto (1965) on  within- plant insta-
bility in leaf and fl oral traits in Nicotiana rustica and Nicotiana tabacum, 
respectively, and Bagchi et al.’s study of leaf venation in isogenic lines of 
Tectona grandis (1989). These studies clearly indicate that the fraction of 
individual differences in  within- plant variation in organ traits due to dif-
ferences in developmental stability often has an heritable component.

Direct Support: Wild Plants

Traditionally, the level of  within- plant variation in traits of reiterated 
structures has been not considered an individual property worthy of con-
sideration; thus it is not surprising that there have been so few experimen-
tal investigations of wild plants that directly look for a possible genetic 
basis of levels of  within- plant variation. The results of the few investiga-
tions that I have been able to locate are summarized below, in chronologi-
cal order. All of them have invariably supported a genetic basis of vari-
ability in leaf, fl ower, and seed attributes.

Paxman (1956) conducted a pioneering investigation of the genetic 
basis of  within- plant variation in leaf and fl ower traits by means of a set 
of diallel crosses among fi ve varieties of Nicotiana rustica. He treated 
the  within- plant variances of traits as ordinary characters, and then used 
analyses of variance to detect genetic effects in the usual ways. By this 
means, he was able to demonstrate signifi cant heritabilities for  within- plant 
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variability in stamen length, pistil length, and leaf- shape index. Half a cen-
tury later, Paxman’s study remains exemplary not only for its insightful 
dissection of  within- plant variation into systematic and random compo-
nents, mentioned in chapter 6, but also for the elegance of his analytical 
treatment of results of diallel crosses to demonstrate the heritability of 
 within- plant variation.

In another remarkable study, Seyffert (1983) investigated the genetic 
basis of  within- plant variation in fl oral anthocyanin content of the annual 
Matthiola incana. The study was based on the analysis of 256 defi ned gen-
otypes obtained from a full diallel cross of 16 pure lines representing all 
possible homozygous combinations of four biallelic loci involved in the 
synthetic pathway of fl oral anthocyanins. Results demonstrated the exis-
tence of a strong hereditary component to levels of  within- plant variabil-
ity in fl oral anthocyanin content, which were partly attributable to the 
direct effect on variability exerted by some specifi c loci and by their epi-
static interactions.

Seburn et al. (1990) investigated fl oral variation in the tristylous 
aquatic plant Eichhornia paniculata by clonally propagating replicates of 
14 different genotypes and growing them under  common- garden condi-
tions. Populations of this species exhibit considerable variability in fl o-
ral traits, including the number and symmetry of tepals, and the degree 
of fi lament elongation in  short- level stamens. In addition to the ordinary 
question of whether genotypes differed in mean fl oral traits, these authors 
also investigated whether they differed in the amount of fl oral variability. 
Overall  within- genotype fl oral variability, as measured with the determi-
nant of the trait covariance matrix, exhibited extreme variation among 
genotypes, thus demonstrating a genetic basis of intraplant variation in 
fl oral traits in this species.

Biere (1991a) used a full diallel crossing design to analyze the genetic 
basis of variation in time to germination among seeds of the perennial 
herb Lychnis fl os- cuculi. Genotypes obtained from controlled crosses dif-
fered signifi cantly in the variability of germination time exhibited by their 
seed progeny, the coeffi cients of variation of time to germination (CVwithin, 
as used in this book) ranging between 31 and 72%. High or low CVwithin 
values of maternal progeny mainly resulted from variability within each 
full- sib family and not just from variation among the full- sib families from 
a common female parent sired by different paternal parents. Differences 
between genotypes were statistically signifi cant, as revealed by compari-
sons of the CVwithin between pairs of progeny groups from different mater-
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nal genotypes, thus denoting the genetic basis of  within- progeny variabil-
ity in time to germination.

Winn (1996a) investigated the genetic basis of  within- individual vari-
ability in leaf traits for the annual Dicerandra linearifolia. Plants from 
24 paternal half- sib families were raised in growth chambers, and fi ve 
leaf traits (area, thickness, chlorophyll concentration, chlorophyll a:b 
ratio, density of stomata) were measured for two leaves produced by 
each plant at different times in the seasonal cycle. There was signifi cant 
 within- individual variation in four of the fi ve traits examined. Individuals 
differed in the magnitude of  within- plant variation in leaf traits, and there 
was additive genetic variation for  within- individual variability in leaf area, 
chlorophyll concentration, and chlorophyll a:b ratio.

Direct Support: Cultivated Plants

As already noted on several occasions in this book, intraplant variation in 
the characteristics of reiterated structures of economic value (e.g., fruits, 
seeds) has traditionally been a matter of concern to agronomists, fruit 
growers, and farmers in general, who have long endeavored to reduce this 
unwanted source of heterogeneity in crop products. This has prompted a 
considerable number of breeding efforts to develop cultivars or synthetic 
lines characterized by reduced  within- plant organ variability. Published 
examples abound for cultivated plants grown under controlled uniform 
conditions demonstrating a genetic basis of differences in both the magni-
tude and the spatial organization of  within- plant variation. I will not pro-
vide here a comprehensive review of the extensive literature available, 
but only a summary of representative examples.

Different clones or cultivars of the same species often differ character-
istically in the magnitude of  within- plant variation in organ traits, which 
clearly points to a genetic basis of such variation. Three poplar (Populus) 
clones studied by Casella and Ceulemans (2002), grown under uniform 
conditions, were similar in exhibiting vertical variation in leaf mass per unit 
area and leaf nitrogen concentration, but differed widely in their ranges of 
variation. For leaf fresh mass per unit area, for example, the  within- clone 
ranges were 175–275, 150–425, and 175–400 g / m2. In 17 poplar clones stud-
ied by Pellis et al. (2004), the degree of heterogeneity of leaf area along 
single shoots was a characteristic feature of each clone, and the coeffi cient 
of variation of leaf area within the same shoot ranged widely (37–86%). 
In sunfl ower (Helianthus annuus), the coeffi cient of variation of the oil 
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content of single seeds within sunfl ower heads differed among varieties, 
and there was a signifi cant variety × position effect on fatty acid compo-
sition of oil seeds, revealing that the spatial pattern of  within- head varia-
tion in oil composition was not consistent across varieties (Zimmerman 
and Fick 1973). In oats (Avena sativa), seed- size variability and the shape 
of seed- size distribution depended on genotype (Doehlert et al. 2004). 
And in Brassica napus, the CVwithin for the protein content of single seeds 
varied among plants depending on cultivar (Velasco and Möllers 2002).

Differences between cultivars, varieties, or isogenic lines of cultivated 
plants in the spatial organization of  within- plant variation in organ traits 
are also indicative of a genetic basis. In Nicotiana tabacum the pattern of 
variation in leaf size along nodal positions in the stem varies considerably 
among varieties, with some varieties producing the largest leaves at inter-
mediate positions and others at the most basal nodes (Sakai and Shima-
moto 1965). The poplar clones studied by Casella and Ceulemans (2002) 
mentioned earlier not only differed in the magnitude of  within- plant vari-
ation in leaf features, but also had characteristic,  clone- specifi c vertical 
profi les of variation in leaf traits. Volatile terpenoid levels and composi-
tion in root and leaves of carrot (Daucus carota) are under genetic control 
(Simon 1982; Kainulainen et al. 1998). In a study of four genetic stocks of 
carrot, Senalik and Simon (1987) demonstrated that the content and com-
position of volatile terpenoids varied among roots and leaves of the same 
plant, and among different parts of leaves. Although these authors did 
not perform explicit analyses to test for genotype differences in the spa-
tial pattern of terpenoids, their graphs clearly show that the  within- leaf 
pattern of terpenoid emission was specifi c to each genotype. The amount 
and composition of the terpenoids emitted by the petiole, midrib, and leaf 
blade were similar in some genotypes but differed considerably in others. 
Habegger and Schnitzler (2000) further showed that the fi ne- scale pattern 
of intraleaf terpenoid distribution in carrot was  cultivar- specifi c.

Studies of cultivated fruits and grain crops also reveal that differences 
in spatial patterns of  within- plant variation in fruit and seed traits can 
be genetically based. The size of ripe tomato fruits (Lycopersicon escu-
lentum) varies depending on position on the plant, and the relationship 
that links fruit size and nodal position varies among cultivars (Bertin et al. 
1998). A similar contrast was documented by Rajala and  Peltonen- Sainio 
(2004) for two oat (Avena sativa) cultivars, which exhibited different pat-
terns of  within- panicle variation in seed size. While in one cultivar seed 
weight declined only slightly from the primary to the secondary positions 
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in the panicle, the intrapanicle gradient was quite steep in the other cul-
tivar. In perennial ryegrass (Lolium perenne), different genotypes exhibit 
distinct intrinsic gradients of seed- size variation with position in the infl o-
rescence (Warringa, de Visser, and Kreuzer 1998; Warringa, Struik, et al. 
1998). Certain varieties of corn (Zea mays) exhibit  position- dependent 
variation in the fatty acid composition of seed oil along the ear, while 
others do not (Jellum 1967). A signifi cant variety × fl ower position effect 
has been reported for seed oil content in Carthamus tinctorius (Williams 
1962), denoting that intrinsic  within- plant gradients of seed variation 
were  variety- specifi c. Calderini and Ortiz- Monasterio (2003) studied the 
effects of position in the spike on the macronutrient and micronutrient 
concentration of wheat (Triticum aestivum) grains. They compared pat-
terns of seed chemical variation along spike positions in two cultivars and 
one synthetic hexaploid line, and found signifi cant genotype × position 
interaction effects on Ca, K, P, and Mn concentration, demonstrating that 
genetically different lines exhibited contrasting intrinsic gradients of seed 
chemical composition along the spike. Similar results were obtained by 
Bramble et al. (2002) in a comprehensive study of the variance structure 
of  single- grain protein content in four wheat cultivars in western Kansas. 
In addition to other sources of variability (e.g., fi eld, plot), these authors 
evaluated the relative importance of variance among spikes  within- plants, 
among spikelets within spikes, and among kernels within spikelets, as 
sources of variation in the protein content of seeds. Cultivars differed in 
the nature of  within- spike gradients in seed protein content, and each of 
them had a characteristic spatial structure of  within- plant variance in the 
trait under consideration.

Possibly the strongest evidence of a genetic control of differences in 
 within- plant variation in seed traits has been provided by studies of vari-
ation in the size and characteristics of rice grains. Individual rice grains 
located at different positions in the panicle differ predictably in size and 
in their amylose and starch content (chapter 6), and  within- infl orescence 
patterns of seed variation are  cultivar- specifi c (Zhang et al. 2003; Liu et al. 
2005), which clearly points to an underlying genetic basis. Direct support-
ing evidence was provided by Jeng, Wang, et al.’s study of wild type culti-
var Tainung 67 and its artifi cially induced mutant SA419 (2003). The two 
cultivars showed different starch and amylose accumulation patterns in 
relation to grain positions on the panicle. In the wild type cultivar there 
was a decline in amylose and starch accumulation in the grains located on 
proximal secondary branches in comparison with grains located on distal 
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primary branches. In the mutant cultivar SA419, in contrast, grain position 
had little effect on the contents of starch and amylose of grains located on 
different branches, which clearly demonstrated that differences between 
cultivars in patterns of  within- plant variation in seed characteristics are 
genetically based.

Summary and Closing Remarks

The evidence presented above documents two aspects that are fundamen-
tal to the analysis and interpretation of the ecological and evolutionary 
signifi cance of  within- plant variation in organ traits to be undertaken in 
the following chapters. On one hand, conspecifi c individuals ordinarily 
differ in the extent and spatial organization of intraplant variation in phe-
notypic traits of reiterated structures. On the other, there is compelling 
evidence that these individual differences in magnitude and organization 
of variation are genetically controlled. Verifi cation of the  Haldane- Roy 
conjecture, and its reinforcement by indications of a genetic basis of 
 within- plant variation, should impel us to change the ways in which we 
characterize individual plant phenotypes. Almost without exception, this 
has been traditionally accomplished by using exclusively the mean of a 
sample of organ trait values (e.g., in phenotypic selection studies or inves-
tigations of geographical variation). If individual plants not only have 
characteristic means but also characteristic standard deviations, then 
some measure of intraplant variation (e.g., variance, standard deviation) 
or relative variability (CVwithin) should routinely be used in addition to the 
mean to properly characterize individual plants’ phenotypes with regard 
to organ traits. In other words, the  within- plant variance should be granted 
a descriptive value of the phenotype similar to the value traditionally con-
ferred on the  within- plant mean of organ trait values.

Acceptance of the  Haldane- Roy conjecture opens the way to examining 
variation among characters, among species, or among populations of the 
same species, also from the perspective of their levels of  within- individual 
variability. Statistically signifi cant individual differences in variability are 
not universal. Real and Rathcke (1988), for example, found no differences 
among Kalmia latifolia shrubs in levels of relative variability in per- fl ower 
nectar production rate, and not every example listed in table 7.1 exhib-
its signifi cant individual differences in variability. Identifying patterns and 
ecological correlates of interspecifi c variation in the magnitude of individ-
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ual differences in variability will contribute to our understanding of the 
selective pressures ultimately responsible for that variation, as discussed 
in chapter 10. Patterns of geographical variation and regional phenotypic 
differentiation within species may also be examined from this perspec-
tive. Geographical variation in fl ower, fruit, or seed traits, for example, 
has invariably been addressed from a mean- centered perspective. Inves-
tigations of geographical variation in fl oral traits have traditionally pro-
ceeded by fi rst characterizing each individual plant by its mean value for 
the phenotypic trait of interest (e.g., corolla length), and then examin-
ing differences between regions or populations in these plant means (e.g., 
Herrera et al. 2002; Herrera, Castellanos, and Medrano 2006). But recog-
nition of the fact that  within- plant variability is another trait of individu-
als should lead us, when investigating geographical variation, to consider 
the possibility of population differentiation in that trait and not only in 
the mean. This essentially unexplored aspect of population differentia-
tion is illustrated in fi gure 7.2 for 15 southeastern Spanish populations of 
the shrub Lavandula latifolia. For these populations, Herrera, Castellanos, 

fi g. 7.2 Variation across 15 southeastern Spanish populations of the shrub Lavandula latifolia 
in  within- plant variability in corolla length, as estimated with CVwithin (defi ned in chapter 3). 
Box plots show the 10%, 25%, 75%, and 90% percentiles of the distributions of plant CVwithin. 
Plant values beyond the 10–90% range are shown as dots. Populations are signifi cantly het-
erogeneous with regard to their mean CVwithin values ( 2 = 75.6, P < 0.001,  Kruskal- Wallis 
ANOVA). Twenty plants were sampled per population, with 20–25 fl owers measured per 
plant (additional information on these L. latifolia populations may be found in Herrera 2004; 
Herrera, Castellanos, and Medrano 2006).
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and Medrano (2006) demonstrated signifi cant geographical differen-
tiation in corolla length on the basis of conventional analyses based on 
plant means alone. The data plotted in fi gure 7.2 show, in addition to 
population differences in plant means, signifi cant differences in levels 
of  within- plant variability in corolla length, with each population tend-
ing to have its characteristic level of  within- plant variation. Some popula-
tions are characterized by highly variable individuals (e.g., population 14), 
while others are consistently made up of constant plants (e.g., population 
15). Acknowledging that populations of the same species may also exhibit 
geographical differences in levels of  within- individual variation is a fi rst 
step toward understanding yet another facet of intraspecifi c geographical 
differentiation. This aspect acquires particular importance in relation to 
the expanded model of phenotypic selection that is proposed in chapter 
10, where variability is explicitly incorporated as another trait potentially 
subject to selection.



The main message conveyed by the preceding chapter was that  within- 
plant variance in organ traits deserves a descriptive status similar to 

that traditionally accorded to plant means. This claim is grounded in both 
statistics and biology. It vindicates the use of  within- plant variation, on 
one hand, because it is a valuable albeit traditionally neglected descriptor 
of an individual plant’s phenotype, and on the other, because  within- plant 
variability often has a genetic basis and therefore can respond to selection. 
But these are neither the sole nor the most important reasons why differ-
ences among individuals, populations, and species in levels of  within- plant 
variation in organ traits should be examined carefully. Plant reiterated 
structures are the pivotal elements in most sorts of mutualistic and antag-
onistic  plant- animal interactions, including herbivory, pollination, seed 
dispersal, and fruit and seed predation.  Within- plant variation in the char-
acteristics of reiterated organs may therefore infl uence interaction with 
animals in a number of signifi cant ways.

A considerable number of empirical and theoretical studies that have 
accumulated in recent decades deal with population and behavioral 
responses of herbivorous, nectarivorous, frugivorous, and granivorous ani-
mals to patchiness in the abundance and quality of their food resources 

chapter eight

Consequences of  Within- Plant 
Variation for Interacting Animals
Phytophagous animals’ discrimination among 
organs of the same plant can lead to the most 
profi table choice but has attendant costs that may 
infl uence their overall performance and promote 
 among- plant selectivity.
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(for reviews see, e.g., Lawton 1983; Senft et al. 1987; Hunter et al. 1992; 
Karban 1992; Goulson 1999; Herrera and Pellmyr 2002). Emerging clearly 
from all this research is the notion that phytophagous animals gener-
ally interact with their food resources and exert discrimination at sev-
eral nested levels of ecological resolution, namely regional systems, land-
scapes, plant communities, individual plants, and individual organs within 
plants. This is the “from- leaf- to- landscape” model of  plant- animal inter-
actions, as defi ned by Weisberg and Bugmann (2003). This general frame-
work of  plant- animal interactions explicitly based on ecological hier-
archies of scale was originally conceived, and subsequently developed 
and most thoroughly tested for the case of large mammalian herbivores, 
which are endowed with considerable mobility and usually forage over 
wide areas (Senft et al. 1987; Danell et al. 1991; Weisberg and Bugmann 
2003; Searle et al. 2005). Nevertheless, this hierarchical view may easily 
be expanded to incorporate smaller phytophagous animals that recog-
nize and respond to patchiness in the abundance and quality of their food 
resources at spatial scales ranging from regional systems down to individ-
ual plants and organs within plants, as illustrated by Sallabanks (1993) for 
frugivorous birds, Rabasa et al. (2005) for egg- laying butterfl ies, and Ros-
lin et al. (2006) for leaf miners.

At the topmost level of spatial resolution in the leaf- to- landscape 
model,  fruit-  and  nectar- feeding birds and mammals and insect herbivores 
commonly exhibit foraging responses that involve displacements over 
broad geographical areas. Frugivorous birds, for example, are well known 
for their remarkable ability to track variable food supplies across a wide 
range of spatial scales by means of seasonal migrations and habitat shifts 
(Herrera 2002b; Saracco et al. 2004). Foraging responses of frugivores at 
this scale are illustrated by Australian fruit pigeons’ migrations across 
rain forest (Crome 1975), the nomadic wandering behavior of blackcap 
warblers (Sylvia atricapilla) overwintering in southern Spanish Mediter-
ranean shrublands (Rey 1995), and the  large- scale movements of Afri-
can and Asian hornbills (Bucerotidae) in response to regional variation 
in fruit availability (Kinnaird et al. 1996). Nectarivorous birds and mam-
mals, in the tropics and elsewhere, also respond to spatial variation in nec-
tar resources by habitat shifting, elevational displacements, and migratory 
behavior (Bertin 1982; Fleming 1992; van Schaik et al. 1993). In the case 
of adult insect herbivores, the ecological correlates and triggering cues of 
their frequent displacements at large spatial scales have been less thor-
oughly investigated, but both classic observational studies (Baker 1969; 
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Janzen 1987) and recent studies using genetic markers (Sosa- Gómez 2004; 
Scott et al. 2005) demonstrate that extensive migrations over wide areas 
are also relatively common among these small herbivores.

At the bottom end of the leaf- to- landscape hierarchy lie those forag-
ing responses that take place within habitats, and these are the ones I 
will be mostly concerned with hereafter. In a given habitat, phytophagous 
animals are confronted with the opportunity to discriminate both among 
individual plants of the same species and among the multiplicity of reiter-
ated organs generally borne by each of them. Very few  plant- animal inter-
actions occur entirely at the domain of plant individual by animal indi-
vidual. They happen, for example, when one large mammal grazing in a 
meadow ingests and kills a small annual herb in a single bite, or when ele-
phants uproot and eventually kill Acacia treelets in a single foraging bout 
(MacGregor and O’Connor 2004). In these and similar instances, discrim-
inatory processes by very large animals eating very small plants will nec-
essarily stop at the  among- plant level, and one would expect  within- plant 
variation in organ features to be irrelevant to the interaction between 
plant and consumer. All else being equal, responsiveness to  within- plant 
variation in organ features should vary inversely with the body size of ani-
mals. This is supported, for example, by the results of Hódar and Palo’s 
comparative investigation (1997) on patterns of twig size (a surrogate 
for food nutritional quality) selection by grouse (Lagopus lagopus), hare 
(Lepus timidus), and moose (Alces alces) when feeding on Betula pubes-
cens trees in an arctic site in winter. As predicted from its larger body 
size, moose were considerably less responsive than either grouse or hares 
to spatial variation at several scales in chemical features of food. Since 
 within- plant heterogeneity in chemical and size- related features of reiter-
ated organs predominantly takes place at very small spatial scales (chap-
ter 4), purely mechanical constraints derived from the size of the feeding 
apparatus will sometimes limit the capacity of large animals to respond 
selectively to this variation. Among mammalian browsers, for example, 
mouth size often constrains their ability to respond to very  small- scale 
intraplant variation in forage quality. This is nicely illustrated by Wilson 
and Kerley’s detailed study (2003) on the variation in bite size among 
six species of mammalian browsers ranging in body size from 5 kg (blue 
duiker, Philantomba monticola) to more than 1,000 kg (black rhinoceros, 
Diceros bicornis). These authors found that the mean diameter of stems 
bitten off ranged between 1.0 mm for blue duiker to 6.3 mm for black 
rhinoceros. Mean bite diameter was an increasing function of body size, 



214 chapter 8

being allometrically linked to body mass (M) by the exponent M0.32. This 
implies that large mammalian browsers can hardly respond with selective 
feeding to  within- plant variations in foliage quality when these occur at 
very small spatial scales.

Situations where the body size of the animal exceeds or is roughly com-
parable in magnitude to that of the plants with which it interacts are, how-
ever, relatively scarce in nature. The body size of plants generally exceeds 
by one or several orders of magnitude that of the majority of animals with 
which they interact. Simply because of a matter of scale and relative body 
sizes, therefore, most foraging animals will perceive individual plants as 
distinct habitat patches where the resources sought for (leaves, fl owers, 
fruits, seeds) are found clustered in locally dense aggregations. Only a frac-
tion of the resources available in each patch is generally exploited on each 
occasion that an animal visits the patch (i.e., the plant), which means that 
some  within- patch foraging decisions are undertaken. This applies even 
to some large herbivores that browse on plants roughly equaling them in 
size. In arctic habitats, foraging moose (Alces alces) consume only a frac-
tion of the biomass available in each of the small trees they browse upon, 
even though it would be theoretically feasible to completely exhaust the 
food resources available on each tree (Åström et al. 1990).

In most situations, therefore, the elemental ecological links that con-
nect plants and animals ultimately revolve around individual reiterated 
structures rather than around individual plants. Having arrived on a 
plant, individual insect folivores, pollinators, or vertebrate frugivores will 
interact with it by feeding on only a fraction of all the leaves, fl owers, 
or berries available. Since similar organs borne by a plant differ slightly 
in some important characteristics (and at times not so slightly, as docu-
mented earlier in this book), individual animal foragers may perceive 
this  within- plant heterogeneity and develop behavioral responses to it. 
They may, for example, feed only on some preferred organs while leaving 
others aside. Through this and related mechanisms,  within- plant variation 
in organ traits might infl uence the foraging patterns of the animals that 
feed on them, which might eventually translate into consequences for the 
plants themselves. The ecological relevance of considering  within- plant 
variation in organ traits in the context of the foraging decisions of phy-
tophagous animals has been previously suggested (Kadmon and Shmida 
1992; Sallabanks 1993; Obeso and Herrera 1994; Suomela and Ayres 1994). 
Its ultimate implications were also aptly summarized by Feinsinger (1983, 
51): “Values for biological phenomena are often condensed into means. 
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Theoretically, organisms dealing with those values can ‘expect’ the mean 
value and adapt for it. In reality, organisms encounter values one by one, 
so if variance is high the mean may be irrelevant.”

In this chapter I look at the consequences to animals of  within- plant 
variation in characteristics of reiterated organs. In the fi rst part I consider 
behavioral responses taking place at the level of the individual animal. 
Phytophagous animals perceive the variation among organs of the same 
plant, and respond behaviorally by preferring some organs and reject-
ing others by virtue of their phenotypic traits. I review observational and 
experimental evidence documenting discrimination by frugivorous seed 
dispersers, pollinators, seed predators, and herbivores, among reiterated 
structures simultaneously borne by the same plant, which represents the 
lowest level in the hierarchy of discrimination. The second part of the 
chapter considers the direct ecological costs to animals arising from their 
 within- plant discrimination and choice, which can be measured in terms 
of time, energy, experienced competition, performance, and mortality risk. 
In the third section I consider the indirect costs to animals of  within- plant 
variation that arise from Jensen’s inequality (described later in this chap-
ter) as a consequence of the nonlinearity of relationships between con-
sumer performance and organ trait variation. Direct or indirect costs 
to foraging animals arising from  within- plant variation may give rise to 
discriminating behavior and selectivity at the  among- plant level. I deal 
with this crucial aspect in the fi nal section of the chapter, where I attempt 
to bridge the  within-  and  between- plant selection levels by providing a 
general framework of the consequences of  within- plant variation in terms 
of differential selection among plants by consumers. The ecological and 
evolutionary implications of such selection will be dealt with in chapters 
9 and 10, respectively.

Behavioral Responses to  Within- Plant Variation: Discrimination 
and Choice

With the exception of the relatively frequent work focusing on  within- plant 
host selection patterns by  phloem-  and leaf- feeding insects (reviewed in 
Schultz 1983; Whitham et al. 1984; Gill et al. 1995; see later in this section), 
few studies have explicitly addressed the foraging responses of phytopha-
gous animals to  within- plant variation in the characteristics of reiterated 
structures (e.g., Duffi eld et al. 1993; Orians and Jones 2001), and most 
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published evidence bearing on the subject is either anecdotal or indi-
rect. Nevertheless, abundant experimental evidence demonstrates that all 
classes of phytophagous animals possess considerable discriminating abil-
ities. This suggests that  within- plant selection among reiterated structures 
differing in morphological, chemical, or nutritional properties is likely to 
be the rule rather than the exception. In this section I provide empirical 
support for this claim by reviewing evidence suggesting that  within- plant 
variation in fruit, fl ower, seed, and leaf features generally elicits discrimi-
nating responses and choice among organs by the animals that rely on 
these structures for food and / or breeding sites, namely frugivores, polli-
nators, fruit and seed predators, and herbivores. For each of these major 
groups, I briefl y review experimental studies documenting their discrimi-
nating competence in relation to organ features that have been shown 
previously to vary subindividually (chapters 2 and 3), and then I consider 
direct and indirect fi eld evidence demonstrating that, under natural con-
ditions, animals in effect respond to  within- plant variation by selecting 
some organs over others. As a common background to this section, the 
reader should keep in mind two features of  within- plant variation in organ 
traits documented earlier in this book:  within- plant variation is generally 
comparable or even greater in magnitude than variation among plants, 
and most of it is simultaneous and occurs over very small spatial scales 
within the plant. There is thus no question that animals will routinely have 
ample opportunities for sensorial comparisons, discrimination, and choice 
among organ variants borne by the same plant.

Fruit Variation and Vertebrate Frugivores

Extensive experimental and observational evidence demonstrates that 
frugivorous mammals and birds are able to discern and respond to varia-
tion in a number of features of fl eshy fruits (berries, drupes, and similar 
structures), including size, seediness, seed and pulp volume, and nutri-
tional and chemical composition of the pulp, and that they routinely dis-
criminate among fruits of the same or different species on the basis of 
variation in any of these traits (Sallabanks and Courtney 1992; Herrera 
2002b; Stanley and Lill 2002; and references therein). Under controlled 
experimental conditions, frugivorous primates detect extremely small dif-
ferences in sugar concentration in their food and use sweetness as a cri-
terion for food choice (Laska et al. 1996). Likewise, frugivorous bats are 
able to discriminate among fruits differing in size, degree of ripeness, and 



consequences for interacting animals 217

sugar content (Korine and Kalko 2005; Nelson et al. 2005). Most evidence 
on feeding responses of frugivorous vertebrates to variation in fruit fea-
tures, however, comes from a plethora of aviary experiments in which fru-
givorous birds are presented with artifi cial or natural fruits differing in 
some trait of interest but similar in other respects.

When offered a choice of otherwise similar fruits, captive avian frugi-
vores generally discriminate among fruits and exhibit preferences based 
on differences in size (McPherson 1988; Avery et al. 1993; Sallabanks 
1993; Rey and Gutiérrez 1997; Stanley et al. 2002), seed load (Herrera 
1981b; Hegde et al. 1991; Murray et al. 1993; Stanley and Lill 2002), and 
nutritional content and chemical properties of pulp, including lipid and 
protein concentration, fatty acid composition, sugar composition, sugar 
concentration, and presence of secondary compounds and volatiles (Will-
son and Comet 1993; Avery et al. 1995; Giles and Lill 1999; Lepczyk et al. 
2000; Stanley and Lill 2001; Bosque and Calchi 2003; Pierce et al. 2004; 
Saxton, Creasy, et al. 2004; Saxton, Hickling, et al. 2004). It seems reason-
able to expect that, when confronted in natural settings with the variation 
in fruit features occurring within individual shrubs or trees, or even within 
individual infructescences, frugivorous birds will respond to it and behave 
as selectively at the  within- plant level as they ordinarily do in experimen-
tal arrays. There are two main reasons for this expectation. First, frugi-
vores are characterized by their ability to detect and respond to extremely 
small variations in fruit traits, which are considerably smaller in magni-
tude than those ordinarily occurring within the fruit crops of individual 
plants. Tanagers, a group that includes some of the commonest frugivores 
in the Neotropics, provide an illustrative example. These frugivores crush 
fruits in their bills, thereby releasing juice onto their tongues, which allows 
them to assess fruit chemical properties by taste before swallowing. Levey 
(1987) showed that three species of tanagers were able to detect differ-
ences in diets containing 8%, 10%, and 12% sugar, and four species stud-
ied by Schaefer et al. (2003) detected differences in sugar concentrations 
of only 1%, and differences in lipid content of only 2%. Most remarkably, 
blue- gray tanagers (Thraupis episcopus) react to differences in protein 
content as small as 0.09% of fresh matter (Bosque and Calchi 2003). Very 
low odor detection thresholds have also been reported for some frugiv-
orous birds (Clark 1991), and particularly low discrimination thresholds 
for sugar concentration seem to be a distinguishing feature of frugivorous 
primates and bats (Laska et al. 1996; Herrera et al. 2000). Second, most 
natural  within- plant variation in fruit traits typically occurs at very small 
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spatial scales within plants, generally within the same branch or infructes-
cence (chapter 4). Frugivorous birds tend to be most selective among si-
multaneously available, alternative fruit types when these latter are highly 
accessible and located near each other (Moermond and Denslow 1983; 
Levey et al. 1984; Willson and Comet 1993).

A few fi eld studies provide direct empirical support for the expecta-
tion that frugivorous birds respond selectively to  within- plant variation in 
fruit features. In Costa Rican tropical montane forest, seeds of the laura-
ceous tree Beilschmiedia costaricensis are dispersed only by the few large 
frugivorous birds that are capable of swallowing the large drupes (mean 
diameter = 23 mm) characteristic of the species (Wheelwright 1985). The 
tree also exhibits large  within- plant variation in fruit diameter, which may 
range between 17 and 25 mm within a single tree. By comparing the fre-
quency distribution of diameters of B. costaricensis seeds regurgitated 
(and, by inference, fruits consumed) below an isolated tree by emerald 
toucanets (Aulacorhynchus prasinus) with the distribution of seed diame-
ters of fruits dropped uneaten by birds below the same tree, Wheelwright 
(1985) demonstrated that, when feeding on that tree, toucanets fed pref-
erentially on the smaller fruits and rejected the larger ones. Sallabanks 
(1993) investigated patterns of  within- plant fruit selection by American 
robins (Turdus migratorius) foraging in hawthorn (Crataegus monogyna) 
shrubs. Fruits picked by robins but subsequently dropped beneath 14 focal 
shrubs were identifi ed in the fi eld by their characteristic beak marks (two 
or more parallel or pointed lines left on the surface of the fruit by the edge 
of the bird beak holding it), and their features were compared with those 
of intact fruits picked from the same shrubs using a paired design. All 
the fruit traits measured (fruit diameter, fruit mass, pulp mass, seed mass, 
and pulp- to- seed ratio) were signifi cantly greater for bird- dropped fruits 
compared with untouched fruits remaining on shrubs, which denoted sig-
nifi cant size- based,  within- plant selectivity by foraging robins. I repli-
cated this part of Sallabanks’s study at four southeastern Spanish popu-
lations of C. monogyna by sampling available and rejected, beak- marked 
fruits underneath a total of 55 trees (C. M. Herrera, unpublished data). 
In these populations, C. monogyna fruits were eaten by several Turdus 
(thrush) species, and  within- tree variation accounted on average for 61% 
of  population- wide variance in fruit width (table 3.3). As in Sallabanks’s 
study, southeastern Spanish thrushes consistently exerted  within- plant 
discrimination based on fruit size when feeding on these variable fruit 
crops. The mean diameter of rejected, beak- marked fruits found under-
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neath plants was larger than the mean diameter of the fruits borne by the 
same plant in 53 out of the 55 trees studied (fi g. 8.1). Similar size- based 
discrimination by frugivorous birds among the fruits produced by individ-
ual plants has also been reported for other  fl eshy- fruited Mediterranean 
plants such as Osyris lanceolata (Herrera 1988) and Prunus mahaleb (Jor-
dano 1995b).

All the preceding examples refer to  within- plant discrimination by 
avian frugivores in the fi eld, based on differences in fruit size. This is prob-
ably because size is the single fruit trait most easily measured and the 
one for which most quantitative information on intraspecifi c variation 
down to the  within- plant level exists (chapter 3). Nevertheless, I would 
expect frugivores to respond selectively also to  within- plant variation in 
less apparent fruit traits such as chemical composition of pulp (chapter 2). 
Field and aviary investigations have revealed that frugivorous birds pos-
sess considerable discriminating competence, which allows them to select 
among simultaneously available fruits on the basis of subtle characteris-
tics that are not easily perceived visually. For example, blackbirds (Tur-
dus merula) foraging on C. monogyna shrubs are able to distinguish, and 

fi g. 8.1 Frugivorous thrushes (Turdus spp.) consistently exert  within- tree discrimination on 
fruit size while foraging on Crataegus monogyna trees in southeastern Spain. The mean diam-
eter of rejected, beak- marked fruits lying on the ground underneath individual plants is plot-
ted against the mean diameter of fruits borne by the same plant. Each symbol corresponds 
to a different tree (N = 55). Except in two trees, rejected fruits were larger on average than 
those available on the plant. The y = x dashed line represents no discrimination. C. M. Her-
rera, unpublished data.
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reject before swallowing, fruits whose seeds contain insect larvae, despite 
the fact that infestation is not readily apparent from visual inspection of 
the fruit (Manzur and Courtney 1984). Similar fi ne- tuned discrimination 
based on cryptic fruit infestation by microbes or insect pests has been 
demonstrated for other species of avian frugivores feeding on a variety 
of fruit types (Jordano 1987; Krischik et al. 1989; Valburg 1992a, 1992b; 
Traveset et al. 1995; García et al. 1999), as well as for small  fruit- eating 
tropical bats in the family Phyllostomidae (Korine and Kalko 2005).

Flower Variation and Pollinators

Experimental evidence has accumulated over more than a century prov-
ing that animal pollinators are characterized by remarkable visual and 
olfactory discriminatory abilities in relation to a long list of morphologi-
cal and chemical fl oral features (Clements and Long 1923). (In this sec-
tion, the word pollinator is used loosely to mean animals adapted to visit-
ing fl owers even if they are not high- quality pollinators of the plant they 
are visiting.) Most information comes from studies of social bees, nota-
bly honeybees (Apis mellifera) and bumblebees (Bombus). For these, 
investigations with captive individuals have documented a considerable 
capacity to detect and respond to subtle variations in features of artifi cial 
model fl owers (reviews in Goulson 1999; Chittka and Thomson 2001). In 
addition to responding to variation in nectar concentration, volume, and 
secretion pattern (Waddington 1980; Waddington et al. 1981; Cnaani et al. 
2006), honeybees and bumblebees also discriminate among individual 
fl owers on the basis of differences in structural and chemical characteris-
tics, including size (Møller 1995; Blarer et al. 2002), orientation (Ushimaru 
and Hyodo 2005), symmetry (Lehrer et al. 1995; Møller 1995; Rodríguez 
et al. 2004), scent (Raguso 2001 and references therein), and the presence 
or concentration of amino acids and secondary compounds in the nectar 
(Inouye and Waller 1984; Singaravelan et al. 2005).

Outstanding discriminatory competence, however, is not by any means 
exclusive to social bees. Although much less frequently investigated, insect 
pollinators such as lepidopterans, beetles, and fl ies are also endowed with 
the capacity to respond to slight variations in fl oral traits.  Flower- visiting 
butterfl ies and the day- fl ying hawk moth Macroglossum stellatarum dis-
criminate among artifi cial nectars with different sugar and amino acid 
composition (Erhardt 1991; Kelber 2003), and individuals of the hawk 
moth Manduca sexta foraging in a laboratory fl ight cage selected those 
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artifi cial fl owers that emitted the highest levels of CO2, a characteristic of 
the newly opened, rewarding fl owers of their Datura wrightii food plants 
(Thom et al. 2004). In a fi eld experiment, Møller and Sorci (1998) demon-
strated that fl oral visitors belonging to several families of Coleoptera and 
Diptera discriminated among artifi cial fl ower models differing in degree 
of symmetry.

Among vertebrate fl oral visitors, hummingbird responses to varia-
tion in fl oral features have been most frequently studied. These necta-
rivorous birds are able to discriminate among fl owers differing in nectar 
volume and concentration (Hainsworth and Wolf 1976; Tamm and Gass 
1986; Blem et al. 2000), nectar sugar composition (Stromberg and Johnsen 
1990), and nectar amino acids, vitamins, and minerals (Hainsworth and 
Wolf 1976; Carroll and Moore 1993; Bouchard et al. 2000). Other nec-
tarivorous birds, including species of African Nectariniidae, can also dis-
criminate among fl oral nectars differing in sugar composition (Jackson 
et al. 1998). Among mammalian fl oral visitors,  nectar- feeding glossopha-
gine bats have recently been shown to possess the remarkable capacity of 
discriminating among simultaneously available fl owers of the same spe-
cies that differ slightly in morphology on the basis of their different “echo 
fi ngerprints” (von Helversen and von Helversen 2003).

The preceding examples, although incomplete, show that pollinators 
exhibit considerable discriminating capacity among fl owers or artifi cial 
fl ower surrogates when tested under controlled experimental condi-
tions. On this basis, one would predict that they also respond selectively 
to  within- plant variation in fl oral features occurring in the fi eld, and this 
is supported by the direct and indirect fi eld evidence presented below. 
Before considering it, however, it is important to acknowledge an inher-
ent diffi culty associated with the interpretation of direct fi eld observations 
on fl ower selection by pollinators. Pollinators differ from other phytopha-
gous animals (e.g., frugivores, seed predators) in the way they “sample” 
the reiterated structures simultaneously available on the same plant. For 
example, individual frugivores foraging on a tree or shrub sample the 
available fruits without replacement, chosen fruits being taken away from 
the plant and becoming subsequently unavailable to that frugivore or 
any other. In contrast, fl oral visitors often sample with replacement the 
available fl owers on a plant. Flowers of most species last for more than 
one day (Ashman and Schoen 1996), and even the  shortest- lived ones 
may receive many visits over their lifetime (Kato 1988; Jones et al. 1998); 
hence a fl ower visited by a pollinator will remain exposed to further visits 
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by others for some time afterwards. This means that, at any given time in 
the life of individual fl owers, some of its features that may infl uence the 
behavioral responses of pollinators, particularly the amount of pollen pre-
sented or nectar content, refl ect not only intrinsic properties of the fl ower 
(pollen and nectar production), but also the vagaries of its prior visitation 
history. This history generates complex patterns of  within- plant variation 
in “pollinator- modifi able” fl oral traits that may be only weakly related 
to intrinsic patterns of variation, as exemplifi ed by weak correlations 
across fl owers between rates of nectar production and instantaneous nec-
tar standing crops (Zimmerman 1988), and by the extensive  within- plant 
variation in nectar sugar composition in the fi eld, but not in the green-
house, reported for fl owers of two species of Aquilegia (Canto et al. 2007). 
Furthermore, mounting evidence indicates that pollinators may actively 
“manipulate” the probability of individual fl owers being subsequently vis-
ited, thus additionally contributing to decouple intrinsic fl oral traits and 
the probability of visitation. Several groups of insect pollinators, including 
social and solitary bees, deposit  short- lived repellent odors on the corolla 
when collecting nectar or pollen, and subsequent visitors of the same or 
different species tend to avoid these recently depleted fl owers (Giurfa 
and Núñez 1992; Goulson et al. 1998; Stout and Goulson 2001; Hrncir 
et al. 2004; Gawleta et al. 2005; Reader et al. 2005).  Pollinator- induced 
decoupling between observable and intrinsic fl oral traits thus greatly lim-
its the use of fi eld observations to assess whether  within- plant fl ower dis-
crimination by pollinators, when it occurs, is actually related to intrinsic 
 within- plant variation in fl oral features or to differences among fl owers 
originated by contrasting histories of pollinator visitation. Keeping this 
caveat in mind, however, fi eld evidence relating differences among fl ow-
ers of the same plants to differential responses by fl oral visitors may still 
be interpreted as indicative of  within- plant fl ower choice by pollinators.

After approaching a plant, individual pollinators eventually visit only 
some of the fl owers available (range 5–70%; references in Harder et al. 
2004). This aspect of  plant- pollinator interactions has been examined fre-
quently by pollination ecologists, because variations in the proportion of 
fl owers visited per pollinator approach may translate into variations in 
the likelihood of geitonogamous pollinations and, consequently, in the 
proportion of selfed progeny (Hessing 1988; Karron et al. 2004; Mitch-
ell et al. 2004). Despite the interest elicited by the widespread phenome-
non of “nonexhaustive foraging” by pollinators, relatively little effort has 
been devoted to investigate the proximate mechanisms and discrimina-
tory processes involved in  within- plant fl ower selection. The available evi-



consequences for interacting animals 223

dence, however, suggests that the subset of fl owers visited per approach 
will rarely be, if ever, a random subsample of those simultaneously borne 
on the plant. This has been well investigated in plants with fl owers linearly 
arrayed on simple vertical infl orescences, where pollinators often tend to 
forage selectively on available fl owers according to well- defi ned direc-
tional patterns. Usually, approaching bees commence foraging at the bot-
tom fl owers, work predominantly upward, and leave infl orescences before 
visiting all fl owers. These patterns of  within- plant fl ower selection may re-
fl ect discrimination of pollinators in favor of the largest or most reward-
ing fl owers in the array, as well as intrinsic preferences for foraging on 
certain specifi c locations in the infl orescence (Pyke 1978a; Corbet et al. 
1981; Dreisig 1985; McKone et al. 1995). Regardless of infl orescence type, 
some bee species may also prefer those fl owers of a plant that are located 
at some particular height above the ground, and this form of  within- plant 
selection has been reported for species ranging from low herbs to tall 
trees (Levin and Kerster 1973; Frankie and Coville 1979; Roubik et al. 
1982; Kadmon et al. 1991; Rinderer et al. 1996). Rinderer et al. (1996), 
for example, found that each of several species of Apis and Trigona bees 
foraging on a single individual of the tree Peltophorum pterocarpum in a 
Bornean forest tended to select fl owers located at different heights above 
the ground. Kadmon et al. (1991) studied fl ower visitation by anthophorid 
bees (Anthophora and Eucera) on a single plant of the annual herb 
Anchusa strigosa and found that the probability of approaches from 
another plant varied signifi cantly between individual fl owers, being neg-
atively correlated with the height of the fl ower above the ground sur-
face. Individual fl owers located at 20–30 cm above the ground received, 
on average, twice the number of external approaches per unit time than 
those at 60–70 cm. As there was no consistent relationship between fl ower 
height and nectar production, their fi ndings refl ect intrinsic preferences of 
bees for fl owers located at lower positions on the plant.

More generally, and regardless of plant size or type of infl orescence, it 
is a common observation that individual pollinators frequently approach 
individual fl owers and reject them without landing or attempting to probe 
them for nectar or pollen (e.g., Kadmon et al. 1991), behavior that clearly 
denotes discrimination among available fl owers on the same plant. In the 
case of bees,  within- plant discrimination of this sort generally results in for-
agers probing the most rewarding fl owers and skipping the least reward-
ing ones (Heinrich 1979; Wetherwax 1986; Kato 1988; Kadmon 1992; Duf-
fi eld et al. 1993). This is accomplished by assessing  within- plant variation 
in rewards, either directly (evaluating nectar reward itself), by association 
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(using some correlated fl oral cue), or by rejecting fl owers upon which 
previous visitors have left scent marks (Thorp et al. 1975; Marden 1984b; 
Goulson et al. 1998; Goulson et al. 2001). These studies demonstrate 
 within- plant selectivity by pollinators, although it is diffi cult to place them 
properly in the context of pollinator responses to  within- plant variation 
in intrinsic fl oral features because, as noted above, fl oral traits involved in 
the discrimination can vary dynamically as a consequence of previous pol-
linator visitation.

Field observations of fl ower selection by pollinators in response to 
variation in fl oral traits not susceptible to modifi cation by prior visitation, 
such as corolla size or degree of symmetry, provide better evidence of 
 within- plant discrimination. Duffi eld et al. (1993) investigated the choice 
of fl owers at two hierarchical levels by honeybees foraging on plants of 
the Mediterranean shrub Lavandula stoechas. Within plants, bees landed 
preferentially on infl orescences with more of their fl owers open, while 
tending to ignore or actively reject infl orescences with relatively fewer 
fl owers. Once on an infl orescence, bees usually probed only a small pro-
portion of the open fl owers, tending to probe more often those fl owers 
with the longer and wider corollas. Møller (1995) used a method based 
on the comparison of the characteristics of fl owers in  nearest- neighbor 
pairs on the same ramet to study the relationship of pollinator visitation 
with the size and degree of symmetry of fl owers of  bumblebee- pollinated 
Epilobium angustifolium. The degree of petal asymmetry in fl owers vis-
ited by a bumblebee was smaller than that of the nearest neighboring 
fl ower on the same ramet that was ignored by the visitor. First- visited 
fl owers were also larger than the nearest neighboring fl ower that was 
not visited fi rst by a bumblebee. Møller and Eriksson (1995) did a similar 
study in three different sites in Spain, Denmark, and Sweden, involving 
ten species pollinated by bees, beetles, or fl ies. In all the species studied, 
the petals of  insect- visited fl owers were signifi cantly more symmetrical 
than those of the unvisited nearest neighboring fl ower in the pair. Fur-
thermore, in seven of the species, petals were signifi cantly longer in the 
 insect- visited fl owers than in the neighboring unvisited fl owers. Using a 
similar approach, Martin (2004) likewise found that honeybees forag-
ing on Mimulus guttatus were found consistently more often in the larger 
fl ower of the  nearest- neighbor pair. In contrast to Møller’s work (1995), 
these two later studies compared the traits of a visited fl ower with that of 
the nearest unvisited one on a different plant. Provided that the variance 
in fl oral traits occurring  within- plants may be similar or even greater than 
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the variance occurring among plants (chapter 3), results of these studies 
support  within- plant discrimination of fl owers by pollinators in response 
to variation in size and degree of symmetry of fl owers.

Fruit and Seed Predators

Ovipositing females of invertebrate fruit and seed predators whose ses-
sile larvae spend a protracted developmental period confi ned within a 
single structure should be particularly selective when exposed to the fruit 
or seed variants occurring in a single plant’s crop. In these cases, oviposi-
tion choices will ultimately determine the amount and quality of the food 
available to larvae during development, and strong selective pressures 
should favor subtle discriminating abilities and marked preferences for 
those fruits or seeds whose traits are conducive to more numerous and 
viable progeny. A large number of experimental investigations and fi eld 
studies clearly support this expectation.

Because of the frugivorous habits of their larvae, many species of the 
true fruit fl y family Tephritidae have become major damaging agents in 
fruit orchards, and they fi gure prominently among the world’s most dam-
aging agricultural pests (e.g., Anastrepha, Ceratitis, Dacus, Rhagoletis). 
Their economic impact has prompted many studies on the ecological, 
behavioral, and sensorial aspects involved in host choice and fruit dis-
crimination by these insects (reviews in, e.g., Boller and Prokopy 1976; 
Fletcher 1987; Sallabanks and Courtney 1992). These studies have shown 
that female fruit fl ies use a two- step fruit selection procedure. After select-
ing individual host plants on the basis of foliage color, shape, size, and 
odor emissions, ovipositing fruit fl y females of most species discriminate 
visually among the developing fruits simultaneously available on the cho-
sen plant. Shape, size, and contrast against background are the fruit char-
acteristics most commonly used by ovipositing fl ies in this second step 
to discriminate among fruits  within plants. For example, ovipositing fl ies 
of different species of Rhagoletis discriminate visually among inanimate 
spherical models used as surrogates of host fruits on the basis of differ-
ences in diameter (Prokopy 1969, 1977; Prokopy and Bush 1973). Fruit 
discrimination and preferences by ovipositing females based on size dif-
ferences have frequently been reported for other tephritid species (Anas-
trepha, Sugayama et al. 1997; Dacus, Katsoyannos and Pittara 1983). A 
visual discrimination mechanism of this sort based on differences in fruit 
size may also be responsible for the nonrandom distribution of tephritid 
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fl y larvae among berries of the shrub Berberis hispanica in southeastern 
Spain (Herrera 1984b). In fruit crops of this species, the estimated per-
 fruit probability of infestation by fl y larvae varied  within plants and was 
related to variation in the number of seeds per fruit, increasing from 0.31 
through 0.62 to 0.88 for fruits enclosing one, two, and three seeds, respec-
tively. In this example, the  within- plant preference of ovipositing fl ies for 
larger fruits enclosing more seeds was clearly related to increasing larval 
survival with increasing number of seeds (Herrera 1984b).

Plants with multiovulate carpels often exhibit considerable  within- plant 
variation in fruit size and seediness, which generally occurs at very 
restricted spatial scales (chapters 3 and 4). Furthermore, in these species 
fruit size and seediness are generally correlated across fruits of the same 
plant (C. M. Herrera, unpublished data). Size- based  within- plant discrim-
ination of fruits similar to that exhibited by tephritid fl ies feeding inside 
fl eshy fruits is therefore expected to be widespread among other sessile 
invertebrate predators whose larvae spend their whole lives feeding on 
the seed content of a single fruit. Results of a study of the incidence of the 
seed- eating larvae of a bruchid beetle on the ripe fruits of Guazuma ulmi-
folia, a tropical dry forest tree, are consistent with this suggestion (Herrera 
1989c, and unpublished data). Ovipositing females of Amblycerus cisteli-
nus lay a single egg on each G. ulmifolia fruit, and there the larva com-
pletes its development feeding on most or all of the 20–80 enclosed seeds 
until pupation, which also takes place inside the fruit. Within individual 
trees, infested fruits are consistently larger (fi g. 8.2) and contain more 
seeds, on average, than uninfested ones, which reveals size- based discrimi-
nation and egg- laying preference by ovipositing A. cistelinus females for 
the larger, more profi table fruits at the  within- tree level. Similar results 
were reported by McClure et al. (1998) for two species of Strobilomyia 
fl ies feeding within the seed cones of Larix laricina trees. These seed pred-
ators tended to select for oviposition the longer cones in each tree.

Examples abound of small predispersal seed predators (Curculioni-
dae and Bruchidae in the Coleoptera; Eurytomidae and Torymidae in the 
Hymenoptera) whose larvae develop inside single seeds (Janzen 1969). 
In these species, the resources available to the larva are determined by 
the quality of the seed on which the egg was deposited. After entering a 
seed, the larvae’s principal source of mortality may be failure to complete 
development and reach the pupation stage. In Bruchus brachialis feed-
ing on Vicia villosa seeds, 23.5% of larvae died within the seeds (Dicka-
son 1960). Strong selective pressures are therefore expected on the egg-
 laying behavior of females, and  within- plant discrimination by ovipositing 
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females should proceed one step beyond selection among fruits and 
involve selection among individual seeds. Nalepa and Grissell (1993) did 
a detailed study of  within- plant variation in seed size in a single plant of 
Rosa multifl ora, and how it related to variation in adult size, emergence, 
and morphology of a torymid wasp seed predator. Megastigmus aculeatus 
is a small (thorax width 1.0–1.5 mm) chalcid wasp that feeds internally in 
the seeds of wild and cultivated species of Rosa, where it consumes the 
embryo and the endosperm. Only one larva attains full growth in a single 
seed. Nalepa and Grissell classifi ed more than 2,600 seeds into three size 
categories, and used X- rays to nondestructively assess the presence of M. 
aculeatus larvae inside individual seeds. Larvae were nonrandomly distrib-
uted among seed- size classes. The proportion of infested seeds increased 
signifi cantly from 16% in size class 1 (<2.0 mm), to 37% in class 2 (2.0–2.8 
mm), to 44% in class 3 (>2.8 mm), which clearly denoted seed- size- based 
discriminating capacity by the wasps and an active oviposition preference 
for the largest seeds available on the single shrub studied. Similar size-
 based selection of Rosa rugosa seeds by ovipositing M. aculeatus wasps 
was documented by Gillan and Richardson (1997). At their two study sites, 
between 79 and 95% of the achenes with wasp exit holes were more than 
2.0 mm, while infestation was only 5–21% among the smaller achenes 

fi g. 8.2 Within individual fruit crops of Guazuma ulmifolia, a tropical deciduous forest tree, 
the fruits infested by larvae of the bruchid beetle Amblycerus cistelinus tend to be larger than 
the uninfested ones. The graph plots the mean length of fruits infested by larvae against the 
mean length of uninfested fruits on the same plant for a Costa Rican G. ulmifolia population. 
Each symbol corresponds to a different tree (N = 40). The y = x dashed line represents no dis-
crimination. C. M. Herrera, unpublished data.
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(1.4–2.0 mm). Further evidence of  within- plant selection by chalcid seed 
predators is provided by Chung and Waller’s work on patterns of seed 
predation by the chalcid wasp Eurytoma seminis in clones of the shrub 
Rhus glabra (1986). The incidence of chalcid wasps on seeds varied widely 
among stems and infructescences of the same clone, variation being con-
siderably greater within than among clones (Chung and Waller 1986, fi g. 
2).  Within- clone variation in chalcid wasp incidence was related to varia-
tion in seed size, with seed length being positively correlated with preda-
tion rate in four out of nine clones. Subindividual variation in seed size 
thus partly accounted for intraplant variation in predation rates through 
its effects on the host- selection behavior of the predator.

Although few fi eld investigations have approached the study of inver-
tebrate seed predation and its correlates from the perspective of their 
 within- plant variation, I would predict that patterns similar to those 
revealed by the studies of the  Amblycerus- Guazuma,  Megastigmus- Rosa, 
and  Eurytoma- Rhus systems should be widespread whenever (1) a pre-
dictable relationship exists between progeny fi tness and some seed or 
fruit trait, and (2) ovipositing females are able to assess the  within- plant 
distribution of seed or fruit quality (e.g., size, seediness) and select the 
best seed or fruit. This combination of conditions is probably the rule in 
nature, at least judging from the results of numerous experimental and 
observational studies conducted on seed- eating beetles of the families 
Bruchidae and Curculionidae. These include Dickason (1960) on Bruchus 
brachialis feeding on seeds of Vicia villosa; Mitchell (1975) on Callosobru-
chus maculatus feeding on mung beans (Vigna aureus); Mitchell (1976) 
on egg- laying Mimosestes amicus on Cercidium fl oridum pods; Bradford 
and Smith (1977) on Caryobruchus buscki and Scheelea rostrata seeds; 
Fox and Mousseau (1995) on Stator beali and Chloroleucon ebano; Moe-
genburg (1996) on Caryobruchus gleditsiae and Sabal palmetto; Redmon 
et al. (2000) for Bruchidius villosus ovipositing on Cytisus scoparius pods; 
Cope and Fox (2003) on Callosobruchus maculatus and Vigna unguicu-
lata; Campbell (2002) on Sitophilus oryzae on Triticum aestivum seeds; 
and Koo et al. (2003) on Mechoris ursulus ovipositing on Quercus ser-
rata and Q. mongolica acorns. These studies have shown that egg- laying 
females of seed- eating beetles discriminate among simultaneously avail-
able seeds on the basis of their size and select relatively larger seeds for 
oviposition, and that the body size of offspring, and thus their prospective 
fi tness, increases with increasing size of the host seed.  Within- plant seed-
 size selection by these small, sedentary, seed- eating invertebrates should 
be the rule under natural conditions.
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Some invertebrate seed predators whose larvae feed inside devel-
oping fruits lay eggs on fl owers rather than on the developing ovaries. 
In these cases, ovipositing females should not only fi nd an appropriate 
host plant, but, once it has been found, they should select for oviposition 
those fl owers with a higher probability of setting seed. One would there-
fore expect ovipositing females in these cases to exert active  within- plant 
selection based on fl oral characters likely to enhance maternal polli-
nation success, a prediction supported by some fi eld evidence. In the 
 hummingbird- pollinated Ipomopsis aggregata, Brody (1992a, 1992b) and 
Brody and Waser (1995) found that fl owers chosen by ovipositing females 
of the seed predator Hylemya tended to have longer corollas and a higher 
probability of setting seed than fl owers that were not chosen. In the 
 bumblebee- pollinated Monotropastrum globosum, the developing fruits 
are infested by microlepidopteran larvae. Within individual plants, fruits 
originating from fl owers with comparatively larger petals are infested sig-
nifi cantly more often than fruit from fl owers with smaller petals (Ushi-
maru and Imamura 2002). These two examples reveal that predispersal 
fruit predators may also exert discrimination within plants by preferring 
some fl owers over others for oviposition.

Vertebrate fruit and seed predators may also exert  within- plant selec-
tion of fruits and seeds, although their food- selection patterns have been 
examined from this perspective even less frequently than for insect pred-
ators. Small mammals are important predispersal seed predators of many 
species, and in some cases exert  within- plant discrimination among seeds 
and fruits. In the Iberian Peninsula, the long- tailed fi eld mouse Apode-
mus sylvaticus is the main predispersal seed predator of the perennial 
herb Helleborus foetidus (Fedriani 2005). Experiments with captive ani-
mals have shown that, after climbing the infructescence of a plant, mice 
discriminate among the available fruits and feed preferentially on those 
with the greater number of follicles (J. M. Fedriani, personal communica-
tion). Granivorous birds that behave as predispersal seed predators may 
also exert  within- plant discrimination on the basis of differences in fruit 
or seed characteristics, as demonstrated for some fringillid fi nches. Cardu-
elis chloris is a major predator of the seeds of the Mediterranean shrub 
Pistacia lentiscus, a species that produces fruit crops composed of a mix-
ture of fi lled and unfi lled seeds (Jordano 1989). In an experimental and 
fi eld study designed to evaluate the  fruit-  and seed- selection behavior 
of C. chloris, Jordano (1990) demonstrated that birds were able to dis-
criminate between P. lentiscus fruits containing fi lled and unfi lled seeds by 
bill- weighing, and actively rejected fruits enclosing unfi lled seeds without 
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having to crack them in the bill. Similar abilities to discriminate among 
simultaneously available conspecifi c seeds that differ in size, soundness, 
weight, hardness, or some combination of these features, along with dis-
tinct preferences for seeds possessing certain traits, have been frequently 
reported for other granivorous birds in the families Corvidae, Fringilli-
dae, Paridae, and Estrildidae (Hespenheide 1966; Ligon and Martin 1974; 
Senar 1983; Greig- Smith and Crocker 1986; Johnson et al. 1987; Heinrich 
et al. 1997; van der Meij and Bout 2000). In an experimental study of food 
selection by Clark’s nutcrackers (Nucifraga columbiana) feeding on Pinus 
edulis seeds, Christensen et al. (1991) found that nutcrackers fi rst discrimi-
nated among trees based on differences in mean seed size, and then dis-
criminated among cones within a tree by selecting the longer cones with 
more numerous and proportionally more viable seeds. Captive bullfi nches 
(Pyrrhula pyrrhula) presented with single sunfl ower fruits, pairs of fruits, 
and batches of fruits, selected better when fruits could be directly com-
pared with one another, and choices were based on their relative features 
(Greig- Smith and Crocker 1986).

Further proof of the remarkable discriminating competence of avian 
seed predators is provided by observations indicating that they can dis-
tinguish externally between fruits or seeds based on whether they are 
infested by larval seed predators. When feeding on the infructescences of 
Banksia attenuata, the cockatoo Calyptorhynchus funereus seeks and eats 
the larvae of seed- eating weevils; the birds forage  within- plants in a selec-
tive manner, tending to feed preferentially on infested infructescences 
(Scott and Black 1981). Blue jays (Cyanocitta cristata) feeding on Quer-
cus palustris acorns discriminate among nuts infested and uninfested by 
weevils, and they handle, open, and consume uninfested nuts signifi cantly 
more often than infested ones (Dixon et al. 1997). The capacity to discrim-
inate among simultaneously available seeds illustrated by these examples, 
in combination with the remarkably high variances in seed traits com-
monly occurring within single plants (chapter 3), leads to the prediction 
that granivorous birds that pick seeds one at a time from dehiscent fruits 
or exposed infructescences (e.g., grass panicles) should ordinarily engage 
in  within- plant seed discrimination.

Leaf Variation and Herbivores

“Variation is the rule” in host plant selection by herbivores, as expressed 
by the title of a chapter in Schoonhoven et al.’s book on  insect- plant biol-
ogy (2005). It is thus not surprising that the causes and consequences of 
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variation in plant traits in relation to herbivores have been examined in 
considerable detail by innumerable studies done on a plethora of spe-
cies. Reviews may be found in Karban (1992), Hare (1992), Hoy et al. 
(1998), and Schoonhoven et al. (2005). These reviews have generally high-
lighted patterns of variation in  herbivory- related plant traits among spe-
cies and among individuals or populations of the same species, but they 
have generally ignored or considerably played down the signifi cance of 
variation within individual plants. Nevertheless, the many ways whereby 
 within- plant variation in foliage may infl uence food selection by her-
bivores have been known for a long time, and examples in the primary 
ecological literature are not as rare as their neglect by recent reviews of 
 plant- herbivore interactions would seem to suggest. For example, more 
than 20 years ago Whitham (1978, 1980) and Zucker (1982) demonstrated 
clearly that variation in leaf size and quality within Populus angustifolia 
tree crowns strongly affected oviposition choices by  phloem- feeding Pem-
phigus aphids. Schultz (1983) reviewed what was known at the time about 
the infl uence of tree heterogeneity on the foraging behavior of larval lepi-
dopterans, and concluded that  within- tree heterogeneity had a number of 
important consequences for both the populations and the communities of 
forest insects. In a detailed study of host leaf selection by the miner Stilbo-
sis juvantis on Quercus emoryi trees, Faeth (1985) demonstrated that leaf 
selection by ovipositing females took place at the level of individual leaves 
rather than individual trees, with females fi rst locating a tree of the cor-
rect host species and then making oviposition decisions within that tree. 
These and other early studies documenting the ecological signifi cance of 
 within- plant foliage variation in relation to host selection by herbivores 
were considered in a series of comprehensive reviews by Whitham and 
associates in the early eighties (Whitham 1981, 1983; Whitham et al. 1984). 
The main purpose of these reviews was to provide support for Whitham 
and Slobodchikoff’s original theory (1981) that  within- plant genetic mosa-
ics caused by somatic mutations might have direct ecological implications 
and adaptive signifi cance because of their role in the defense of long-
 lived plants against  short- lived herbivores (the “genetic mosaic theory 
of plant defense,” GMT hereafter). I suspect that the neglect in recent 
reviews of the  within- plant level of variation in relation to herbivory is a 
direct consequence of the dismissal of the GMT, which no longer seems 
to be perceived by ecologists as a worthwhile approach to the study of 
 plant- herbivore coevolutionary interactions. Even if the overall judgment 
is right that genetic mosaicism is not a principal contributor to plant adap-
tation to herbivores, I contend that rejection of the GMT should not lead 
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us to automatically dismiss, without further scrutiny, the signifi cance of 
 within- plant variation in relation to herbivory.

An explicit dissection of the GMT into its four main conceptual con-
stituents is useful to tease apart the variable degrees of support for the 
different parts of the theory, to identify its critical weak point, and to 
ascertain which of its elements should still be considered valid and used 
in our current views of  plant- herbivore interactions (even if the GMT as 
such is poorly supported). The GMT, as well as the variant developed by 
Gill (Gill and Halverson 1984; Gill 1986), was originally framed around 
four conceptual elements: (1) the common observation that individual 
plants often are internally heterogeneous with regard to some important 
phenotypic traits that infl uence the acceptability of plant parts as food 
for herbivores (e.g., secondary compounds, nutritional composition); (2) 
the claim that this observed  within- plant phenotypic heterogeneity is the 
observable consequence of accumulated somatic mutations; (3) the fre-
quent observation that herbivores respond to  within- plant variation and 
discriminate among plant parts that differ in nutritional or defensive traits; 
and (4) the inference that, because of 2 and 3, genetic mosaicism played 
a crucial role in the evolution of defensive strategies of long- lived plants 
against herbivores (Gill et al. 1995). In retrospect, element 2 emerges as 
the weak element in the GMT. As discussed in detail in chapter 5, genetic 
mosaicism most likely plays only a minor role as a cause of the extensive 
 within- plant variation in phenotypic traits of reiterated structures com-
monly exhibited by wild plants. And the evidence advanced by early stud-
ies in support of the role of genetic mosaicism as a cause of observed 
 within- plant variation in phenotypic traits often turned out inconclu-
sive. Too often,  within- plant phenotypic heterogeneity was automatically 
equated with genetic mosaicism without considering plausible alternative 
causes, perhaps because the notion that a single genotype can produce a 
range of phenotypes was less readily accepted two decades ago than it is 
now. Illustrative examples of unsupported confl ations of  within- plant phe-
notypic variation with genetic mosaicism are found in Gill and Halverson 
1984, 114; Niemelä et al. 1984; and Edwards et al. 1990. In these and other 
examples, phenotypic mosaicism was automatically interpreted as a sign 
of genetic mosaicism, without an empirical test. Recognition of both the 
rarity and unlikelihood of genetic mosaicism as a cause of  within- plant 
variation in wild plants, along with the weak or insubstantial inferences 
that originally linked  within- plant phenotypic heterogeneity and genetic 
mosaicism, unavoidably discredits element 4 of the GMT and hence the 
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whole theory as originally formulated. It is also important to note that 
the GMT was largely devised to answer the question of why  short- lived 
pathogens and herbivores don’t break the defenses of their long- lived host 
plants (Whitham 1983). As this question was prompted by the disparity 
between pathogens and their host plants in generation times and recom-
bination potential, the GMT mostly emphasized  within- plant variation in 
trees, the growth form where genetic mosaics generated by accumulated 
somatic mutations were expected to occur most often (chapter 5). Never-
theless, as shown by the numerous examples provided in preceding chap-
ters,  within- plant variation in phenotypic traits of reiterated structures is 
neither more ubiquitous nor quantitatively more important among long-
 lived, woody plants. Annual plants, where any role of genetic mosaicism 
derived from somatic mutations in generating subindividual variation can 
be confi dently ruled out, can exhibit extensive  within- plant variation in 
many traits, including chemical defenses, an observation that clearly mili-
tates against the GMT. In short, therefore, the main fl aw underlying the 
GMT lay in its purported relationship of causality linking genetic and 
phenotypic  within- plant mosaicism, element 2 above.

Elements 1 and 3 of the GMT received strong support from the reviews 
mentioned above and from numerous subsequent investigations. Regard-
less of size, growth form, and life history, most plants are internally het-
erogeneous with regard to organ traits that may be highly infl uential on 
host selection by herbivores, such as structural features, nutritional value, 
and concentration of defensive secondary compounds of leaves. This con-
clusion has been reinforced by the evidence summarized in chapters 2–4. 
Furthermore, the early reviews by Whitham and associates (and Raupp 
and Denno 1983; Schultz 1983; Gill 1986; Gill et al. 1995) succeeded in 
putting together a solid body of observational and experimental evidence 
showing that many invertebrate herbivores perceive and respond unam-
biguously to  within- plant variation in traits that likely play defensive 
roles. I present below an updated summary of what is currently known 
on the foraging responses of herbivores to  within- plant variation in leaf 
traits. I return in chapter 9 to the ecological and evolutionary signifi cance 
of the two “surviving” elements 1 and 3 of the GMT in the context of 
 plant- herbivore interactions.

Herbivores typically discriminate among conspecifi c individuals (Kar-
ban 1992). In addition, they do not treat individual plants as homoge-
neous food resources. Herbivores discriminate and respond behavior-
ally to  within- plant variation in foliage traits, as shown by the frequent 
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observation that the eggs, larvae, and adults of phytophagous insects are 
neither regularly nor randomly distributed among the leaves of a given 
plant, and that such patchiness is often related to variation in measur-
able leaf attributes. I have gathered a selection of examples in table 8.1, 
which includes observational and experimental investigations of leaf min-
ers, sap feeders, and foliage chewers and involves a variety of insect orders 
(Homoptera, Lepidoptera, Coleoptera, and Hymenoptera) and host-
 plant growth forms. Most examples come from tree- feeding species. This 
refl ects the fact that  within- plant heterogeneity for herbivores has been 
particularly sought after in trees, which by virtue of their large size are 
expected to exhibit greater variability than other plants and, hence, to 
provide greater opportunities for selection by herbivores. Nevertheless, 
table 8.1 also includes examples of  within- plant patchiness in herbivore 
distribution in herbs, which is at odds with the notion that small plants 
provide a narrower range of feeding conditions and reduced opportuni-
ties for  within- plant selectivity by insect herbivores. Chapter 3 showed 
that subindividual variability is not necessarily smaller in small plants. 
Examples in table 8.1 involving  within- plant selectivity by invertebrates 
feeding on herbs provide confi rmation that  within- plant variation, and 
the selective responses by herbivores to such variation, is not exclusive to 
trees.  Within- plant selectivity by invertebrate herbivores feeding on small 
plants was early on documented in detail by Thompson (1983a, 1983b) 
for the larvae of species of Depressaria multifi dae and D. leptotaeniae 
(Oecophoridae) feeding on Lomatium grayi and L. dissectum¸ respectively.

The patchy distribution and food selection of insect herbivores within 
individual plants is often predictably related to some extrinsic (e.g., height 
above ground, orientation, incident solar radiation) or intrinsic (e.g., leaf 
nodal position) plant gradient, as illustrated by some examples in table 8.1. 
In some cases,  within- plant patchiness in herbivore distribution probably 
refl ects a direct response to variation in the physical (e.g., microclimate) or 
biotic (e.g., parasitoids) environment rather than to patchiness in foliage 
attributes itself. This applies, for example, to the  orientation- dependent 
distribution of Yponomeuta mahalebella caterpillars within Prunus maha-
leb trees described by Alonso (1997a; see also Moore et al. 1988 for Ma-
lacosoma californicum); the oviposition preferences exhibited by Papilio 
glaucus on several tree species (Grossmueller and Lederhouse 1985); and 
the  height- dependent distribution of Popillia japonica beetles on Tilia 
cordata trees (Rowe and Potter 1996). In this last case, beetles did not 
discriminate among foliage from different canopy zones in laboratory 
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choice tests, which demonstrated that their  within- plant selectivity in the 
fi eld was mediated by factors other than variation in food quality. In other 
cases, however, the relationship between  within- plant herbivore distribu-
tion and plant gradients probably refl ects the behavioral responses of her-
bivores to variation in leaf traits that were predictably correlated with 
nodal position, height above ground, orientation, or insolation. For ex-
ample,  within- plant variation in leaf size and nitrogen content is generally 
related to changes in the light environment (chapter 4); thus the prefer-
ence of Malacosoma disstria larvae for the upper canopy leaves of Acer 
saccharum trees is most likely a consequence of their preference for food 
with higher nitrogen content (Fortin and Mauffette 2002; see also Yama-
saki and Kikuzawa 2003).

In some of the examples in table 8.1,  within- plant selection of feeding 
sites by herbivores was not correlated with any major extrinsic or intrinsic 
plant gradient, but it was explained by  within- plant patchiness in leaf char-
acteristics including size, concentration of secondary compounds (alka-
loids, phenols, terpenes, waxes), presence of fungal endophytes, pathogenic 
stress, prior herbivory, and chlorophyll content. These relationships have 
convincingly been proven, for example, for Pemphigus aphids on Populus 
trees (Whitham 1978; Zucker 1982), Euceraphis aphids on Betula (John-
son et al. 2003), and noctuid and geometrid larvae feeding on leaves of 
Eucalyptus globulus, Senecio jacobaea, and Daphne laureola (Alonso and 
Herrera 1996; de Boer 1999; Steinbauer et al. 2004). In addition to stud-
ies based on correlative evidence, table 8.1 includes some experimental 
studies showing that, when leaves collected from different parts of plants 
are offered to herbivores under controlled conditions, they discriminate 
among them and exhibit clear preferences (Brennan and Weinbaum 2001; 
Brennan et al. 2001; Fortin and Mauffette 2002). These fi ndings strengthen 
the interpretation that correlations between  within- plant herbivore dis-
tribution and intrinsic or extrinsic gradients in leaf traits actually refl ect 
 within- plant selectivity by herbivores.

Within- plant patchiness in the distribution of single herbivore species 
will commonly arise as a response to intraplant variation in the quality 
of the food or the microenvironment. In spite of this, however, regular or 
random  within- plant distribution of herbivores could still be possible in 
plants attacked by multiple herbivores, each of which responds differently 
to  within- plant heterogeneity. This possibility is not supported by studies 
examining  within- plant distributions of complete, multispecifi c herbivore 
assemblages. These studies have generally found signifi cant patchiness in 
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the cumulative incidence of all herbivores on single plants, thus denoting 
a nonrandom cumulative outcome of the behavioral responses of all her-
bivores that concur on a plant.  Within- plant patchiness in the cumulative 
effects of diverse herbivore guilds has been found related to differences 
among branches (Marquis 1988; Hochwender et al. 2003) and variation in 
insolation level (Alliende 1989), depth within the crown (Wilkens et al. 
2005), and leaf size (Shibata et al. 2001).

Preferences of insect herbivores for particular host- plant species or 
individuals are generally correlated with differential performance, either 
of the adults or of their progeny (reviews in Thompson 1988; Schoonhoven 
et al. 2005). Similar  preference- performance associations may also hold 
at the  within- plant level. Some herbivores select for feeding and / or egg-
 laying those leaves or branches of individual plants that eventually result 
in improved fi tness of adults and / or their progeny via enhanced growth, 
survival, or fecundity. Behavioral responses of herbivorous insects to 
 within- plant heterogeneity, and the ensuing patchiness of their distribu-
tion within plants, should therefore be most parsimoniously interpreted 
as consequences of intraplant variation in food quality. Whitham’s out-
standing study of  within- plant selection by Pemphigus aphids (1978; see 
also Zucker 1982) provided an early elegant demonstration that discrimi-
nation by a herbivore among parts of the same plant with different char-
acteristics is a critical aspect in explaining its nonrandom distribution, 
and that such  within- plant selection has measurable fi tness consequences 
for the insects. Similar evidence linking preference and performance of 
insect herbivores at the  within- plant level has been obtained for, among 
others, the larvae of Coleophora fuscedinella feeding on Betula papyrifera 
(Raske and Bryant 1977); Stilbosis juvantis miners on Quercus emoryi 
leaves (Faeth 1985); Papilio glaucus larvae on Prunus serotina (Gross-
mueller and Lederhouse 1985); the spruce gall aphid Adelges cooleyi on 
Picea engelmanni (Fay and Whitham 1990); Bemisia argentifolii whitefl ies 
on Euphorbia pulcherrima (Bentz et al. 1995); larvae of the weevil Coe-
locephalapion aculeatum on Mimosa pigra infl orescences (Heard 1995); 
Malacosoma disstria larvae on Acer saccharum leaves (Fortin and Mauf-
fette 2002); Mnesampela privata caterpillars and Ctenarytaina psyllids on 
different leaf morphs of heterophyllous Eucalyptus dunnii and E. globu-
lus (Brennan and Weinbaum 2001; Steinbauer 2002); and Manduca sexta 
and M. quinquemaculata larvae on tobacco plants (Kester et al. 2002). 
All these studies found that herbivores tended to select preferentially 
those parts of individual plants that eventually resulted in greater perfor-
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mance. Exceptions to this prevailing pattern are relatively infrequent, as 
suggested by the small number of studies failing to document correlations 
between preference and performance at the  within- plant scale (Faeth 
1990; Rowe and Potter 1996; Nahrung and Allen 2003).

Differences in performance among conspecifi c insect herbivores feed-
ing on different leaves of the same plant can be far from negligible. This 
was thoroughly documented in a comprehensive series of fi eld and labo-
ratory experiments on Epirrita autumnata larvae feeding on leaves of Bet-
ula pubescens (Suomela and Nilson 1994; Suomela 1996; Suomela, Ossi-
pov, and Haukioja 1995; Suomela, Kaitaniemi, and Nilson 1995). Leaves 
of the same trees that differ in size, orientation on the tree, and height 
above the ground induced large differences in larval growth rate and 
pupal mass that were of the same magnitude as the differences exhibited 
by larvae feeding on leaves from different trees. Suomela and associates 
also studied  among- tree and  within- tree variation in larval growth rate, 
using a series of hierarchically nested sampling levels: among trees (gen-
ets), among ramets within trees, among branches within ramets, among 
shoots within branches, and among leaves within shoots. Differences 
among ramets, branches, shoots, and leaves of the same tree accounted 
together for 27% of total variance in larval growth rate, while variation 
among trees accounted for only 18%. Larval growth rate was 11–32% 
lower on the worst ramet than on the best ramet within trees, 8–18% 
lower on the worst branch than on the best branch within ramets, and 
12–30% lower on the worst shoot than on the best shoot within branches. 
Large  within- tree variance in larval growth rate was mainly the outcome 
of  within- plant variation in leaf quality (water content, specifi c weight, 
toughness, nitrogen content), inducing variation in food- utilization effi -
ciency by the larvae.

Similarly high  within- plant variance in insect performance has been 
reported for other  plant- herbivore systems. For Pemphigus betae feed-
ing on Populus angustifolia trees, Whitham (1978) found that the propor-
tion of aborted galls due to death of stem mothers (fundatrices) ranged 
between 0 and 80%, the number of aphids per gall between 30 and 200, 
and fundatrix weight between 0.24 and 0.40 mg, variation in all these 
parameters being closely related to  within- plant variation in leaf size. 
Within trees of Picea engelmanni, the realized fi tness of fundatrices of the 
spruce gall aphid Adelges cooleyi (computed as the product of survivor-
ship × fecundity × growth) ranged between 0 and 2.8, and a nearly per-
fect correlation existed between the spatial location of fundatrices within 
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spruce trees and their fi tness (Fay and Whitham 1990). Gripenberg and 
Roslin (2005) performed a detailed investigation of the relative impor-
tance of different sources of variation in larval mortality for the oak-
 specifi c leaf miner Tischeria ekebladella feeding on Quercus robur foliage. 
By using a hierarchical design, they partitioned total variance in larval 
mortality at the habitat level into components due to differences among 
trees, shoots within trees, and leaves within shoots. Moth survival varied 
both among trees and among different parts of the same tree. Only about 
30% of total variance in survival occurred among individual trees, while 
the rest of variance was accounted for by variation among shoots of the 
same tree (10%) and, principally, among individual leaves within the same 
shoot (60%). In this system, therefore, variation among trees in average 
foliage quality was of secondary importance as a determinant of larval 
survival in comparison to variation among different parts of the same tree 
(Gripenberg and Roslin 2005). Whitham (1981) and Zucker (1982) pro-
vided further examples showing that the magnitude of variation in herbi-
vore performance among different parts of the same plant can be as large 
or even larger than the variation occurring among conspecifi c plants.

Direct Costs to Animals of  Within- Plant Variation

In the preceding section I have shown that all major classes of animal 
consumers relying on plant reiterated structures for food are similar in 
that they do not treat individual plants as homogeneous food sources, and 
discriminate among organs borne on the same plant on the basis of dif-
ferences in quality. Under most circumstances, it will be advantageous to 
animals to discriminate and select among the variable organs of individ-
ual plants, and natural selection will ultimately favor those individuals 
whose  within- plant choices result in greater survival, or more numerous 
and better progeny. This possibility was emphasized by Suomela and Nil-
son (1994, 45) in relation to Epirrita autumnata larvae feeding on birch 
trees, noting that while “among- tree variation should select for discrimi-
nation by ovipositing females and dispersing larvae,  within- tree variation 
should select also for optimal foraging behaviour of larvae.” From the 
perspective of zoologists, therefore, the main consequence of  within- plant 
heterogeneity is that it provides a distinct opportunity for natural selec-
tion to enhance the animals’ discriminating abilities and develop behav-
ioral responses allowing them to identify and exploit the most profi table 
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items. Whenever the organs simultaneously available on individual plants 
vary in their contribution to the fi tness of the animals that consume them, 
a mutation conferring improved abilities to choose the fl owers, fruits, 
seeds, or leaves in a plant that yield greater fi tness returns would quickly 
spread in an animal population made up of nondiscriminating individuals 
that select organs at random within plants. For Pemphigus aphids feed-
ing on Populus angustifolia, for example, Whitham (1978) estimated that 
 within- tree leaf selection by fundatrices doubled their fi tness in relation 
to that expected if leaves were selected at random.  Within- plant varia-
tion, therefore, provides ample opportunities for the evolution of adap-
tive behavioral responses among animal consumers.

Within- plant choice, however, has several potential  short- term costs to 
foraging animals; considering these costs is essential to a proper under-
standing of the possible mechanisms linking  within-  and  between- plant 
selectivity. I consider in the following sections three major classes of costs 
resulting from  within- plant discrimination by animals: augmented compe-
tition, time and energy costs, and constraints on optimal foraging.

Augmented Competition

The attendant costs of choice in response to  within- plant heterogeneity 
are ecologically most signifi cant for sedentary or scarcely mobile animals 
such as leaf miners, sap feeders, and seed predators, all of which will often 
experience enhanced competition in preferred patches  within- plants. If 
different organs borne by the same plant have different food value (and 
thus presumably different fi tness returns), and individuals of the same or 
different species share the same preferences, then aggregate distributions 
will result, and competition will become most intense in those plant parts 
or organs that possess the preferred characteristics.

One example of  within- plant heterogeneity generating localized com-
petition is provided by insect herbivores with sedentary larvae and ovi-
positing adults behaving selectively with respect to leaf traits. In these 
cases, spatial variation in leaf traits within plants will lead to aggregation 
of larval populations in patches with preferred leaf characteristics, with 
the consequence that intraspecifi c competition will become most intense 
at these places. A situation of this sort was described by Faeth (1990, 1991) 
for Cameraria leaf miners feeding on Quercus emoryi leaves. In this system 
 within- plant variation in leaf size, combined with the behavioral responses 
of ovipositing females to such variation, gives rise to broad  within- plant 



242 chapter 8

variation in the degree of aggregation of larvae and, consequently, to vari-
ation in the competitive environment and larval survival prospects. Most 
larvae tended to occur in the largest, preferred leaves, and survival was 
lowest there because of stronger competition. Similar results have been 
obtained by studies of patterns of  within- plant distribution, fecundity, and 
survival of sap- feeding herbivores. Fundatrices of the gall- making aphid 
Hormaphis hamamelidis colonizing Hamamelis virginiana plants prefer-
entially select the distal leaves of buds, which grow more than the proxi-
mal leaves. This leads to an aggregated distribution of galls among leaves 
and increased mortality of fundatrices in  multiply- galled leaves (Rehill 
and Schultz 2001). As shown by these examples, herbivore aggregation 
on preferred places  within- plants frequently leads to decreased individual 
performance as a result of increased local competition.

Seed and fruit predators whose larvae spend most or all of their lives 
in single seeds or fruits are also expected to show increased aggregation, 
and thus to experience intensifi ed competition, in patches within single 
plants bearing seeds or fruits with preferred features. As commonly 
found in other beetle seed predators (see earlier in this chapter), Camp-
bell (2002) reported that the body size of Sitophilus oryzae adults was 
directly related to the size of the single Triticum aestivum seed where they 
grew up, and that ovipositing females preferred larger seeds for oviposi-
tion. Females not only laid eggs more frequently in the larger seeds, but 
also tended to lay signifi cantly more eggs per seed as seed size increased. 
Despite variation in number of eggs deposited per seed, however, the pro-
portion of seeds producing at least one adult beetle remained fairly con-
stant across seed- size classes. This happened because the probability of 
an individual egg eventually producing an adult declined with increas-
ing seed size, presumably because competition among larvae increased 
with increasing number of larvae per seed. Aggregated distribution of 
eggs on seeds, greater initial density of eggs on larger seeds, and severe 
competition when more than one larva share the same seed, have been 
demonstrated for a number of bruchid and curculionid beetle seed preda-
tors infesting the seeds of wild and cultivated plants. These include Bru-
chus brachialis infesting Vicia villosa seeds (Dickason 1960), Kytorhinus 
sharpianus infesting Sophola fl avescens (Ishihara and Shimada 1993), Sta-
tor limbatus infesting Acacia greggii (Fox et al. 1996), Bruchidius dorsalis 
infesting Gleditsia japonica (Shimada et al. 2001), Acanthoscelides obtec-
tus infesting Phaseolus vulgaris (Szentesi 2003), Callosobruchus macula-
tus infesting Vigna unguiculata (Credland et al. 1986; Cope and Fox 2003), 
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and Revena rubiginosa infesting Syagrus romanzoffi ana (Alves- Costa and 
Knogge 2005). Although some of these studies did not explicitly report a 
direct relationship between seed size and the intensity of intraspecifi c lar-
val competition, they did show that some seeds received single eggs while 
others received multiple ovipositions consisting of variable egg numbers. 
If, as seems reasonable, this pattern of variable larval aggregation was 
related to  within- plant variation in seed size, results of these studies are 
consistent with the hypothesis that foraging responses by seed consum-
ers to  within- plant variation in seed size will create patchiness in the com-
petitive environment and, particularly, will give rise to competitive hot 
spots in those  within- plant patches that possess the preferred characteris-
tics from the viewpoint of the consumers.

Time and Energy Costs

Animals that discriminate among similar plant organs by visual, tactile, or 
olfactory means upon arrival at an individual plant have to invest some 
time in assessing the phenotypic diversity of the available organs, as well 
as in deciding whether to accept or reject particular organs for feeding 
or oviposition. This added time represents an extra foraging cost in rela-
tion to a theoretical baseline whereby all organs on the plant are iden-
tical or, if variable, are chosen fully at random. This cost to animals can 
be considered as arising directly from  within- plant variation. The magni-
tude of the extra time required to materialize  within- plant selection will 
be directly related to the “grain size” of  within- plant variation (chapter 
4) and the animal’s choosiness, and inversely related to its mobility and 
sensorial ability to assess organ quality quickly (e.g., visually from a dis-
tance). Such  added- time costs should be greatest for very choosy animals 
endowed with little mobility, foraging on organs exhibiting  coarse- grained 
 within- plant variation, and needing to probe organ quality one- by- one at 
close range. In contrast,  added- time costs are expected to be smallest for 
highly mobile animals, foraging on organs that exhibit fi ne- grained varia-
tion, and being able to assess and compare the quality of individual organs 
without direct probing at close range.

Only a few studies have directly addressed the issue of the foraging 
costs derived from  within- plant discrimination by phytophagous ani-
mals; hence quantitative estimates of these costs are scarce. The lim-
ited evidence available, however, indicates that the  added- time costs of 
 within- plant selection can sometimes be substantial. Most evidence I was 
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able to locate is related to seed-  or  fruit- eating birds foraging on fruit 
crops of  fl eshy- fruited species. Jordano’s study of fruit selection by the 
fi nch Carduelis chloris feeding on fi lled and empty drupes of the Medi-
terranean shrub Pistacia lentiscus (1990) revealed that foragers were very 
selective, cracking only sound fruits containing fi lled seeds. Unfi lled seeds 
were detected by bill weighing and rejected. Jordano estimated that, as 
a consequence of the handling and rejection of rewardless fruits (i.e., of 
exerting discrimination among fruit classes), fi nches would have to spend 
up to 48% more time in plants than if all fruits contained only fi lled seeds 
and birds did not need to perform  within- plant discrimination. Fruit crops 
of Pistacia terebinthus, a deciduous Mediterranean treelet, contain a mix-
ture of green high- lipid drupes along with red low- lipid ones. Frugivo-
rous birds may consume both types of fruits, but when both are avail-
able they defi nitely prefer, and actively seek, the highly rewarding green 
fruits. By means of a controlled experiment, Fuentes (1995) demonstrated 
that the presence of unpreferred red fruits in infructescences signifi cantly 
reduced the ingestion rate of the preferred green fruits by birds, the effect 
being due to red fruits reducing the visibility and accessibility of the pre-
ferred fruits. Individuals of Turdus merula feeding on the fruits of Cratae-
gus monogyna in England exert discrimination among the fruits simulta-
neously available on the same bush, selecting healthy fruits and rejecting 
those with the seed infested by larval Blastodacna hellerella (Manzur and 
Courtney 1984). As the percentage of  insect- infested fruits in individual 
plants increased, and thus more thorough  within- plant discrimination was 
necessary to locate preferred fruits, the birds made signifi cantly more mis-
takes, had to spend proportionally more time per healthy fruit ingested, 
and thus eventually foraged less effi ciently.

As noted earlier in this chapter, animal pollinators often approach 
some fl owers and reject them without landing. Apparently they are dis-
criminating among the fl owers simultaneously available on a plant. 
Although I failed to fi nd in the abundant literature on pollinator forag-
ing behavior any direct quantitative assessment of the magnitude of the 
extra time attributable to this widespread behavior, indirect evidence sug-
gests that it may be quite substantial in some instances. Anthophorid bees 
foraging on Anchusa strigosa plants rejected 6% of approached fl owers 
without attempting to probe them (Kadmon et al. 1991), and Bombus ter-
ricola foraging on Trifolium repens rejected up to 27% of fl owering heads 
in areas that had been previously exposed to pollinators (Heinrich 1979). 
Regardless of the actual fi gures, however, it is obvious that spending any 
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time to approach and hover in front of fl owers that will not be subse-
quently probed for reward necessarily exacts some time costs on pollina-
tors.

Time itself is a limiting  fi tness- related commodity in some cases, par-
ticularly in  short- lived insect herbivores or seed predators whose females 
have limited time to mate, fi nd appropriate host plants, and, within these, 
discriminate among available organs and distribute eggs among them. To 
these animals, the additional time spent in  within- plant discrimination 
represents a cost insofar as it competes with the time devoted to other 
critical activities like mating or egg laying. In insect parasitoids, which typ-
ically spend most of the time seeking suitable hosts, the importance of the 
constraints imposed on time budgets by extended search and discrimi-
nating time has been well established by theoretical models (Iwasa et al. 
1984; Cullen Speirs et al. 1991). Conclusions of these models could easily 
be extrapolated to  short- lived insects that exert systematic  within- plant 
discrimination among simultaneously available leaves, fruits, or seeds.

More generally, and even if time is not a seriously limiting commodity, 
the additional time spent by foraging animals in individual plants as a con-
sequence of  within- plant discrimination translates into increased exposure 
to parasitoids and predators and reduced overall foraging effi ciency, both 
of which in turn translate into associated fi tness costs. In the case of small 
frugivorous vertebrates, the risk of predation is higher in fruiting plants 
than in nearby areas, since predators may be attracted to trees that prey 
species visit regularly (Howe 1979). Sapir et al. (2004) found that predator 
avoidance was the main factor explaining microhabitat selection by three 
species of heavily frugivorous Sylvia warblers migrating through Israel, 
which preferentially selected densely foliated trees for feeding where 
detectability by predators was reduced. In a review of information on the 
frequency of predator attacks on frugivorous birds while feeding at sev-
eral species of fruiting trees and bushes in western Europe, Guitián et al. 
(1994) found attack rates that ranged between 0.02 and 0.35 attacks per 
hour of observation time. These fi gures mean that frugivores may have to 
withstand a predator attack once every 3–50 hours of stay on a fruiting 
plant, which is far from a trivial risk. Even in  human- altered habitats, the 
threat from predators experienced by frugivorous vertebrates may be sur-
prisingly high, as shown by the frequent attacks by raptors on frugivorous 
birds recorded by Snow and Snow (1988, 228) while the birds were feed-
ing on fruiting trees and shrubs in the English countryside. To individual 
frugivores, therefore, staying on fruiting plants for extra time because of 
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the  added- time costs imposed by  within- plant discrimination is expected 
to consistently increase the likelihood of suffering predation.

Reduced foraging effi ciency is probably the most common conse-
quence for phytophagous animals of the  added- time costs derived from 
 within- plant discrimination. This effect will be particularly marked under 
stressful environmental conditions and for organisms characterized by 
severe energetic constraints. Manzur and Courtney (1984) emphasized that 
the overall decline in foraging effi ciency of Turdus merula with increasing 
proportions of unpreferred fruits in Crataegus monogyna crops should be 
particularly critical in winter, when alternative food is scarce and there is 
a marked decrease in both temperature and day length in which to feed. 
In the case of pollinators that reject approached fl owers without visiting 
them, the  added- time costs derived from such  within- plant selectivity will 
impair their energetic balance. The importance of this effect will presum-
ably be most pronounced among endothermic insects such as bumble-
bees, which among pollinators have been considered “the most extrava-
gant utilizers of energy on a  weight- specifi c basis,” and for which energetic 
constraints seem to have molded most aspects of their foraging behavior 
(Heinrich 1975).

Constraints on Optimal Foraging

Within- plant variation in features of reiterated organs impose yet another 
foraging cost on phytophagous animals that feed or oviposit on them, 
namely, setting limits on the optimality of foraging decisions. Since the 
early days of the formulation of the theory of optimal foraging by Mac-
Arthur and Pianka (1966), the issue of how animals partition forag-
ing time among and within feeding sites to harvest resources most effi -
ciently has received much attention (Pyke 1984; Goulson 1999). As noted 
above, individual plants represent distinct feeding patches characterized 
by locally dense aggregations of the resources sought by phytophagous 
animals for food or oviposition (fl owers, seeds, fruits, leaves). One of the 
aspects of optimal foraging that has perhaps been considered most fre-
quently by theoretical models is the evolution of the rules that should 
govern the decision of foraging animals to depart from a feeding patch 
in order to maximize energy intake, the so- called departure rules. Mod-
els predicting different optimal departure rules have been developed and 
tested for  fl ower- visiting nectarivores (Charnov 1976; Pyke 1978b; Pleas-
ants 1989; Kadmon and Shmida 1992), but the underlying concepts and 
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assumptions can be extrapolated to other phytophagous animals that feed 
or oviposit on reiterated plant organs other than fl owers.

The decision of a foraging animal to depart from a particular plant 
may become considerably more complicated than originally envisaged by 
 departure- rule models if organ quality varies widely and is patchily dis-
tributed within individual plants, two features that seem nearly univer-
sal in view of the evidence summarized in earlier chapters. Under such 
circumstances, a forager encountering one or a few poor- quality organs 
upon arrival at a plant has to decide whether it is in a low- quality plant 
(i.e., a plant with mean organ quality inferior to the population mean) or 
in a low- quality patch within that particular plant (Kadmon and Shmida 
1992). In the case of pollinators, Boose (1997, 497) remarked that “high 
 within- plant variation could make it more diffi cult for a pollinator to dif-
ferentiate among plants based on mean nectar production rates, because 
any subset of fl owers visited on a plant would only provide a rough esti-
mate of the mean reward value of the plant as a whole.” In the absence of 
well- defi ned, predictable spatial patterns of  within- plant variation (chap-
ter 4), the likelihood of making a wrong foraging decision depends on the 
relative magnitudes of  within-  and  among- plant variance in organ qual-
ity in the population. In the hypothetical case where plants in a popula-
tion differed in mean organ quality from the perspective of the animal 
but were otherwise similar in having zero  within- plant variance (i.e., all 
organs borne by the same plant have identical quality), then the fi nding 
of just a few low- quality organs in a plant would provide an unambigu-
ous indication to the animal forager that it is in a low- quality plant. At 
the opposite extreme, if all plants in a population were nearly identical in 
mean organ quality and most  population- level variance occurred within 
plants, then fi nding a few low- quality organs in a plant would be unin-
formative as to the plant’s average quality, and wrong decisions would 
occur frequently. These two extreme examples illustrate that the capacity 
of animals to develop and practice optimal departure rules from plants 
will be substantially hampered, or even precluded, when the organ traits 
relevant to the interaction (e.g., corolla length, nectar volume, fruit width, 
seed size) are characterized by comparatively large  within- plant variance. 
In particular, the maximum possible accuracy (relative to a hypothetical 
optimum) of departure decisions is expected to decline steadily whenever 
%Varwithin > %Varamong. Given the large values of %Varwithin occurring in 
nature for many organ traits relevant to animal foragers (chapter 3), one 
would expect  within- plant variation in organ traits to consistently limit 
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the opportunities of phytophagous animals for developing optimal plant 
departure rules under natural fi eld conditions.

The “grain size” of  within- plant variation (chapter 4) will also affect 
the opportunities for developing optimal foraging strategies within plants 
(patches). For pollinators, Kadmon and Shmida (1992) found an inverse 
relationship between the magnitude of the reward in the last visited 
fl ower and the fl ight distance to the next fl ower within the same plant. As 
shown in chapter 4,  within- plant variation in organ trait values is often 
very fi ne- grained, and spatial autocorrelation, when it occurs, takes place 
only at very small distances within the plant. Under these circumstances, 
the behavioral rule documented by Kadmon and Shmida for pollinators 
will not necessarily enhance the probability of fi nding a high- quality organ 
after a visit to either a poor- quality or a high- quality one.

Indirect Costs: Implications of Jensen’s Inequality

In general,  within- plant selectivity will only reduce, rather than completely 
eliminate, the  within- plant variance in organ traits experienced by animal 
foragers. This may be due to sensorial thresholds or behavioral constraints 
limiting the perception of organ differences and hence the accuracy of 
discrimination (e.g., detection thresholds for size or chemical differences), 
but also to compromise behaviors arising from  trade- offs between the 
gains and costs derived from selectivity. Regardless of its causes, the phe-
nomenon that I want to emphasize here is that, even if most phytopha-
gous animals exert some  within- plant discrimination, they will eventually 
interact (i.e., feed, oviposit) with an array of organs on each plant that 
are different from each other, and whose value differs from the animals’ 
viewpoint. Possibly the best- known and most thoroughly investigated ex-
ample is that of  nectar- feeding pollinators sequentially visiting fl owers 
on the same plant that contain widely different nectar rewards (Pleas-
ants 1981; Biernaskie et al. 2002; Biernaskie and Cartar 2004). Similar 
phenomena, however, are also expected to affect other classes of animal 
consumers that oviposit or feed on reiterated plant organs. Ovipositing 
females of insect leaf miners or seed predators lay eggs on a number of 
leaves or seeds of the same plant, which will differ slightly in some pheno-
typic characteristics affecting their quality as larval food (e.g., size, nutri-
tional traits). In the course of their lives, caterpillars staying on the same 
shrub or tree crown feed on a number of leaves of the same plant, which 
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will almost certainly differ in nutritional quality or chemical defense. Indi-
vidual frugivorous birds coming to a fruiting plant ingest fruits that dif-
fer in traits affecting their energy and nutrient effi ciency, including size, 
seediness, and pulp nutritional quality. In short, upon arrival at a plant 
and despite exerting some discrimination and choice, individual animals 
will eventually feed or oviposit on an array of variable organs differing in 
phenotypic traits that infl uence animals’ energy budget, nutritional condi-
tion, fecundity, survival, or, in more general terms, fi tness prospects. Such 
“after- choice” variance experienced by animals can have consequential 
effects derived from Jensen’s inequality.

Jensen’s inequality is a mathematical property inherent to nonlinear 
functions. The inequality states that for a nonlinear function ƒ(x), and 
a set of xi values with a mean of xmean and a variance greater than zero, 
the average result of ƒ(xi), Mean[ƒ(xi)], does not equal the result of the 
function for the average xi, ƒ(xmean) (Ruel and Ayres 1999). This effect is 
depicted in fi gure 8.3. When ƒ(xi) is decelerating (i.e., a  concave- down 
function with second derivative negative), Mean[ƒ(xi)] is less than ƒ(xmean) 
(fi g. 8.3a). When ƒ(xi) is accelerating (i.e., a  concave- up function with sec-
ond derivative positive), Mean[ƒ(xi)] is greater than ƒ(xmean) (fi g. 8.3b). 
The difference between Mean[ƒ(xi)] and ƒ(xmean) may be termed Jensen’s 
effect. Its sign depends only on the form of the function (decelerating vs. 
accelerating), while its absolute value depends on both the shape of ƒ(x) 
and the probability distribution of xi. In general, the magnitude of Jensen’s 

fi g. 8.3 Jensen’s inequality describes how variance in an independent or driving variable 
depresses the mean response variable in decelerating,  concave- down nonlinear functions (a), 
and elevates the mean response variable in accelerating,  concave- up nonlinear functions (b) 
(Ruel and Ayres 1999). In  concave- down functions (a), the mean of the function is greater 
than the function of the mean, while the reverse is true for  concave- up functions (b). For 
simplicity, graphs depict situations where the probability distribution of x over the interval 
xlow – xhigh is uniform, but the general idea applies to distributions of any shape (see text).
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effect increases with increasing nonlinearity (i.e., absolute value of sec-
ond derivative) and increasing variance in the driving, or independent, 
variable xi. For simplicity, the graphs in fi gure 8.3 depict situations where 
the probability distribution of xi over the interval xlow – xhigh is symmetrical 
and uniform (xmean = (xlow + xhigh) / 2), but the general idea applies for xi dis-
tributions of any shape. For a given ƒ(x) and xmean, distributions of xi dif-
fering in variance, skew, or kurtosis (i.e., the higher moments of the distri-
bution) may give rise to Jensen’s effects of variable magnitudes. Although 
Jensen’s inequality is generally cited because of its effects on arithme-
tic means, it is also valid for a wider class of statistical location parame-
ters, including the geometric mean, median, trimmed mean, and midrange 
(Burnside 1975; Spiegelman 1985).

Jensen’s inequality has relevance to any area of biology that includes 
nonlinear functions, including enzymatic reactions, life- history evolution, 
plant biomass allocation strategies, ecosystem and community ecology, 
population dynamics, and animal behavior (Gillespie 1977; Salisbury and 
Ross 1992; Smallwood 1996; Ruel and Ayres 1999; Drake 2005; Inouye 
2005; Laird and Aarssen 2005). I focus here on the implications of Jen-
sen’s inequality to phytophagous animals that feed or oviposit on the 
variable organs of single plants. In this context, Jensen’s inequality leads 
to the relatively straightforward prediction that  within- plant variance in 
organ trait values will infl uence the mean quality of individual plants from 
an animal’s perspective whenever the intrinsic quality or the perceived 
value of individual organs is functionally related to organ trait values by 
some nonlinear function. This prediction implies, for example, that indi-
vidual plants with identical means but different variances for some organ 
character relevant to their interaction with animals (e.g., fl ower corolla 
length, nectar sugar concentration, seed size, fruit seediness, leaf nutrient 
content) will differ in their mean quality from the viewpoint of animal 
consumers whenever the shape of the quality–trait value relationship is 
not linear. Similar predictions can be advanced that involve differences 
in higher moments of organ character distributions other than the vari-
ance. Since the magnitude of a Jensen’s effect depends on the shape of 
the probability distribution of xi, individual plants may also differ in their 
mean value to animals in situations where f(x), xmean, and the variance of 
xi are all identical, but the shape of  within- plant trait distributions differs 
among plants (e.g., by differing in skew or kurtosis, as illustrated by ex-
amples in chapter 7). It must be stressed that Jensen’s inequality is not a 
biological phenomenon per se but a mathematical consequence of nonlin-
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ear functions; hence the above predictions should apply generally regard-
less of the type of  plant- animal interaction, organ, or trait involved. The 
only crucial requisite for these predictions to be valid is that the nutri-
tional, energetic, performance, or fi tness value of individual organs to ani-
mals be nonlinearly related to the organ trait under consideration. As 
shown below, nonlinear relationships of this kind are most likely the rule 
rather than the exception in nature, which provides compelling evidence 
that animals feeding or ovipositing on variable plant organs will nearly 
always be subject to Jensen’s effects.

In the context of the interaction between animals and variable plant 
organs, two main classes of nonlinear relationships may be distinguished 
that can give rise to Jensen’s effects. The fi rst group, “value- cue relation-
ships,” includes those nonlinear relationships linking variation among 
organs in food or fi tness value to animals with variation in traits used as 
cues to discriminate among organs of different value. Consider, for ex-
ample, the relationship linking fl ower nectar content to fl ower size. As 
shown earlier in this chapter, nectarivores often discriminate among fl ow-
ers simultaneously available on a plant on the basis of the size of their 
corollas. Corolla size, however, plays only the role of a proximate cue fur-
nishing information on the truly important fl oral character from the per-
spective of the animal foragers, namely nectar content. Other  value- cue 
relationships relevant to  plant- animal interactions include those linking 
pulp mass (value) and cross diameter (cue) of single fl eshy fruits; nutrient 
content (value) and area (cue) of individual leaves; and number or mass 
of enclosed seeds (value) and fruit linear dimensions (cue). As illustrated 
by these examples, cue-  and  value- related organ traits often differ in the 
dimensionality of the variables describing them. While cue- related traits 
are often described by one-  or two- dimension variables (length, area), 
 value- related traits are more frequently described by  three- dimensional 
variables (biomass, volume). Plant traits differing in dimensionality are 
generally linked by nonlinear allometric relationships described by expo-
nential and power functions (Niklas 1994); hence for this reason alone, 
one would expect nonlinear relationships between value and cue organ 
traits to be commonplace in nature.

The form of the relationship between different organ traits has 
been examined rather infrequently in intraspecifi c contexts (in con-
trast to the large number of studies considering such variation at the 
 between- species level; see, e.g., Niklas 1994), but the evidence avail-
able confi rms the expectation of frequent nonlinearities of  value- cue 
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relationships. For the  single- seeded drupes of the bird- dispersed tropi-
cal tree Ocotea tenera, Wheelwright (1993, fi g. 2) illustrated an increas-
ing, accelerating (i.e.,  concave- up) nonlinear relationship between pulp 
mass and  cross- sectional diameter of individual fruits. A similar rela-
tionship holds for the fl eshy fruits of southern Spanish species of bird-
 dispersed shrubs and trees, including Crataegus monogyna, Daphne 
laureola, Osyris lanceolata, and Phillyrea latifolia (C. M. Herrera, unpub-
lished data). In the last species, the proportional contribution of pulp 
mass to total fruit mass is an increasing, decelerating (concave- down) 
function of fruit diameter (fi g. 8.4a). The preceding examples refer to 
 single- seeded drupes. In species with multiseeded berries, variation in 
the number of seeds per fruit will likewise induce nonlinear variations in 
the food value of fruits to frugivores. For the multiseeded berries of Sola-
num pubescens, which contain a widely variable number of seeds (range 
= 1–30), Hegde et al. (1991, fi g. 1) demonstrated that the relationship 
between pulp / seed- mass ratio and the number of seeds per fruit was 
best described by a declining, decelerating (concave- up) power function. 
In Smilax aspera, the proportion of fruit mass contributed by the pulp 
is a decreasing, decelerating (concave- up) function of seed number per 
fruit (fi g. 8.4b). Fruit pulp is the nutritious reward obtained from fruits 
by frugivores, and indigestible seeds represent indigestible ballast. Since 
vertebrate frugivores often use fruit size as a proximate criterion for 
fruit selection (see earlier in this chapter), the preceding examples of 
nonlinear  value- cue relationships suggest that, through their feeding on 
fruits differing in size and amount of ballast, frugivorous animals will 
often be subject to Jensen’s effects.

Nonlinear  value- cue relationships between organ traits should also be 
frequent in the case of fl ower, leaf, and seed features important for the 
interaction with pollinators, herbivores, and seed predators, respectively. 
In the  bumblebee- pollinated perennial herb Helleborus foetidus, nectary 
length, a surrogate for the maximum volume of nectar potentially avail-
able to fl oral visitors, is linked to fl ower size by an increasing, decelerat-
ing nonlinear function (fi g. 8.4c). In the tropical tree Guazuma ulmifolia, 
the total mass of seeds per fruit is an increasing, decelerating function of 
fruit size (C. M. Herrera, unpublished data), a cue used by the beetle seed 
predator Amblycerus cistelinus to select among simultaneously available 
fruits for oviposition (fi g. 8.2). Midgley et al. (1991) found that, within 
single shrubs of Hakea sericea and H. drupacea, the mass of individual 
seeds was nonlinearly related to the mass of the follicle within which it 
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was enclosed. In the boreal trees Betula nana, B. pendula, and B. pubes-
cens, intraspecifi c variation in foliar nitrogen concentration is linked to 
variation in leaf area by nonlinear relationships (Niinemets et al. 2002). 
These examples suggest that, as in the case of frugivores, the nonlinear 
relationships linking  value-  and cue- related organ traits will often give 
rise to Jensen’s effects among nectar eaters, seed predators, and larval 
herbivores, and that  within- plant variance in organ traits used as feed-
ing or oviposition cues by these animals will infl uence the mean value of 
organs from the animals’ perspective.

The second and presumably most infl uential class of nonlinear rela-
tionships inducing Jensen’s effects are those directly linking behavioral, 
physiological, energetic, or developmental responses of animals to vari-
ation in the characteristics of plant organs. Representative examples of 
this category are listed in table 8.2, which summarizes the mathematical 
form of responses by vertebrate and invertebrate frugivores, nectar eaters, 
herbivores, and seed predators, to naturally occurring or experimentally 
induced intraspecifi c variation in plant food characteristics or in organ 
traits that are important for the animal’s interaction with plants. The driv-
ing variables involved in these nonlinear relationships have to do with 
nutritional (e.g., sugar, nitrogen, secondary metabolite concentration) and 
morphological (e.g., fruit and seed size, corolla length) organ features. 
Response variables include a variety of parameters related to food and 
energy intake rate, handling time, assimilation effi ciency, growth rate, sur-
vival, and body size of the phytophagous animals involved in each case. 
Out of a total of 37 examples of nonlinear relationships gathered in table 
8.2, 10 cases correspond to  concave- up functions, while the remaining 27 
instances correspond to  concave- down functions. Relationships where the 
dependent variable involves some kind of cost to animals (e.g., handling 
time, failure rate, deterrence) are predominantly  concave- up functions 
(87.5%). In contrast, relationships where the dependent variable rep-
resents some kind of gain, benefi t, or advantage to animals (e.g., intake 
rate, energy gain, body mass) are almost exclusively  concave- down func-
tions (89.7%), regardless of the food trait, organism, and response vari-
able involved.

If the examples compiled in table 8.2 are not too seriously biased as to 
generate spurious patterns, then the unequal distribution of  concave- up 
and  concave- down functions among cost-  and  benefi t- related classes 
of response variables suggests that different signs of Jensen’s effects 
(Mean[ƒ(xi)] − ƒ(xmean); fi g. 8.3) are expected for cost- trait relationships 
than for  benefi t- trait ones: predominantly positive Jensen’s effects in the 
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case of cost- related functions, as exemplifi ed by fi gure 8.3b, and predomi-
nantly negative in the case of gain- related functions, as in fi gure 8.3a. Inter-
estingly, however, these two trends are like two sides of the same coin, as 
they actually point to the same conclusion, namely that  within- plant vari-
ance in organ trait (xi) will predominantly have negative effects on the 
foraging animals experiencing it, either through an increase in the per-
 plant mean cost (positive Jensen’s effect) or through a decrease in the 
per- plant mean benefi t (negative Jensen’s effect) of exploiting a mixture 
of variable organs. This indicates that  within- plant variation in organ traits 
that are infl uential on any aspect of the performance of foraging animals 
will generally act to reduce the mean per- organ value characteristic of 
each plant or, in other words, that variance in the energy or food value 
of plant organs used by animals will generally depress the latter’s perfor-
mance. This prediction is nicely corroborated by the experimental results 
of Stockhoff (1993) for larvae of the polyphagous gypsy moth (Lymantria 
dispar) reared on three artifi cial diet treatments with identical mean nitro-
gen content but differing in their variance (constant, low variance, high 
variance). Despite equal relative consumption rates and nitrogen con-
sumption rates across all treatments, larvae experiencing variation in the 
diet suffered a reduction in pupal mass and extended development time. 
The existence of measurable, specifi c costs to larvae associated with vari-
ation in diet quality was interpreted as a consequence of nonlinearity in 
the relationship between nitrogen and food utilization, and this example 
was subsequently brought forward by Ruel and Ayres (1999) as represen-
tative of the ecological consequences of Jensen’s effects. The fi ndings of 
Stockhoff and other studies showing that variance in food resource qual-
ity depresses the overall performance of animals (Real 1981; Waddington 
et al. 1981; Miner and Vonesh 2004) have important implications for the 
interaction between phytophagous animals and variable plants, as shown 
in the next section.

Bridging  Within-  and Among- Plant Levels of Selection

Some evolutionary implications of  within- plant variation in organ traits 
should be anticipated in the context of  plant- animal interactions if, in addi-
tion to infl uencing the behavioral responses of animals at the  within- plant 
level, such variation also explained foraging decisions that implicate dis-
crimination among plants (i.e., genotypes). As shown in chapter 7, con-
specifi c plants usually vary widely in both the magnitude and shape of 
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 within- plant variability in organ traits, and these individual differences 
can have a genetic basis. Therefore, any mechanism that can predictably 
connect  within- plant variation to  among- plant differences in their inter-
action with animals will be apt to generate opportunities for animal selec-
tion on the characteristics of subindividual variability. This would hap-
pen, for instance, if animals forage differentially among individual plants 
in response to their differences in  within- plant organ variability, that is, if 
they exhibited  variance- sensitive behaviors. As shown below, the direct 
(e.g., suboptimal foraging, predation risk) and indirect (Jensen’s effects) 
costs to animals of  within- plant variation described in the two preceding 
sections may combine to bridge the  within-  and  among- plant selectivity 
levels by stimulating  variance- sensitive behaviors among phytophagous 
animals.

Costs of  Within- Plant Variation and  Variance- Sensitive Behaviors

The fact that subindividual organ variability entails both direct costs and 
benefi ts to foraging animals suggests that  trade- offs will frequently occur, 
with  within- plant selectivity being neither so meticulous as to incur large 
costs nor so sloppy as to use available items on a plant in a fully random 
fashion. The net profi tability to an animal of using the variable organs of 
a given plant eventually depends on the relative magnitude of costs and 
benefi ts associated with that particular plant’s inherent variability. The 
functions relating costs and benefi ts to  within- plant variation in a par-
ticular  plant- animal system are diffi cult to obtain, and are expected to 
differ across animal and plant species, types of interaction, and environ-
ments. For example, the fi tness returns accrued from the selective exploi-
tation of available organs on a variable plant should be directly related to 
the strength of the correlation between organ trait values and the perfor-
mance differential (via variation in fecundity or survival) accrued to ani-
mals from using them for feeding or oviposition. The direct costs derived 
from increased predation risks, for example, will be directly related to 
the animal’s susceptibility to predators and, all else being equal, would 
be expected to decline with increasing body size, mobility, and defensive 
competence. Energetic costs, or the constraints imposed by the inability 
to reach optimal plant departure rules, are expected to be most exacting 
on  energy- limited animals or those living in ecological scenarios where 
restricted time to feed and adverse abiotic conditions set limits to energy 
acquisition, and energetic effi ciency is at a premium. These hypothetical 
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examples illustrate that the sign and magnitude of the net effect on ani-
mals of  within- plant variation may vary widely depending on the particu-
larities of each  plant- animal system. Unfortunately, the comparative mag-
nitudes of direct costs and benefi ts of  within- plant variation do not seem 
to have been explored so far for any class of phytophagous animal, and 
only some rather simple predictions are possible at this stage. High direct 
costs will tend to favor the appearance of  among- plant selectivity by ani-
mals, with the least variable individual plants tending to be preferred over 
the most variable ones. This situation may arise when  predation- prone, 
time-  and  energy- limited animals forage on highly variable organs, such 
as ovipositing leaf miners or small insect seed predators. Low direct costs, 
in contrast, will often lead to animals selecting plants regardless of their 
inherent subindividual variability levels. This would be expected, for ex-
ample, in large, long- lived, mobile vertebrates feeding on temporarily 
superabundant fruit crops. Regardless of the actual frequency of high-  
and low- cost scenarios in nature, the aspect I wish to emphasize here 
is that, under most circumstances, direct costs to animals derived from 
 within- plant variation are expected to cause  among- plant selectivity 
related to plant differences in variability levels.

Theory predicts that indirect costs of  within- plant variability derived 
from Jensen’s effects will generally favor  variance- sensitive behaviors 
and  among- plant selectivity by animals. Behavioral models incorporating 
the effects of nonlinear responses and explicitly framed in terms of Jen-
sen’s inequality predict that animals should evolve  variance- sensitive (or 
“risk- sensitive,” as they are most frequently termed) behaviors that will 
ultimately translate into discernible foraging responses to  among- patch 
differences in the variance of resource quality (Real and Caraco 1986; 
Smallwood 1996; Kacelnik and Bateson 1997). In particular, when vari-
ance in resource quality is involved (as opposed to variance in resource 
acquisition delay; Kacelnik and Bateson 1997), these models predict that 
 variance- averse (“risk- averse”) behaviors should develop whenever the 
Jensen’s effects involved are large and positive, and  variance- indifferent 
behaviors should arise when they are small or nonexistent (Smallwood 
1996). Other theoretical models not explicitly invoking Jensen’s effects 
have similarly predicted  variance- sensitive behaviors from consider-
ation of the uncertainty in fi tness returns associated with different behav-
iors. Real (1980) formulated a behavioral model that explicitly consid-
ered the responses of animals to resource uncertainty, and predicted that 
under a “law of diminishing returns” organisms should tend to minimize 
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uncertainty. The vast majority of nonlinear relationships linking ani-
mal performance with plant food traits shown in table 8.2 actually rep-
resent instances of diminishing returns, either in the form of increasing, 
 concave- down gain functions or through its complementary version, that 
is, increasing,  concave- up cost functions. Since  within- plant variation in 
the food or survival value of individual organs is just a particular class 
of the uncertainty or stochasticity experienced by animal foragers while 
visiting different feeding or oviposition patches, Real’s pioneering model 
may also be used to predict that phytophagous animals should generally 
tend to be  variance- averse and avoid the most uncertain plant individuals, 
that is, the ones with the largest variances in per- organ food reward or fi t-
ness value. This prediction was also supported by more elaborated models 
proposed by Real and Caraco (1986). As shown in the next section, em-
pirical data largely corroborate these expectations and support the pre-
diction that  within- plant variation in organ traits may ultimately induce 
 among- plant discrimination by phytophagous animals.

Evidence for  Variance- Sensitive Behavior

Experimental inquiries about  variance- sensitive foraging have generally 
been based on manipulating the reward distribution available to an ani-
mal. One class of experiments examines preference in relation to reward 
variance when mean rewards are fi xed, while a second class tests  trade- offs 
between mean and variance by simultaneously changing both parameters 
(Real and Caraco 1986; Kacelnik and Bateson 1996). I am concerned here 
exclusively with the fi rst class of evidence because it is the most directly 
relevant to the subject dealt with in this section; this does not imply dis-
regard for the importance of considering the joint infl uence of means and 
variances on foraging responses (see chapter 10).

Studies of the behavioral consequences of the exposure of phytopha-
gous animals to variance in resource quality have been largely concerned 
with nectarivorous animals foraging on fl owers with variable nectar sugar 
rewards. This bias probably is attributable to historical rather than biolog-
ical reasons, since the fi rst attempts to incorporate the effects of resource 
variance into optimal foraging models mainly focused on pollinators 
(Real 1980, 1981; Waddington et al. 1981; Harder and Real 1987; but see 
Caraco et al. 1980) because their often strict energy requirements led 
to the expectation that behavioral adaptations for successfully meeting 
these requirements should be commonplace (Heinrich 1975; Real 1980). 
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Subsequent investigations of  variance- sensitive behavior in animals have 
mostly followed the trail of earlier researches on pollinators, and this long 
tradition has resulted in the accumulation of considerable empirical evi-
dence demonstrating that  variance- sensitive behaviors commonly occur 
among both vertebrate and invertebrate nectarivores, as illustrated by 
some recent reviews (Kacelnik and Bateson 1996; Perez and Waddington 
1996; Shafi r 2000).

A representative selection of studies examining the behavioral 
responses of insect and vertebrate nectarivores is shown in table 8.3. With 
only a single exception, all studies demonstrate that when nectarivores 
are offered a choice between feeding patches with contrasting variance in 
food reward (volume and concentration of sugar solution), they develop 
 variance- averse behaviors and tend to prefer the least variable patches. In 
these studies, variance aversion may be expressed by differential visita-
tion rates to constant and variable fl ower patches, as reported for example 
by Waser and McRobert (1998) for Selasphorus hummingbirds feeding 
on arrays of Ipomopsis aggregata fl owers. Birds paid signifi cantly fewer 
visits to high- variance arrays than to low- variance ones. In other cases, 
 variance- averse foraging may be expressed as  patch- departure prefer-
ences, as found by Biernaskie et al. (2002) in a study of hummingbirds and 

table 8.3 Experiments on the responses of nectarivorous animals to variance in food quality.

Species  
Quantity that is 
variable (or “risky”)  

Behavioral 
response to 
variance  Reference

Invertebrates
Apis mellifera Sugar solution volume Variance- averse Shafi r et al. 1999
Bombus sandersoni Sugar solution volume Variance- averse Real 1981
Bombus edwardsii Sugar solution volume Variance- averse Waddington et al. 1981
Bombus fl avifrons Sugar solution volume Variance- averse Biernaskie et al. 2002
Vespula maculifrons Sugar solution volume Variance- averse Real 1981
Xylocopa micans Sugar solution volume 

and concentration
Variance-

 indifferent
Perez and Waddington 

1996
Vertebrates

Coereba fl aveola Sugar solution volume 
and concentration

Variance- averse Wunderle and 
O’Brien 1985

Selasphorus rufus Sugar solution volume 
and concentration

Variance- averse Hurly and Oseen 
1999; Bateson 2002

Selasphorus rufus Sugar solution volume Variance- averse Biernaskie et al. 2002
Selasphorus rufus 

S. platycercus
 Sugar solution volume  Variance- averse Waser and McRobert 

1998

Note: Most studies shown were based on binary choices among food patches, either natural (e.g., infl orescences) or 
experimental (e.g., arrays of artifi cial fl owers), characterized by high and low variances in reward to animal foragers.
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bumblebees foraging on artifi cial infl orescences differing in variance of 
nectar reward. When they were allowed to assess resource variability by 
concurrent sampling, birds and bumblebees visited fewer fl owers on vari-
able infl orescences than on constant ones.

Information on  variance- sensitive behavior by phytophagous ani-
mals other than nectarivores is scarce. The available evidence, albeit lim-
ited, suggests that granivores, frugivores, and herbivores may also exhibit 
 variance- averse behavior in response to  among- patch differences in the 
variance of resource quality.  Variance- averse behavior in response to 
patch differences in seed- number variability was shown by Caraco et al. 
(1980) and Caraco (1982) for the granivorous birds Junco phaeonotus 
and Zonotrichia leucophrys.  Variance- sensitive foraging has also been 
reported for European starlings (Sturnus vulgaris), an occasional frugi-
vore (Brito e Abreu and Kacelnik 1999). Collared lemmings (Dicrostonyx 
groenlandicus) consistently minimize the variance in encounter rates with 
food rewards by choosing feeding patches that offer the least variation 
in food reward rather than those that maximize food intake rates (Searle 
et al. 2006). Despite this scarcity of data, however, it seems safe to predict 
that when the amount of reward is variable, variance aversion should be 
as common among nonnectarivorous phytophages as it is among necta-
rivorous ones or among nonphytophagous animals in general (Kacelnik 
and Bateson 1996).

If variance sensitivity is to infl uence behavior in a signifi cant way, 
animals must discriminate among, and strategically use, different vari-
able rewards, and not only be able to make choices between a constant 
reward and a variable one (Real and Caraco 1986). That the degree 
of variance sensitivity expressed by animals may effectively depend 
on the characteristics of the reward distributions has been shown by 
Shafi r et al. (1999) for honeybees feeding on sugar solutions. On the 
basis of the results of their study, they also suggested that, when eval-
uating variability, animals may be most sensitive to relative measures, 
such as the CV, than to any single parameter such as the absolute vari-
ance in reward. These suggestions were subsequently tested and verifi ed 
by Shafi r (2000) by analyzing a large set of published experiments (see 
also Weber et al. 2004 for some related analyses). In the case of nectari-
vores, the level of variance sensitivity depends on the perception of vari-
ability, for it is linearly related to the relative magnitude of variability, as 
measured by the CV (fi g. 8.5), but not to absolute measurements such as 
the variance or standard deviation (Shafi r 2000). The higher the CV, the 
stronger the variance aversion.
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Results of Shafi r’s review (2000) are important for two reasons. In the 
fi rst place, they show that it is relative, rather than absolute, measure-
ments of variability in resource quality that animals are sensitive to. Using 
CVwithin to evaluate the extent of  within- plant variation, as done in chapter 
3, thus acquires biological sense in addition to being a statistically sound 
procedure. Second, Shafi r showed that there is a gradient of responses to 
resource variability rather than the simple dichotomy (variance- sensitive 
vs.  variance- indifferent behavior) often implied in the interpretation of 
 binary- choice experiments (e.g., Kacelnik and Bateson 1996). This result 
suggests that, all else being equal, the extent of  among- plant discrimination 
exerted by phytophagous animals in the fi eld should be directly related to 
the magnitude of relative  within- plant variability in traits that infl uence 
food or fi tness returns. Given the broad differences existing among plant 
organ types and organ traits in levels of relative  within- plant variability 
(CVwithin, chapter 3), one would expect, for example, that variance sensitiv-
ity and  among- plant discrimination should be most evident when animals 
are foraging for highly variable organs such as leaves or seeds (e.g., leaf 
miners, insect fruit and seed predators), and when the interaction is medi-
ated by organ traits characterized by extreme levels of  within- plant vari-
ability, such as nectar volume per fl ower or individual seed mass.

fi g. 8.5 Variance sensitivity of invertebrate (circles) and vertebrate (squares) nectarivores to 
variable reward distribution in experiments where animals were offered a choice between 
constant and variable reward (nectar volume or nectar concentration). Open symbols denote 
experiments in which the variable reward distribution included empty rewards; closed sym-
bols denote experiments in which all options were rewarding. The strength of variance sensi-
tivity was defi ned as the absolute value of the difference between 0.5 and the mean propor-
tional preference for the constant reward. Redrawn from Shafi r 2000.
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While the abundant experimental evidence on  variance- sensitive 
animals considered in this section clearly supports the hypothesis that 
 within- plant variation in organ traits may lead to  among- plant selection 
by consumers, two important caveats should be explicitly acknowledged. 
Most theoretical models and experimental results for  variance- sensitive 
behaviors are specifi cally concerned with responses to variability in ener-
getic rewards, to a large extent because such models initially arose as an 
outgrowth of optimal foraging theory (Real 1980; Real and Caraco 1986). 
Theoretical models and predictions relating animal variance sensitivity 
to heterogeneity in other currencies are still in their infancy (e.g., Kar-
ban et al. 1997; Shelton 2000, 2004; Tenhumberg et al. 2000). These mod-
els strongly suggest, however, that insofar as nonlinearities, the law of 
diminishing returns, and Jensen’s effects are involved,  variance- sensitive 
behaviors will also develop in response to variability in plant organ traits 
that, although not directly affecting the energetic rewards of animals, 
may affect other components of their fi tness or  short- term performance 
(e.g., variability in leaf nitrogen and secondary metabolite concentration, 
corolla dimensions, nutritional composition of fruit pulp). Another lim-
itation of experimental studies demonstrating  variance- sensitive behav-
iors is that they have invariably been conducted on artifi cially manipu-
lated resource patches. No fi eld study so far seems to have documented 
 variance- sensitive foraging responses by phytophagous animals to natural 
variation among feeding patches (e.g., individual plants) in food- reward 
variability. While the experimental evidence summarized in this section 
strongly suggests that such responses to variability will also occur under 
natural conditions, empirical studies are needed that explicitly look for 
animal responses to naturally occurring variation in the fi eld. Some indi-
rect evidence presented in the next chapter, showing that differences 
among conspecifi c plants in organ variability levels often correlate with 
individual variation in the strength of interaction with animals, does sug-
gest that animal responses to  within- plant variation in natural conditions 
would be frequently revealed if appropriately sought after. 



Myriad mechanisms are possible whereby  within- plant variation in 
leaf, fl ower, fruit, or seed characteristics infl uences diverse aspects 

of plant vegetative (e.g., growth rate, carbon assimilation) and reproduc-
tive (e.g., fecundity) performance, thus eventually affecting the fi tness of 
individuals. This chapter presents an overview of such mechanisms and, in 
so doing, argues by way of example that subindividual variability in organ 
traits might in the long run have some nontrivial evolutionary conse-
quences to the plants, an aspect that is explicitly dealt with in chapter 10.

In some cases, the performance consequences of  within- plant variability 
are unrelated to the interaction of plants with animals, and they are most 
parsimoniously explained by considering aspects of the abiotic environ-
ment alone. This is the case of the relationship between  within- plant leaf 
variation and  within- plant light gradients (Field 1983; Givnish 1988; Hol-
linger 1996). In other instances, however, the putative fi tness implications 
of plant variability are the direct or indirect outcome of diverse interac-
tions with animals. This may apply, for example, to  within- plant variation 

chapter nine

Fitness Consequences of 
Subindividual Variability in Organ 
Traits for Plants
Subindividual variation in the characteristics of 
reiterated organs may infl uence the fecundity or 
vegetative performance of plants, and through 
this mechanism, individual fi tness differences may 
arise as a consequence of variation in the extent 
and organization of variability.
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in certain fl oral features (Waser and Price 1984; Ott et al. 1985). For the 
sake of completeness, and to broaden the ecological basis for the discus-
sion on the evolutionary signifi cance of  within- plant variation in chapter 
10, I consider in the present chapter consequences both related and unre-
lated to animals. Continuous as well as discontinuous  within- plant varia-
tion can have fi tness consequences for plants. Several excellent reviews 
have recently focused on the implications of discontinuous variation in 
leaf, fl ower, fruit, and seed attributes (heterophylly, dimorphic cleistog-
amy, heterocarpy, and seed heteromorphism; Mandák 1997; Winn 1999a; 
Wells and Pigliucci 2000; Imbert 2002; Matilla et al. 2005; Culley and 
Klooster 2007). This relieves me of presenting a detailed account of the 
implications of these relatively well- investigated topics. Only succinct 
summaries are presented, aimed at drawing some parallels with continu-
ous  within- plant variation and pointing out some weaknesses in our cur-
rent knowledge. I am mainly concerned in this chapter with enumerat-
ing the variety of possible mechanisms linking continuous subindividual 
variation to individual fi tness through the action of animals. This aspect 
remains largely unexplored in the literature, and there have been almost 
no attempts to directly look for effects of continuous  within- plant varia-
tion on individual performance or reproductive success. For this reason, 
much of the evidence presented below is admittedly circumstantial.

To ascertain the effects on individual plants of subindividual variability 
in a given organ trait, one should ideally compare some functional perfor-
mance (e.g., growth rate, photosynthesis, carbon balance, nutrient status) 
or life- history measurement (e.g., fecundity, survival, longevity) for con-
specifi cs that differ in levels of subindividual variation in the trait but are 
identical in every other respect, including trait means. This kind of com-
parison can hardly be done on plants growing naturally in the fi eld, since 
trait means usually vary among individuals. An alternative, albeit imper-
fect, method consists of simply looking for relationships across individu-
als between trait variability and some measure of fi tness or performance, 
regardless of whether they differ in means or not. One obvious problem 
with this approach, however, is that plant means tend to covary with the 
corresponding  within- plant variances (fi g. 3.1), which may confound the ef-
fects of trait variance on individual fi tness or performance with the effects 
of the mean. This caveat was highlighted by Real and Rathcke (1988, 
734) when considering the possible responses of pollinators to individual 
differences in levels of  within- plant variability in nectar abundance per 
fl ower, and they noted that “the existence of a strong correlation between 
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the arithmetic mean and variance in nectar volume distribution compli-
cates our ability to infer pollinator preferences under conditions of uncer-
tainty (risk) based on their observed behavior.” This complication should 
therefore be kept in mind when interpreting examples presented in this 
chapter in which fi tness or performance measurements are related to 
subindividual variability without previously fi ltering out, or statistically 
accounting for, the possible “contamination” of the data by concomitant 
variation in plant means. It must be emphasized, however, that the prob-
lem of confounding mean and variance effects does not exclusively affect 
assessments of the fi tness consequences of variability. By exactly the same 
token, assessments of the fi tness correlates of differences in plant trait 
means, routinely done in plant phenotypic selection studies, may also be 
confounded to an undetermined extent by the possible effect on fi tness of 
individual differences in trait variances, as shown by examples presented 
in chapter 10.

Discontinuous (Discrete) Variation

As noted in chapters 2 and 3, there is a long tradition of research on dis-
crete  within- plant polymorphisms affecting leaves, fl owers, fruits, and 
seeds, and a voluminous literature has accumulated over more than a cen-
tury, examining the functional signifi cance and possible fi tness implica-
tions of the phenomenon. Regardless of the obvious functional differences 
among the distinct types of structures involved, the common theme unit-
ing all modalities of discrete  within- plant variation is that they exemplify 
cases of “multiple strategies” of variation (sensu Lloyd 1984), in which 
one plant simultaneously operates distinct types of structures that per-
form the same function. If the environment predictably favors different 
variants of the same structure at different times or in different locations 
(e.g., leaves on different parts of the same plant, as with submerged and 
fl oating parts of amphibious plants; Sculthorpe 1967), then the produc-
tion of a mixture of variants may enhance the fi tness of individual plants 
(Lloyd 1984; Winn 1999a). This canonical explanation for the evolution 
of discrete  within- plant variation in organ traits, or multiple strategies of 
variation in Lloyd’s terminology (1984), rests on two central postulates: 
(1) Each alternative form of a structure performs differently in different 
locations or at different times or, in other words, represents a unique, non-
overlapping pathway of contributing to the fi tness of its bearer. I refer to 
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this postulate as the “multiroute” condition throughout this section. (2) 
Individuals producing a mixture of variants are consistently superior in 
fi tness to those producing exclusively one of the variants. I refer to this 
postulate as the “mixed- superiority” condition. Both conditions have to 
be met to properly interpret instances of multiple strategies as mecha-
nisms enhancing the fi tness of individuals (Winn 1999a). The empirical 
support available for each of these two conditions is, however, markedly 
different. As shown below, there is ample evidence supporting the multi-
route condition, but remarkably little substantiating the  mixed- superiority 
condition.

Leaves

Heterophylly has been most thoroughly investigated in the case of aquatic 
plants that potentially possess two or more leaf types (submerged, fl oat-
ing, and emergent) differing in shape, anatomy, chemical profi le, and chlo-
rophyll concentration. In species of Potamogeton, for example, these 
differences are correlated with contrasting rates of photosynthesis. Float-
ing leaves achieve much higher rates of photosynthesis than submerged 
leaves in air, and when compared under water, rates of photosynthesis 
increase in submerged leaves and decrease in fl oating leaves relative to 
the performance of the same leaf type in air (Wells and Pigliucci 2000). 
Thus each leaf type not only exhibits higher rates of photosynthesis in 
its respective environment, but also is better suited to function in that 
environment than the alternative leaf, a fi nding in direct accordance with 
the multiroute condition. Wells and Pigliucci (2000) present further ex-
amples similarly showing that the respective characteristics of distinct leaf 
types produced by aquatic heterophyllous plants are best suited to their 
particular environment. Equivalent information is much scarcer for ter-
restrial heterophyllous plants, although some evidence suggests also that 
functional differences between leaf types match the characteristics of 
their respective environments. Individuals of Viola septemloba can pro-
duce both leaves that are entire and cordate and leaves that are deeply 
lobed (fi g. 2.1d). Winn (1999a) examined the possibility that lobed leaves 
dissipate heat better than cordate leaves, a scenario that would be consis-
tent with an advantage of bearing lobed leaves in the hot summer months, 
which is the pattern observed in V. septemloba. As predicted, the tempera-
ture of lobed leaves was signifi cantly below that of cordate leaves on the 
same plant. Since high leaf temperatures may result in tissue damage, the 
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ability of lobed leaves to maintain lower temperatures could represent an 
advantage during summer months.

In addition to the advantages derived from “partitioning” the abiotic 
environmental gradient by alternative leaf forms, heterophylly may also 
contribute to the fi tness of individual plants by reducing damage from 
herbivores. Developmental heterophylly, in which different leaf morphs 
are associated with different ontogenetic stages in the same plant (juve-
nile and adult shoots), is particularly frequent on oceanic islands (Fried-
mann and Cadet 1976). A few large,  ground- living browser species are or 
have been abundant in many archipelagos (e.g., giant tortoises, fl ightless 
birds), and Givnish et al. (1994) hypothesized that the high incidence of 
developmental heterophylly on islands represents a convergent response 
of plants to herbivory by these visually oriented herbivores. Under this 
hypothesis,  juvenile- morph leaves located closer to the ground would be 
better defended and less palatable to browsers than  adult- morph ones 
located higher, and the former would advertise their condition to brows-
ers by their distinctive shapes. Eskildsen et al. (2004) have recently tested 
and verifi ed a crucial element of this hypothesis. In a choice experiment, 
they recorded the feeding response of Aldabra giant tortoises to ten spe-
cies of Mauritian plants, of which seven were heterophyllous and three 
homophyllous (i.e., lacking leaf dimorphism). Foliage of homophyllous 
species was preferred over that of heterophyllous ones, and among het-
erophyllous species adult leaves were preferred to juvenile ones. Differ-
ences between leaf morphs in acceptability to tortoises thus corresponded 
with the differential risk of damage derived from their distinct positions 
relative to ground, which is in accordance with the multiroute condition. 
Differential acceptability of leaf morphs is also in accordance with the 
optimal defense theory, which predicts that, to maximize growth individ-
ual plants should allocate defenses among leaves in direct proportion to 
the leaf’s photosynthetic value (Iwasa et al. 1996; van Dam et al. 1996). 
Developmental heterophylly has also been shown to aid in resistance 
against invertebrate herbivory in Eucalyptus and Populus trees (Kears-
ley and Whitham 1997; Brennan and Weinbaum 2001; Brennan et al. 
2001). These studies, and the frequent observation of chemical differences 
between juvenile and adult leaf morphs (Stein and Fosket 1969; Les and 
Sheridan 1990; Murray and Hackett 1991), suggest that developmental 
heterophylly often represents a mechanism of developmental resistance 
to herbivory, in which resistance undergoes changes along the “develop-
mental stream” of individual plants (Kearsley and Whitham 1989, 1997).
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A pattern of heterophylly that corresponds to differences in optimum 
leaf phenotype among environments (multiroute condition) provides 
circumstantial evidence that heterophylly is advantageous to individual 
plants. A direct test, however, requires a comparison of the fi tnesses of indi-
viduals that exhibit different patterns of heterophylly (mixed- superiority 
condition), as emphasized by Winn (1999a). In some species, individual 
plants differ in the extent of heterophylly, and these differences have a 
genetic basis (Wells and Pigliucci 2000); hence the  mixed- superiority con-
dition could be tested quite simply by looking for correlations between 
fi tness and extent of heterophylly across individuals. As remarked by 
Wells and Pigliucci (2000), examples of this test in the literature on het-
erophylly are very rare, and the few data available do not provide a clear 
indication that the magnitude of heterophylly affects the fi tness of indi-
vidual plants. In Nuphar lutea, for example, Kouki (1993) showed that 
experimental variation in the amount of herbivory experienced by fl oat-
ing leaves resulted in modifi cations of the proportions of submerged and 
fl oating leaves subsequently produced by the plants. These induced altera-
tions in the extent of heterophylly, however, had no measurable effects on 
 short- term fl ower production by the plants.

Flowers

Dimorphic cleistogamy, in which a plant produces cleistogamous (CL), 
automatically self- pollinated fl owers in addition to chasmogamous (CH) 
ones, may have a number of fi tness advantages, which have been thor-
oughly reviewed by Culley and Klooster (2007). Among these, reproduc-
tive assurance and preservation of adapted gene complexes seem most 
important. CL fl owers offer reproductive assurance when pollinators 
are rare or absent, and in some species CL fl owers actually increase seed 
production when CH fl owers remain unpollinated. CL selfi ng may pre-
vent the disruption of locally adapted gene complexes by avoiding the 
recombination that frequently accompanies outcrossing. In addition, CL 
seeds do not disperse very far in some species, which contributes further 
to preserving locally adapted complexes. CH fl owers, on the other hand, 
generally produce more genetically variable progeny, and CH seeds are 
often dispersed farther from the maternal plant, which may alleviate 
 parent- offspring and sibling competition and enhance the possibilities of 
colonizing favorable microsites.

Theoretically, the production of a mixture of CH and CL fl owers 
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would be advantageous to individual plants in either fi ne- grained (at the 
 within- plant scale) or  coarse- grained (across an area or season) heteroge-
neous environments. When environmental heterogeneity is fi ne- grained, 
the fi tness of a phenotype that produces both CH and CL fl owers at a 
single time would be enhanced if each fl ower type is produced in the 
environment for which it is best suited, as when fl owers at different spa-
tial positions experience varying numbers of pollinator visits. If environ-
mental heterogeneity is  coarse- grained, then the fi tness of a phenotype 
would increase by the production of a different fl ower type within each 
environment to maximize reproductive success (Lloyd 1984; Schoen and 
Lloyd 1984). Judging from the exhaustive review of Culley and Klooster 
(2007), it does not seem that the  whole- plant advantages of producing a 
mixture of CL and CH fl owers implied by these and other (Masuda et al. 
2001) theoretical models have ever been examined empirically, and the 
 mixed- superiority condition thus appears to remain untested for dimor-
phic cleistogamy. Indeed, Culley and Klooster included among their sug-
gestions for future research the need for empirical data to test the main 
postulates of theoretical models, including quantitative information on 
the variation of fl oral types within and between individuals.

Fruits and Seeds

Seed heteromorphism represents the production of discontinuous types 
of seeds by a single plant (chapter 2). The differentiation may affect either 
the whole diaspore (heterocarpy) or exclusively the seed (heterospermy). 
Both phenomena are frequently associated (Mandák 1997; Imbert 2002), 
and their consequences for plants are diffi cult to separate; hence I treat 
them jointly in this section.

Functional differences between the distinct morphs produced by het-
erospermous and heterocarpous plants are usually well- defi ned and eco-
logically important, thus unambiguously fulfi lling the multiroute con-
dition. The distinct types of seeds or diaspores typically differ in size, 
dispersal ability, dormancy, germination requirements, and seedling emer-
gence, survival, and growth (Mandák 1997; Imbert 2002; Matilla et al. 
2005). Most often, differences between morphs involve several of these 
aspects simultaneously. In the annual herb Spergularia marina, winged 
seeds are longer and heavier, and disperse farther than unwinged ones 
(Telenius and Torstensson 1989). In Leontodon longirrostris, the achenes 
occupying the peripheral positions on the fruiting head are heavier, lack 



272 chapter 9

a pappus, are dispersed at short range, and exhibit extended dormancy 
and slow germination, while the central achenes are much lighter, pos-
sess a well- developed pappus, are dispersed by wind, and germinate faster 
under a broad spectrum of conditions (Ruiz de Clavijo 2001). Similar dif-
ferences have been reported for many other heterospermous and hetero-
carpous species. Consequently, spreading offspring in time and space as 
a consequence of variation in germination time, diaspore morphology, 
and dispersal method seem the two ecologically most signifi cant conse-
quences of seed heteromorphism to individual plants (Lloyd 1984; Imbert 
2002). In highly variable and unpredictable habitats, spreading offspring 
in time may reduce temporal variance in realized fecundity, which may 
eventually result in increased individual fi tness (Gillespie 1977). Like-
wise,  within- plant variation in seed size, morphology, and dispersal agent 
generally contributes to enlarging the seed shadow of individual plants, 
and hence to spreading offspring in space (Augspurger and Franson 1987, 
1993). The same arguments discussed later in this chapter in relation to 
the more general situation of continuous fruit and seed variation apply 
also here to the case of discontinuously varying diaspores. Individual dif-
ferences in the extent of seed heteromorphism are expected to translate 
into variations in spatial and temporal characteristics of seed shadows, 
which may then result in individual fi tness differences.

Despite the large number of studies of seed heteromorphism, variation 
among individuals in the extent (proportions of the different diaspore 
types) and characteristics (functional contrasts between diaspore types) 
of heteromorphism, and the possible fi tness consequences of such varia-
tion, remain two poorly explored topics. Individual variation in hetero-
morphism can be extensive in some species, which provides opportunities 
for simple tests of the  mixed- superiority condition. In two populations 
of the heterocarpous Thymelaea velutina studied by de la Bandera and 
Traveset (2006), some individuals produced both dry fruit (achenes) and 
fl eshy fruit (drupes), thus effectively qualifying as heterocarpous, while 
others produced exclusively fl eshy fruits. In addition, truly heterocar-
pous individuals varied widely in the relative proportions of fruit types 
produced, the percentage of fl eshy fruits ranging between 40 and 95%. 
It is most likely that such a broad spectrum of  within- plant variation in 
fruit features results in fi tness differences among plants, but this aspect 
remained unmeasured in that study.

There is almost no information on the possible responses of seed and 
fruit predators to variation in seed and fruit characteristics associated 
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with heterospermy. Mandák’s exhaustive review (1997) mentioned only 
a study of Atriplex sagittata reporting preferential damage of one type of 
fruit by insects. Imbert (2002) did not report any example, and emphasized 
the need for data concerning differences in predation rate among seed 
morphs. Scarcity of empirical data notwithstanding, the different types of 
fruit and seeds produced by heterospermous plants will most likely dif-
fer in risk of pre-  and postdispersal damage by invertebrates and verte-
brates, since these generally exhibit discriminatory behavior and feeding 
responses to variation in seed traits that are ordinarily involved in het-
erocarpy and heterospermy, such as size and shape (chapter 8). Individual 
variation in the proportion of different diaspore types produced is there-
fore expected to translate frequently into differential seed- survival pros-
pects, but this possible mechanism does not seem to have been explored 
so far for any species exhibiting seed heteromorphism.

Continuous Variation: Leaves

Continuous  within- plant variation in leaf features can have three major 
classes of consequences at the  whole- plant level: those related to the spa-
tial and temporal heterogeneity in the abiotic environment; the cascading 
consequences that result from induced variation in other organs, such as 
fl owers, fruits, and seeds; and the food selection responses by  foliage- eating 
animals. I consider each of these three categories in turn.

Consequences Related to the Abiotic Environment

Ontogenetic changes in the size and shape of plants, and in the spatial 
arrangement of their parts, contribute to spatial and temporal hetero-
geneity in the abiotic environment around plant parts. The infl uence of 
neighbors also adds to this heterogeneity. The different leaves of the same 
plant are thus produced in, and become successively exposed to, different 
phylloclimates (chapter 6), and a signifi cant fraction of continuous intra-
plant variation in leaf traits (size, shape, photosynthetic features) typically 
occurs along intrinsic and extrinsic environmental gradients (chapter 4). 
As noted above for heterophyllous plants that produce discontinuous leaf 
types, the most direct implication of continuous intraplant variation in 
structural and functional leaf features is the effi cient partitioning of spa-
tial and temporal abiotic gradients (Winn 1999a).
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By producing leaves of different nitrogen concentration, specifi c area, 
and photosynthetic capacity at different microsites along  within- plant 
light gradients, individual plants can maximize overall photosynthetic 
performance in the face of environmental heterogeneity. Models predict 
that total carbon gain of individual plants will increase if leaf spatial and 
physical properties vary so that light is more uniformly intercepted, and 
leaf nitrogen is apportioned among leaves proportionally to the amount 
of incident light (Field 1983; Hirose and Werger 1987; Givnish 1988; Hol-
linger 1989). In particular, Field (1983) predicted that, in plants where 
some microsites are heavily shaded and others are rarely shaded, car-
bon gain for the whole plant should be maximized when leaf nitrogen is 
distributed such that the leaves in the microenvironments receiving the 
highest amount of photosynthetically active radiation have the highest 
nitrogen contents. In contrast, in plants characterized by uniformly illumi-
nated microsites with frequently saturating light intensities,  whole- plant 
carbon gain should be maximized when the available leaf nitrogen is dis-
tributed uniformly among leaves. These early predictions have generally 
been upheld by subsequent empirical studies and simulations (Hollinger 
1996; Le Roux et al. 1999; Casella and Ceulemans 2002; Kull 2002). For ex-
ample, simulations by Hollinger (1996) showed that the observed pattern 
of nitrogen allocation among leaves of the  broad- leaved tree Nothofagus 
fusca results in a greater canopy carbon gain than would be expected if 
the same total quantity of nitrogen were allocated randomly or equally 
among microsites. In that species, assuming a uniform distribution of 
nitrogen among leaves may underestimate  plant- level assimilation by up 
to 10%, or in other words, the unequal distribution of nitrogen among 
leaves accounts for an additional photosynthetic gain at the  whole- plant 
level of around 10%.

Although the  plant- level consequences of  within- plant variation in 
leaf features have been investigated most frequently for forest canopy 
trees, they apply to smaller, herbaceous species as well. The importance 
of  between- leaf photosynthetic resource partitioning is well established 
for herbs growing in dense stands, where vertical gradients in leaf nitro-
gen content result in improved  whole- plant- level photosynthetic perfor-
mance (Hirose and Werger 1987; Lemaire et al. 1991; Connor et al. 1995; 
Pons and Anten 2004). For example, the actual (i.e., uneven) distribution 
of nitrogen among leaves of densely growing plants of Solidago altissima 
achieved over 20% more photosynthesis than that under an uniform 
distribution (Hirose and Werger 1987). In experimental stands of Lysi-



fitness consequences for plants 275

machia vulgaris, Pons and Anten (2004) found that  whole- plant carbon 
gain was reduced by 19.6% when plants were given the relatively shal-
low  within- plant gradient in leaf nitrogen content characteristic of uni-
formly lighted plants grown in the open. The results of their study clearly 
show that varying levels of  within- plant variation in leaf nitrogen content 
will give rise to individual differences in overall photosynthetic perfor-
mance and carbon gain. Although there have been few empirical connec-
tions between plant functional and population biology features (Ackerly 
and Monson 2003), it is expected that consistent differences between indi-
viduals in overall photosynthetic performance will in the long run trans-
late into variation in fecundity or progeny quality (e.g., seed size). This 
effect should be most apparent in annual plants, as they depend exclu-
sively on  short- term,  current- season photosynthesis for reproduction. In 
a comparative study of two winter wheat (Triticum aestivum) cultivars, 
Wang et al. (2005) found that steeper vertical gradients in nitrogen dis-
tribution among leaves tended to be associated with greater seed quality, 
as measured by gluten and protein content of grains. The corollary to the 
preceding studies is that, whenever the leaves of a plant are immersed in 
a spatially heterogeneous, patchy light environment, producing variable 
leaves whose photosynthetic features (e.g., nitrogen content) match the 
spatial distribution of incident light will be intrinsically superior to pro-
ducing identical leaves throughout the plant. In other words, inequality 
among leaves in their photosynthetic capacity will be directly advanta-
geous for the whole plant if it matches differences in the amount of light 
received.

Leaves produced by the same plant at different times in the seasonal 
cycle may differ in size, shape, anatomy, chemistry,  water- use effi ciency, 
and photosynthetic capacity (Westman 1981; Mulkey et al. 1992; Kita-
jima et al. 1997; Winn 1999a, 1999b; Palá- Paúl et al. 2003). These and other 
studies have demonstrated or inferred a good correspondence between 
alternative leaf types and the environmental conditions prevailing at the 
time each type is produced. For example, in the tropical understory shrub 
Psychotria marginata, leaves produced just prior to the dry season have 
higher specifi c mass and, during drought, have lower stomatal conduc-
tance and higher  water- use effi ciencies than leaves produced at the begin-
ning of the wet season (Mulkey et al. 1992). These and similar observations 
(Westman 1981; Kitajima et al. 1997) suggest that the seasonal component 
of  within- plant leaf variation may contribute to enhance physiological 
effi ciency at the  whole- plant level in the face of temporal heterogeneity 
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in the light, temperature, and water environment (Winn 1999a, 1999b). 
Nevertheless, in contrast to the relatively well- investigated consequences 
of spatial  within- plant heterogeneity in leaf traits, the  whole- plant con-
sequences of seasonality in leaf traits have been investigated directly on 
very few occasions. In the only well- worked example known to me, Winn 
(1999b) tested in the fi eld whether seasonal variation in the size, thick-
ness, and stomatal density of leaves of the annual Dicerandra linearifolia 
was advantageous to individual plants. Regression of individual dry mass 
(a proxy for fi tness) on leaf traits revealed no evidence supporting the 
hypothesis that different leaf phenotypes are favored in different seasons. 
Individuals with large and thick leaves in both winter and summer consis-
tently had a size advantage during the two years of the study, a result that 
suggests  within- plant variation in leaf traits is not intrinsically advanta-
geous to D. linearifolia. It is possible, however, that the  whole- plant effect 
of leaf variation could have been detected if other response variables such 
as plant longevity, number of seeds produced, or seed size had been con-
sidered.

Cascading Consequences for Heterogeneity of Flowers, Fruits, and Seeds

Flowers, fruits, and seeds generally behave as net photosynthate sinks that 
are principally supplied by their local source leaves, and their growth is 
largely determined by local photosynthetic rates, as discussed in chapter 6. 
In sectorial plants,  within- plant heterogeneity in the photosynthetic yield 
of single leaves will therefore be partly responsible for  within- plant vari-
ation in certain characteristics of fl owers, fruits, and seeds, and this varia-
tion will in turn have multifarious consequences to individual plants, as 
shown in later sections of this chapter. Consequently, the distribution and 
strength of local photosynthate sources within a plant may defi ne a sort of 
initial template from which heterogeneity in the characteristics of other 
reiterated organs, with its associated host of ramifying consequences to 
individual plants, will arise in a developmental cascade. The congruence 
between the initial template defi ned by variation in the sources and the 
map of variation eventually exhibited by the sinks will depend on a com-
plex combination of internal and external factors (chapter 6). A few pre-
dictions may be tentatively advanced at this point, however, implying that 
the cascading effects of leaf variation on  whole- plant fecundity or perfor-
mance via its effects on the variation of other organs will depend on habi-
tat type and the ecological characteristics of species.
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Within- plant heterogeneity in the photosynthetic capacity of individ-
ual leaves is greater in species that ordinarily grow in dense stands or 
whose branch architecture leads to high  within- crown patchiness in inci-
dent light intensity (Field 1983; Hirose and Werger 1987). Furthermore, 
 shade- tolerant and  shade- intolerant species differ in levels of  within- plant 
variation in leaf morphology and physiology, with  shade- intolerant trees 
being less variable than  shade- tolerant ones (Niinemets et al. 1998; 
Uemura et al. 2006; and references therein). It may therefore be predicted 
that, for a given level of plant sectoriality, the cascading effects of leaf het-
erogeneity on  within- plant variation in those fl ower, fruit, and seed traits 
that are susceptible to variations in photosynthate import (e.g., size, nec-
tar sugar secretion, nutritional composition) will be more important in 
 shade- tolerant species than in  shade- intolerant species. Such effects will 
also be more important in dense shady forest with steep light gradients 
and strong overshadowing effects from neighbors (e.g., tropical and tem-
perate forests) than in sunny open habitats with widely spaced, uniformly 
lit individuals (e.g., open woodlands and shrublands in deserts and Medi-
terranean environments).

Consequences Related to Herbivory

The possible  plant- level consequences of  within- plant variation in leaf 
features due to interactions with folivores have received considerably less 
attention than the implications related to the heterogeneity in the abiotic 
environment referred to above. Proponents of the genetic mosaic theory 
of plant defense (GMT), discussed in chapter 8, frequently alluded to the 
potential implications for individual plants of becoming mosaics of resis-
tance to herbivores, but direct supporting evidence was scarce at the time, 
and it was admitted that “the ecological implications [of  within- plant vari-
ation] for the plant are unclear” (Whitham et al. 1984, 39). Recent theo-
retical models and the limited evidence available confi rm these earlier 
suggestions, as they reveal a variety of ecological mechanisms whereby 
intraplant heterogeneity in leaf characteristics, via its effects on herbivores, 
may translate into individual differences in growth or fecundity. Some of 
these effects follow indirectly from patterns of  within- plant food selection 
by herbivores, while others stem directly from  among- plant choices by 
herbivores driven by individual differences in leaf variability itself.

Folivores discriminate and respond selectively to  within- plant varia-
tion in leaf nutritional and defensive characteristics (chapter 8), which 



278 chapter 9

accounts for the common observation that some leaves of a plant are 
eaten more thoroughly than others and some parts of the canopy lose 
more leaf area than others (see, e.g., Whitham 1983, fi g. 3). From a plant’s 
perspective, one of the most direct consequences of this variation infl u-
encing acceptability by herbivores may be an increase in the spatial dis-
persion of damage over the plant (Suomela and Ayres 1994). The mag-
nitude and spatial scale over which this heterogeneity- driven dispersion 
takes place (e.g., among parts of the same leaf, among leaves of the same 
branch, or among branches) will depend on the size, mobility, foraging 
behavior, and choosiness of the herbivore, and on how leaf variability is 
spatially patterned within the plant (chapter 4); hence meaningful gener-
alizations or predictions are risky without carefully taking into consider-
ation each of these aspects. It is relatively well established, however, that 
the distribution of damage over a canopy can affect plant recovery from 
herbivory, and that certain spatial patterns of damage may be more det-
rimental to plant fi tness than others, depending apparently on the rate of 
movement of nutrients, hormones,  wound- induced signals, and defensive 
compounds among and within integrated physiological units of the plant 
(Marquis 1996; Avila- Sakar and Stephenson 2006). Sectorial plants should 
be able to compensate better for small amounts of local damage dispersed 
over many sectors than for more intense damage concentrated on just 
one or a few sectors. Dispersed damage should thus be less detrimental 
to individual plants than concentrated damage, and this pattern has been 
generally confi rmed by most studies specifi cally addressing this predic-
tion (Marquis 1996; Meyer 1998; Avila- Sakar et al. 2003). Consequently, 
insofar as  within- plant variation in leaf features enhances the dispersion 
of the damage caused by herbivores, it will also contribute to reducing the 
overall impact of herbivory on the growth and reproduction of individual 
plants possessing sectorial physiological organization.

Optimal defense theory predicts that, in order to minimize loses to her-
bivores and maximize growth, individual plants should allocate defenses 
among leaves in direct proportion to the latter’s photosynthetic value, and 
the frequent observation that leaves of the same plant differ in the con-
centration of defensive compounds has thus been interpreted in terms of 
optimal defense allocation (Iwasa et al. 1996; van Dam et al. 1996; Ander-
son and Agrell 2005). Although theoretical models were mainly derived 
for the case of variations in photosynthetic value associated with differ-
ences in leaf age, their general predictions may also apply to the case of 
predictable variations in leaf photosynthetic value due to other factors, 
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such as position within the canopy. Because herbivores typically respond 
to  within- plant variation in leaf defense levels by avoiding the most heav-
ily defended ones (chapter 8), one proximate consequence for individual 
plants of better defending those leaves with greater productive prospects 
will be a net reduction in the cumulative impact of herbivory. This has 
been documented by de Boer (1999) for Senecio jacobaea, among others. 
In plants of this species, pyrrolizidine alkaloid and nitrogen leaf content 
both declined steadily from top to bottom positions on the stem, in par-
allel with increasing leaf age. Larvae of Spodoptera exigua and Mamestra 
brassicae, two generalist herbivores, exhibited a strong preference for the 
oldest,  least- defended leaves at the basal positions. Photosynthetic losses 
to individual plants were thus minimized as a consequence of the unequal 
distribution of defensive metabolites among leaves, since the damage 
principally affected leaves that were near the end of their life span and 
thus possessed the least photosynthetic value to the plant.

I have considered so far only those consequences to plants of intraplant 
variation in leaf traits that stem from the  within- plant level of selection 
by herbivores. Other mechanisms involve the  among- plant level of host 
selection. One of these mechanisms applies particularly to the interaction 
between long- lived plants and specialist sedentary herbivores. Specialist 
phytophagous insects with limited dispersal capacity may become locally 
adapted to particular individuals of long- lived host species, forming local 
demes on individual plants that gradually become adapted to the host’s 
characteristics over time. This “adaptive deme formation” (ADF) hypoth-
esis was fi rst formulated by Edmunds and Alstad (1978), and has since 
received unequal support from empirical tests (Van Zandt and Mopper 
1998). It has recently been suggested that the high  within- plant heteroge-
neity in the nutritional and defensive characteristics of leaves relative to 
 among- tree variation may prevent tree- level specialization by monopha-
gous, sedentary herbivores as envisaged by the ADF hypothesis, because 
from the perspective of these herbivores the largest source of variation in 
food quality and survival prospects will occur within rather than among 
plants (Gripenberg and Roslin 2005; Roslin et al. 2006; see Whitham 1983 
for a forerunner to this idea). According to this reasoning, and provided 
that the  within- plant component tends to be the main source of variance 
in leaf characteristics in woody plant populations (chapter 3), it is perhaps 
not surprising that only 5 out of 12 studies included in a meta- analysis 
by Van Zandt and Mopper (1998) supported the ADF hypothesis. The 
ADF hypothesis is mainly  herbivore- centered, and I am not aware of any 
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theoretical or empirical exploration of the lifetime consequences for long-
 lived individuals of becoming the objects of specialization by one or more 
demes of  species- specifi c herbivores. Nevertheless, it seems intuitively 
reasonable to postulate that, everything else being equal, it will be better 
for a tree’s fi tness not to become the host of an adapted deme of its sed-
entary herbivore, and that in a hypothetical population of trees made up 
of individuals with and without associated demes, those lacking them will 
have an advantage. By preventing the formation of long- lasting, adapted 
demes of specialized herbivores on individual plants, therefore, extensive 
 within- plant variation in foliage defensive properties may have important 
fi tness consequences for long- lived plants, a circumstance emphasized 
long ago by Whitham (1981, 1983) in relation to the GMT.

Within- plant heterogeneity in leaf defense levels may act as a defensive 
property of the individual, reducing the overall damage infl icted by either 
specialist or generalist herbivores (Whitham 1981, 1983; Karban et al. 
1997; Shelton 2000). Shelton designed a dynamic state variable model that 
compared the consequences of herbivory by generalists for two types of 
plants. One type produced a constant level of some defensive toxin in all 
its parts, whereas the other type produced the same average amount of 
toxin but distributed unevenly throughout its parts. In Shelton’s model, a 
herbivore feeding on a  constant- toxin plant would always consume plant 
tissue with a determinate amount of toxin, whereas a herbivore that feeds 
on a  variable- toxin plant would consume tissue with a random toxin level 
selected from a distribution function. The two principal assumptions of 
the model were that the curve relating the food benefi t for the herbivore 
to the toxin level was a decreasing,  concave- down function (following 
Karban et al. 1997; see examples in table 8.2), and that herbivores can 
distinguish between  constant- toxin and  variable- toxin plants. In addition 
to investigating how herbivores respond to variability in plant defense, 
the model examined whether variability benefi ted the plant by increas-
ing herbivore avoidance. The model predicted that, when herbivores had 
intermediate energy levels, they would become variance averse and reject 
 variable- toxin plants, as long as there were  constant- toxin plants in the 
environment and the benefi t curve was suffi ciently concave, that is, the 
magnitude of Jensen’s effect was suffi ciently large. Shelton’s model thus 
implies that  within- plant variability in leaf defenses per se, regardless of 
whether these are constitutive or induced, will favor herbivore avoidance 
of variable plants, which will have enhanced their defenses by increas-
ing the uncertainty experienced by herbivores. This general conclusion is 
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similar to that reached by Karban et al. (1997) for  within- plant variation in 
induced defense levels, and by Shelton (2004) in a series of models exam-
ining the implications of variation in defense levels at several hierarchi-
cally nested scales of variation (among plants, among leaves  within- plants, 
and among parts within leaves). The signifi cance for plant fi tness of very 
 small- scale, spatially random variation in induced defenses has also been 
discussed in detail by Shelton (2005), who emphasized the need for stud-
ies examining the patterns and magnitude of  within- plant chemical varia-
tion at scales that are important to herbivorous insects.

Continuous Variation: Flowers

Continuous  within- plant variation in fl oral traits may induce three major, 
not necessarily mutually exclusive, types of effects:  within- plant heteroge-
neity in per- fl ower pollination success,  among- plant differences in over-
all pollination success, and cascading consequences arising from the infl u-
ence of pollination heterogeneity on the  within- plant variability of fruit 
and seed crops.

Direct Consequences:  Within- Plant Heterogeneity in Pollination Success

In  animal- pollinated species, the most immediate effect of  within- plant 
variation in fl oral traits is an increase in the variance of the cumulative 
pollinator service received by individual fl owers of the same plant, as a 
consequence of  within- plant discrimination and choice exhibited by pol-
linators (chapter 8). This effect will cause inequalities in the total amount 
of pollen received and exported by fl owers of the same plant over their 
life spans. Several lines of evidence support this view.

In the ordinary case of species whose fl owers last for one or a few days 
(Ashman and Schoen 1996), each fl ower may be visited by pollinators 
multiple times over its life span. If individual fl owers of the same plant 
differ in their attractiveness to pollinators by virtue of their different 
characteristics (e.g., corolla size, nectar production rate; Mitchell and 
Waser 1992; Conner and Rush 1996), then  within- plant variation in fl oral 
traits may give rise to  within- plant heterogeneity in the cumulative num-
ber of visits received by individual fl owers over their life spans. For ex-
ample, in experimental arrays consisting of conspecifi c fl owers of different 
sizes, those with the largest corollas are generally visited more times by 
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pollinators (Stanton and Preston 1988; Conner and Rush 1996). Pollina-
tion ecologists, however, have traditionally been more concerned with 
studying how many different fl owers on the same plant are probed in 
succession by approaching pollinators, than with determining how many 
separate visitation events are received by individual fl owers. Surprisingly 
few studies have quantifi ed the visitation history of individual fl owers 
exposed to natural pollination in the fi eld, as stressed recently by Kar-
ron et al. (2006). Consequently, we know next to nothing about what the 
shape of the frequency distribution of total number of pollinator probes 
received per fl ower looks like for any species in its natural setting. The 
limited available evidence suggests that fl owers on the same plant may 
differ widely in the cumulative pollinator service received over their life 
spans (Kato 1988; Kadmon et al. 1991; Kadmon 1992; Hodges 1995; Jones 
et al. 1998; Karron et al. 2006), and that such differences may give rise to 
heterogeneity in pollination success that is attributable, at least in part, 
to  within- plant variation in fl oral characteristics.

Kato (1988) did a detailed fi eld study of patterns of bumblebee visits 
to individual fl owers of Impatiens textori plants growing close together in 
several small patches in a Japanese locality. Foragers actively avoided vis-
iting fl owers that had recently been visited by another individual, which 
might theoretically have equalized the distribution of visits among avail-
able fl owers. Despite this, however, individual fl owers at all sites differed 
greatly in the cumulative number of visits received from sunrise to sun-
set, which spanned nearly one order of magnitude (fi g. 9.1). In two wild 
individuals of Anchusa strigosa systematically watched by Kadmon et al. 
(1991), considerable variation was also found among fl owers of each plant 
in the visitation rate by anthophorid bees, the species’ principal pollina-
tors. In experimental arrays of Antirrhinum majus and Mimulus ringens 
exposed to natural visitation by pollinators in the fi eld, Jones et al. (1998) 
and Karron et al. (2006), respectively, found that individual fl owers dif-
fered widely in the total number of pollinator visits received.

Male and female pollination success of individual fl owers generally 
increases with the number of pollinator probes (Mitchell and Waser 1992; 
Hodges 1995; Aigner 2005; Huang et al. 2006; Karron et al. 2006). Differ-
ences among fl owers of the same plant in pollinator visitation are there-
fore expected to generate  within- plant heterogeneity in cumulative pol-
len receipt, pollen export, or both. The few studies that have quantifi ed 
 within- plant variation in measurements of per- fl ower pollination suc-
cess consistently support this expectation. Table 9.1 shows that, regard-
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less of plant species or pollinator type,  within- plant variation in per- fl ower 
maternal pollination success (pollen grains per stigma, pollen tubes per 
style) is extensive, by far exceeding the  among- plant component of varia-
tion. In the examples presented in table 9.1, %Varwithin (defi ned in chapter 
3) for measurements of maternal pollination success ranges between 60 
and 100%, falling mostly in the range 80–90%. When populations of the 
same species were sampled over several reproductive episodes, overt pre-
dominance of the  within- plant component of variance in maternal polli-
nation success persisted over years (Herrera 2004). Partitions of variance 
in per- fl ower paternal pollination success have been quantifi ed on even 
fewer occasions. The only fi gures available, obtained using the number of 
pollen grains exported per fl ower as a surrogate for paternal pollination 
success, likewise reveal a predominance of the  within- plant component 
(%Varwithin = 82%; table 9.1). Taken together, the fi gures shown in table 
9.1 reveal that  within- plant variation in maternal and paternal pollina-
tion success are as extensive as would be predicted if pollinator visitation 

fi g. 9.1 Individual fl owers simultaneously exposed to pollinators on the same plant may differ 
widely in the cumulative number of pollinator visits received over their life spans. Histograms 
depict the frequency distributions of the total number of bumblebee visits received from 
sunrise to sunset by individual fl owers of Impatiens textori blooming at four small patches 
(T1–T4). Modifi ed from Kato 1988.



varied as widely among fl owers of the same plant as suggested by the 
results of Kato (1988) and other authors mentioned above.

A certain fraction of  within- plant variance in per- fl ower pollination 
success is doubtless due to stochastic factors, rather than to the responses 
of pollinators to variation in fl oral characteristics. Dissecting the causal 
components of  within- plant variance in per- fl ower pollination success has 
never been attempted, which is hardly surprising in view of the fact that 
intraplant variation in pollination success itself has been rarely acknowl-
edged, not to mention quantifi ed (Herrera 2004). An indirect approach to 
tackling this issue consists of looking for statistical relationships between 
fl oral features and pollination success across fl owers of the same plant. 

table 9.1 Proportion of  population- level variance in measurements of maternal and paternal pollination 
success of individual fl owers accounted for by differences among fl owers of the same plant.

Pollination success 
measurement  Species  Main pollinators  %Varwithin

a Reference

Pollen grains 
received per 
stigma

Daphne laureolab

 Hermaphrodites
 Females

Small nitidulid beetles
85.5–98.4
83.1–100

C. Alonso unpubl.

Lavandula latifolia Honeybees, megachilids, 
nymphalid butterfl ies

78.9 C. M. Herrera 
unpubl.

Pollen tubes per 
style

Ballota hirsuta Bumblebees, honeybees, 
large anthophorid 
bees

67.9 Herrera 2004

Daphne laureolab Small nitidulid beetles C. Alonso unpubl.
 Hermaphrodites 72.6–100
 Females 78.9–100
Helleborus foetidus Bumblebees 62.0–73.3 Herrera 2002a
Helleborus viridis Bumblebees 60.0–85.0 C. M. Herrera and 

J. Guitián unpubl.
Lavandula latifolia Honeybees, megachilids, 

nymphalid butterfl ies
75.7–98.7 Herrera 2004

Lindera benzoin Small dipterans and 
hymenopterans

85.4 Niesenbaum 1994

Marrubium supinum Bumblebees, 
anthophorid bees

90.7 Herrera 2004

Phlomis lychnitis Bumblebees 84.9 Herrera 2004
Rosmarinus 

offi cinalis
Bumblebees, honeybees, 

solitary bees
77.8 Herrera 2004

Teucrium 
rotundifolium

Large anthophorid bees 83.2 Herrera 2004

Pollen grains 
exported per 
fl ower

 Lavandula latifolia  Honeybees, megachilids, 
nymphalid butterfl ies

 81.8  C. M. Herrera 
unpubl.

aRanges of variation are given when data refer to several populations or several years for the same population. %Varwithin defi ned 
in chapter 3.
bA gynodioecious species; data are shown separately for female and hermaphrodite individuals.



fitness consequences for plants 285

I looked for this type of relationship in a large data set containing mor-
phological and pollination success data for more than 6,000 individual 
fl owers from 300 Lavandula latifolia shrubs (this was the same data set 
analyzed by Herrera, Castellanos, and Medrano [2006]). Separate rank 
correlations were run for each plant between the number of pollen grains 
in the stigma and the length of the fl ower’s upper corolla lip, a fl oral trait 
subject to selection by pollinators (Herrera, Castellanos, and Medrano 
2006). Correlations were positive in 96% of the plants, a proportion evi-
dently far beyond the 50% expected from the null hypothesis that fl oral 
features and pollinator service are unrelated across fl owers of the same 
plant. Flowers of the same plant with longer, showier upper corolla lips 
thus predictably received more pollinator service than those with shorter 
lips. At least for one of the species listed in table 9.1, therefore, extensive 
 within- plant variation in pollination success may safely be attributed to 
intraplant variability in fl oral features.

Direct Consequences: Among- Plant Differences in Pollination Success

In  animal- pollinated species,  within- plant variation in fl oral features may 
directly infl uence the overall pollination success or reproductive perfor-
mance of individual plants through effects on the composition and diver-
sity of the pollinator assemblage visiting each plant, the overall attrac-
tiveness of plants to pollinators, and the frequency of geitonogamous 
pollinations experienced by each plant, which presumably affects the 
extent of pollen carryover originating from the plant.

pollinator composition With relatively few exceptions,  animal- 
pollinated plants are pollinated by taxonomically diverse arrays of pol-
linators (Herrera 1996; Waser et al. 1996). It has long been known that 
different pollinators differ in their fl oral preferences and exploit different 
subsets of the fl owers simultaneously available at a given locality (Mül-
ler 1883). Because of its role in promoting reproductive isolation and 
enhancing fl oral diversifi cation in angiosperms, the contrasting prefer-
ences of pollinators for fl oral features have been traditionally related to 
the morphological and functional diversity exhibited by different species 
(Fægri and van der Pijl 1966; Stebbins 1970). Nevertheless, pollinators are 
responsive to the much narrower variation in fl oral features that occur 
within species (chapter 8, and preceding section), and different pollina-
tors may express contrasting preferences when facing intraspecifi c fl oral 
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variation. This may lead to the “partitioning” of the available pollinator 
spectrum by conspecifi c fl owers that differ in key characteristics. As dis-
cussed below, such partitioning may contribute to variation among indi-
vidual plants in the diversity and species composition of pollinator assem-
blages (Herrera 1995a, 2005).

Partitioning of pollinators will be easier to detect in the case of 
 clear- cut, discontinuous intraspecifi c fl oral variation involving, for 
instance, corolla color or sexual expression. Innumerable examples 
of differential responses by insect species to experimental altera-
tions of the shape, size, or color of fl owers may be found in Clements 
and Long’s classic monograph on experimental pollination (1923). 
More recent examples are Kay (1976, 1982) and Stanton (1987), who 
reported differences among species of bees, fl ies, and butterfl ies in their 
responses to natural intraspecifi c variation in corolla color and sex-
ual morph of a variety of fl owers (Cirsium arvense, Chrysanthemum 
coronarium, Raphanus raphanistrum, R. sativus, Silene dioica, Succisa 
pratensis). Contrasting responses of pollinator species to continuous 
intraspecifi c variation in fl oral traits may be more cryptic and harder 
to detect, but I suspect that they would have been reported much more 
frequently if researchers had looked for them more often. Conner and 
Rush (1996), in a study of  fl ower- size selectivity by the insect pollina-
tors of Raphanus raphanistrum, found that syrphid fl ies consistently 
preferred fl owers with larger corollas, while small bees either exhib-
ited inconsistent preferences or were indifferent to corolla size varia-
tion. Ushimaru and Hyodo (2005) reported that syrphid fl ies, but not 
bumblebees, responded with differential visitation to experimental 
modifi cations in the orientation of the bilaterally symmetrical fl ow-
ers of Commelina communis. In a detailed study of individual fl ower 
choice, Harder (1988) found that different bumblebee species, and even 
different castes of the same species, forage nonrandomly on fl owers of 
the same species. In his study, pollinator partitioning by  different- sized 
fl owers was evidenced by positive correlations between the tongue 
lengths of foraging bees and the corolla depth of the fl owers they vis-
ited. Likewise, Morse (1978) found a close direct correlation between 
proboscis length of individual Bombus vagans workers and the depth of 
the corolla of Vicia cracca fl orets they visited, despite the very narrow 
range of variation exhibited by the depth (6.1–6.6 mm). He interpreted 
the fi nding as denoting that individuals of varying size tended to forage 
on fl orets of differing corolla lengths (see Plowright and Plowright 1997 
for similar results).
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Pollinator partitioning should be expected to be most evident in spe-
cies pollinated by taxonomically very diverse assemblages. This is exem-
plifi ed by the  summer- fl owering shrub Lavandula latifolia, which is pol-
linated by dozens of species of bees, butterfl ies, and fl ies (Herrera 1987a, 
2005). The different species of insects pollinating L. latifolia differ in the 
mean corolla size of visited fl owers. Some species exhibit signifi cant pref-
erences for either the longer or shorter corollas available, while others do 
not forage selectively (fi g. 9.2). As a consequence, individual L. latifolia 
fl owers that differ in corolla length will tend to be visited by different sets 
of pollinator species. Differences among pollinators in mean corolla size 
of visited fl owers were of similar magnitude at the population (fi g. 9.2a) 
and  within- plant (fi g. 9.2b) levels. In L. latifolia, therefore, pollinator parti-
tioning based on  fl ower- size variation occurring at the population level is 
basically the outcome of a  within- plant phenomenon, whereby each polli-
nator tends to visit slightly different subsets of the phenotypically distinct 
fl owers borne on each plant. Partitioning of pollinators by  different- sized 
L. latifolia fl owers illustrated in fi gure 9.2 suggests the general predic-
tion that, all else being equal, the broader the range of fl oral traits occur-
ring within a plant, the greater the taxonomic diversity of the pollinators 
servicing it. Because pollinators generally differ in the quantity and qual-
ity of their pollinating services (e.g., pollen deposition and removal per 

fi g. 9.2 Individual fl owers of the Mediterranean shrub Lavandula latifolia that differ slightly 
in corolla size tend to be visited by different species of insect pollinators, as illustrated by dif-
ferences among insects in the mean style length (a trait correlated with corolla length) of 
probed fl owers.  Corolla- size partitioning by pollinators at the population level (a, data from 
7 plants and 33 species of pollinators) mainly refl ects fl oral partitioning at the  within- plant 
level (b, data for a representative plant visited by 20 species of pollinators). Vertical segments 
denote ±1 SE of the mean (dot), and horizontal dashed lines indicate the mean style length 
available to pollinators, as estimated from independent random samples of fl owers. Each sym-
bol corresponds to a different pollinator species: Diptera, white dots; Hymenoptera, black 
dots; Lepidoptera, shaded dots. Based on data from Herrera 1987a.
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visit; Schemske and Horvitz 1984; Herrera 1987a, 1989b; Wilson and 
Thomson 1991), individual differences in levels of  within- plant variation 
in fl oral traits may eventually translate into variation in per- fl ower pol-
len export and import average rates via effects on pollinator diversity and 
composition.

attractiveness to pollinators Another mechanism whereby  within- 
plant variation in fl oral features may infl uence the overall pollination 
success or reproductive performance of individual plants is related to 
the  variance- sensitive behavior of pollinators. As argued in chapter 8, 
 variance- sensitive pollinators are expected to respond to individual dif-
ferences in  within- plant variability of those fl oral features that can affect 
their foraging effi ciency and time or energy budgets. Since the vast major-
ity of pollinator species so far investigated are  variance- averse (table 8.3), 
one would expect plants in a population with less variable fl owers to be 
visited more often than plants with more variable fl owers (Biernaskie 
et al. 2002). Everything else being equal, and if all pollinators tend to have 
concordant choices, an inverse relationship should arise across plants 
between average per- fl ower pollinator service received and  within- plant 
variability in fl oral traits affecting the foraging effi ciency of pollinators. 
Despite the attention received by the  variance- averse behavior of polli-
nators in response to  fl oral- reward variation, and the frequent suggestions 
that such behavior may have important ecological and evolutionary impli-
cations for the reproductive strategies of plants (Biernaskie et al. 2002; 
Shafi r et al. 2003; Biernaskie and Cartar 2004), studies directly quantifying 
the impact of variance aversion on pollinator visitation to whole plants 
or infl orescences under natural fi eld conditions are scarce. I am aware 
of only two studies comparing the number of pollinator visits to artifi cial 
infl orescences with equal means but different variances in nectar reward 
per fl ower. One of these did support the prediction that  variable- reward 
infl orescences were visited on fewer occasions than  constant- reward ones 
(Waser and McRobert 1998), while the other obtained inconsistent results 
(Biernaskie et al. 2002). No study seems to have looked for relationships 
between  within- plant variation in per- fl ower nectar reward and pollinator 
visitation to whole plants in the fi eld. Patterns of  within- plant variability in 
nectar reward in the fi eld, however, are complicated by too many factors 
in addition to intrinsic individual differences in nectar secretion (Zimmer-
man and Pyke 1986; Real and Rathcke 1988; and references in chapters 
2 and 8) to reasonably expect consistent relations between  nectar- reward 
variability and pollinator visitation to individual plants.
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Although the causal connection between  within- plant variability in fl o-
ral features and discrimination among plants by pollinators has usually 
been examined in relation to variation in fl oral nectar production or 
instantaneous availability, it should not necessarily be restricted to this 
particularly inconstant fl oral feature. Dukas and Real (1993) showed that 
when bumblebees were exposed to a variable number of fl ower types 
having identical nectar rewards but differing in color, their learning rates 
and overall foraging effi ciency declined as the number of offered fl oral 
types increased. Other studies have also suggested that switching between 
fl ower types may weaken or even erase the motor patterns learned by 
bees for handling fl owers (review in Chittka et al. 1999). In addition, there 
are reasons to suspect that the same cognitive constraints responsible 
for the fl oral constancy of pollinators in interspecifi c contexts might also 
apply, under some circumstances, to the narrower range of variation faced 
by pollinators while foraging on fl owers of the same species (Dukas 1998; 
Chittka et al. 1999). Laverty (1994) found that foraging bumblebees may 
be less constant to plant species with simple fl oral morphologies than to 
species with complex fl oral morphologies. In the latter case, but not in the 
former, he found evidence of increased handling times and error frequen-
cies following switches between species. Under standardized experimen-
tal conditions, Gegear and Laverty (2001) were able to induce fl oral con-
stancy by bee foragers by increasing the variation in several fl oral traits, 
including color, complexity, and size. The more fl ower types were offered, 
the more constant the bees became. Since perceptual systems have limited 
capacity to simultaneously process a large variety of sensory information, 
the nature of neural processing may bias organisms toward restricted host 
ranges in  sensory- rich environments (Bernays and Wcislo 1994). More 
generally, the ability of animals to choose well may decline as the num-
ber of possible choices exceeds some threshold, and aversion to excessive 
choices seems to have evolved in some animal groups (Hutchinson 2005). 
Overall, these studies support the idea that  within- plant variability in fl o-
ral features other than amount of nectar might also sometimes infl uence 
 among- plant discrimination by pollinators through effects on learning per-
formance, handling effi ciency, and ease of choice or willingness to choose. 
Floral features whose  within- plant variability could induce foraging 
responses would be related, for example, to accessibility of the fl oral reward 
(e.g.,  corolla- tube depth or aperture width), nectar composition (e.g., 
amino acid concentration, proportions of different sugars), fl oral signals 
(e.g., scent, perianth color, degree of symmetry), or structural complex-
ity (e.g., number and disposition of petals and nectaries).  Within- plant 
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variability in any of these structural, “nonmodifi able” morphological fl o-
ral traits (in contrast to “modifi able” traits such as the amount of fl oral 
nectar) may create  among- plant variation in pollinator visitation. If per-
 fl ower handling time and / or energetic returns are nonlinearly related to 
these morphological traits (as shown, e.g., by Harder [1988] for the rela-
tion between bumblebee net energy uptake and corolla depth), then Jen-
sen’s inequality predicts that pollinators should exhibit  variance- averse 
responses to variation in such fl oral features, tending to reject plants with 
morphologically more variable fl owers.

The intriguing possibility of an inverse relationship between morpho-
logical variability level and pollination success of individual plants does 
not seem to have been addressed previously. It is supported by a reanaly-
sis of my data on fl oral morphology and pollination success of individual 
plants of Lavandula latifolia and Viola cazorlensis. The two species differ 
widely in fl oral morphology (tubular corolla vs. long, thin spur, respec-
tively), nectar accessibility (6–7- mm corolla tube vs. 26- mm spur), and 
pollinator composition and diversity (dozens of insect species vs. a single 
hawk moth species; Herrera 1987a, 1993). Despite these differences, they 
are similar in exhibiting a signifi cant negative relationship across indi-
vidual plants between maternal pollination success (mean number of 
pollen tubes per fl ower, L. latifolia) or fruit set (percent fl owers setting 
fruit, V. cazorlensis), and  within- plant variability in accessibility to nectar 
reward, as determined by CVwithin for  corolla- tube length and spur length 
(fi g. 9.3). In both species, therefore, increasing  within- plant morpholog-
ical variability of fl owers predictably resulted in reduced reproductive 
performance of individual plants, which is consistent with the prediction 
derived from consideration of the  variance- averse behavior of pollina-
tors. In two previous studies on these species I had looked for effects of 
mean  corolla- tube length and mean spur length on the reproductive suc-
cess of individual plants, but found none (Herrera 1993; Herrera, Castella-
nos, and Medrano 2006). The relationships depicted in fi gure 9.3 remained 
unnoticed because I lacked at that time any a priori biological reason to 
look for them.

pollination quality There is yet a third class of mechanisms that 
can set a causal link between  within- plant variability in fl oral features 
and the reproductive performance of individual plants. In contrast to 
the two mechanisms examined to this point, which involve variations in 
the amount of pollinator service received by individual fl owers or whole 
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plants, this third class of direct effects implicates variations in the qual-
ity of the maternal (pollen receipt) or paternal (pollen dispersal) compo-
nents of pollination success.  Within- plant variation in certain fl oral traits 
may infl uence the probability of geitonogamous pollinations (involving 
transfer of self pollen between fl owers of the same plant; for reviews see 
de Jong et al. 1993; Snow et al. 1996), as well as the dispersal patterns of 
pollen grains away from parent plants, including the mean and variance of 
dispersal distances. Some of these effects are expected to be mediated by 
 variance- sensitive foraging responses of pollinators to  within- plant vari-
ation, while others may occur independently of pollinator responses to 
such variation. Among the latter, morphological differences among fl ow-
ers of the same plant that imply variations in the relative positions of sta-
mens and stigmas may infl uence the genetic characteristics of the progeny 
as well as the patterns of self- pollen deposition and carryover.

Within- plant heterogeneity in nectar production per fl ower may reduce 
the level of geitonogamy through its effects on the foraging behavior of 
pollinators (Pleasants 1983; Hodges 1995; Boose 1997). Both theoretical 
models and empirical data of pollen dispersal and carryover show that, 
as more fl owers are visited consecutively on the same plant by a pollina-
tor, the proportion of self pollen deposited on stigmas increases rapidly 

fi g. 9.3 Mean per- fl ower reproductive success, measured as mean number of pollen tubes per 
fl ower or percentage of fl owers setting fruit, of Lavandula latifolia (left) and Viola cazorlen-
sis (right) plants declines signifi cantly with increasing  within- plant variability in accessibil-
ity to fl oral nectar, measured as CVwithin of  corolla- tube length or spur length. Each symbol 
corresponds to a different plant, and lines are the  least- squares fi tted regressions (N = 300, 
R2 = 0.03, P < 0.01 for L. latifolia; N = 69, R2 = 0.16, P < 0.001 for V. cazorlensis). Based on 
reanalyses of data from Herrera 1993; Herrera, Castellanos, and Medrano 2006.
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(de Jong et al. 1993; Hodges 1995; Harder and Barrett 1996; Snow et al. 
1996). Since plants bearing more variable fl owers in amount or accessibil-
ity of nectar are expected to have, on average, fewer fl owers visited con-
secutively per pollinator approach, they will consequently experience a 
reduction in the transfer of self pollen among their fl owers.

Experimental support has been provided by studies showing that, when 
everything else is kept constant, pollinators generally probe fewer fl owers 
per visit on artifi cial infl orescences whose fl owers contain variable nectar 
rewards than on infl orescences where all fl owers contain equal amounts 
of nectar (Pappers et al. 1999; Biernaskie et al. 2002; Hirabayashi et al. 
2006). In a particularly thorough study, Hirabayashi et al. (2006) used a 
factorial design to investigate if the foraging response of bumblebees to 
 within- infl orescence variance in nectar reward (constant, gradual, ran-
dom) was contingent on concurrent variation in display size (large, small) 
and infl orescence type (panicle, umbel, raceme). They found that random 
nectar distribution signifi cantly decreased the number of successive visits 
and staying time within infl orescences, regardless of the display size and 
architecture type. Biernaskie et al. (2002) reported similar results from 
an experiment using artifi cial infl orescences, where bumblebees and hum-
mingbirds visited fewer fl owers on infl orescences with variable nectar dis-
tribution than on those with constant distribution.

Geitonogamy has a number of reproductive costs (Snow et al. 1996). 
In self- incompatible species, geitonogamous pollinations may decrease 
mating success by clogging stigmas with incompatible pollen or, in less 
extreme cases, by diluting outcross pollen in stigmatic pollen loads. In self-
 compatible species, geitonogamy will affect the mating system by increas-
ing the proportion of selfed progeny, and may affect progeny vigor, partic-
ularly in species with signifi cant inbreeding depression (Snow et al. 1996). 
In both self- compatible and self- incompatible species, geitonogamy may 
also reduce siring success through pollen discounting, that is, a reduction 
in the number of pollen grains that would otherwise be carried away from 
a plant and have the potential to reach the stigmas of other conspecifi cs 
(Harder and Barrett 1996). Differences among individual plants in fre-
quency of geitonogamous pollinations arising from pollinator responses 
to fl oral trait variability will therefore translate into variation in one or 
more components of the plants’ reproductive success.

In addition to generating differences in the frequency of geitonogamy, 
 within- plant variation in nectar reward or morphological fl oral traits may 
also infl uence  pollen- dispersal patterns. Ott et al. (1985) found that indi-
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viduals of Bombus pennsylvanicus foraging on an artifi cial fl ower system 
responded to increased variation in nectar reward by increasing both the 
mean and the variance of interplant fl ight distances, mainly as a conse-
quence of increasing the frequency of long- distance fl ights. Assuming that 
the distribution of  pollen- dispersal distances is reasonably congruent with 
the distribution of pollinator fl ight distances (an assumption that is not 
necessarily always true; Gaudeul and Till- Bottraud 2004), Ott et al.’s study 
has two important implications. (1) Pollinator responses to  within- plant 
fl oral variation may increase the number of potential mates of each plant 
and, therefore, the overall genetic diversity of its progeny. (2) Neighbor-
ing individuals in plant populations are often more closely related geneti-
cally to one another than to distant individuals, and pollen performance 
increases with distance between mates (Robertson and Ulappa 2004; 
Glaettli et al. 2006). Increased average distance between mates arising 
from pollinator responses to  within- plant fl oral variability may therefore 
enhance plant fecundity through reductions in the degree of relatedness 
between mates.

Hermaphroditic fl owers on the same plant may differ in the length 
and placement of stamens and pistils, leading to variations in their posi-
tions relative to the corolla aperture (e.g., stigma exsertion) as well as 
in herkogamy, the separation between anthers and stigma of the same 
fl ower (Dronamraju 1961; Waser and Price 1984; Seburn et al. 1990; Bar-
rett and Harder 1992). The mating system of individual plants, and hence 
the genetic constitution of their progeny, may be affected by this form of 
 within- plant variation. Variations in the arrangement of male and female 
fl oral parts may infl uence patterns of pollen pickup and delivery (Bar-
rett 2003; Kudo 2003), and  within- plant variation in the placement of 
stamens and pistils may affect pollen carryover, as shown by Waser and 
Price’s experimental study of  hummingbird- pollinated Ipomopsis aggre-
gata (1984). These authors manipulated the extent of variability among 
fl owers in anther and stigma placement, and observed the effect on the 
transfer of pollen analogues (fl uorescent dye) by hummingbird pollina-
tors. The slopes of the regressions relating dye deposition to fl ower posi-
tion in a visitation sequence steadily declined as variation in style length 
and anther position increased from treatment to treatment, revealing a 
positive effect of fl oral variability on pollen carryover and, thus, dispersal 
distance. Variation in pollen carryover may infl uence the genetic diversity 
of maternal progenies through effects on the number and genetic related-
ness of mates, as noted above.
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In self- compatible plants, variation among species or conspecifi c indi-
viduals in herkogamy levels tends to be inversely related to the frequency 
of self- pollination (reviews in Medrano et al. 2005; Parra- Tabla and Bull-
ock 2005).  Within- plant variation in herkogamy may also lead to some 
fl owers producing selfed progeny more frequently than others, which 
will infl uence the mating system of individual plants. Broad  within- plant 
variation in herkogamy has been reported by Dronamraju (1961) for 
Bauhinia acuminata, and Barrett and Harder (1992) for the tristylous, 
self- compatible Eichhornia paniculata. In individuals of the midstyled 
morph of this latter species, the position of the short stamens varied 
widely among fl owers, which amounted to broad variation in herkogamy 
and in the frequency of automatic selfi ng. It may be predicted that, every-
thing else being equal, the greater the variability in herkogamy among the 
fl owers of the same plant, the more heterogeneous the mixture of selfed 
and outcrossed seeds produced, and the larger the fraction contributed by 
the assortment of seeds to overall genetic variation of the plant’s progeny. 
Furthermore, as noted in chapter 5, coexistence of  different- sized selfed 
and outcrossed seeds in a plant’s seed crop will contribute to  within- plant 
heterogeneity in seed size, with the potential consequences discussed later 
in this chapter.

Cascading Consequences: Heterogeneity of Fruits and Seeds

Because of the developmental continuity existing between fl owers and 
fruits,  within- plant variation in fl ower traits may represent a starting point 
for a cascade of consequences involving variation in fruit and seed traits 
(e.g., fruit size and seediness, seed size). The simplest, most obvious mech-
anism whereby  within- plant heterogeneity in fl oral features may cascade 
into  within- plant heterogeneity in fruits and seeds arises directly from the 
ontogenetic continuity between fl owers and fruits, and it was already dis-
cussed in chapter 6. Floral traits such as ovary size or ovule number are 
often closely correlated with fruit size or fruit seediness, respectively, so 
that intraplant variation in the latter will arise as a consequence of fl oral 
variation.

Within- plant heterogeneity in pollinator service resulting from fl oral 
variation may enhance intraplant variation in fruit or seed traits. It has 
been repeatedly shown that the number of pollinator visits received by 
individual fl owers, as well as the taxonomic identity and diversity of the 
fl oral visitors involved, may affect the size and seediness of the resulting 
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fruits, as well as the average size of their enclosed seeds (Vander Kloet 
and Tosh 1984; Jarlan et al. 1997a, 1997b; Dogterom et al. 2000; Moran-
din et al. 2001; Karron et al. 2006; Roldán Serrano and  Guerra- Sanz 2006; 
Kenta et al. 2007). Therefore, whenever intraplant variation in fl oral traits 
leads to heterogeneity among fl owers in pollination history (e.g., number 
of pollinator visits, composition and diversity of visitors), it may also lead 
to  within- plant heterogeneity in fruit and seed traits, which will have the 
consequences for individual plants discussed in the next two sections.

Continuous Variation: Fruits

Differences among conspecifi c plants in continuous  within- plant variation 
in fruit traits like size or seediness may lead to  among- plant differences in 
reproductive success through their infl uence on the spatial characteristics 
of postdispersal seed shadows, seed- dispersal success, or some combina-
tion of these. This holds for wind-  and  animal- dispersed species alike.

Wind- Dispersed Plants

In wind- dispersed species with multiovulate ovaries, intracrop variation 
in fruit seediness may infl uence the spatial characteristics of postdispersal 
seed shadows. Some tropical wind- dispersed legume trees produce winged 
legumes with a variable number of seeds (e.g., Ateleia, Lonchocarpus, 
Platypodium; Janzen 1978, 1982c; Augspurger 1986). In these plants, varia-
tion in seed number per fruit is correlated with characteristics expected 
to affect dispersal distance under fi eld conditions, namely fruit mass, fruit 
area, wing loading (the mass / area ratio), and rate of descent in still air 
(Augspurger and Hogan 1983; Augspurger 1986). Consequently, fruits dif-
fering in seed number will tend to disperse at variable distances from the 
parent plant, with those containing more seeds falling nearest to the parent 
on average, and the  fewest- seeded ones traveling farther (Augspurger and 
Hogan 1983; Augspurger 1986). In Lonchocarpus penthaphyllus, for ex-
ample, 14, 20, and 32% of fruits with one, two, and three seeds, respectively, 
fall within 5 m of the base of the parent plant. Maximal dispersal distance 
was 66, 44, and 24 m from the parent for fruits with one, two, and three 
seeds, respectively (Augspurger and Hogan 1983). Intracrop variation 
in fruit seediness of anemochorous fruits will therefore affect the post-
dispersal distribution of seeds around parent plants (Augspurger and 
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Franson 1987, 1993). The arguments discussed in detail below in the sec-
tion on the consequences of seed variation also apply here, and individual 
differences in the extent of  within- plant variation in fruit seediness may 
lead to variation in seed- shadow characteristics that eventually result in 
differential seedling recruitment.

Animal- Dispersed Plants

In  fl eshy- fruited plants that rely on frugivorous vertebrates for seed dis-
persal, individual differences in the magnitude and characteristics of 
 within- plant variation in fruit features may infl uence the reproductive suc-
cess of plants through their effects on various components of seed disper-
sal. The components involved include both “departure- related” (e.g., fruit 
removal by dispersers, losses to damaging agents) and “arrival- related” 
(e.g., features of seed shadows; sensu Herrera 2002b).

Departure- related effects include the possible infl uence of  within- plant 
variation in fruit features on the fraction of fruit crops taken away by fru-
givores that disperse seeds legitimately, that is, without damaging them in 
the process. Almost without exception, fruit crops of  vertebrate- dispersed 
plants are not completely depleted by seed dispersers, and individu-
als differ in the proportion of fruits removed (Howe and Vande Kerck-
hove 1980; Courtney and Manzur 1985; Jordano 1987; Herrera et al. 1994; 
Laska and Stiles 1994; Herrera 1995b). If, as ordinarily assumed, differ-
ences in  fruit- removal rates translate into differential reproductive suc-
cess, then any possible effect of  within- plant variation in fruit traits on the 
likelihood of fruits being taken away by dispersers will eventually give 
rise to fi tness differences among plants. This may occur, for example, if 
the  variance- sensitive behavior of frugivores leads to discrimination and 
choice among plants in response to differences in fruit variability.

Although a considerable number of frugivory studies have looked for 
correlates of individual variation in  fruit- removal success, plants have 
invariably been characterized by their mean fruit traits, and not a single 
investigation seems to have ever considered the possibility that levels of 
 within- plant variation in fruit traits might partly account for individual 
differences in dispersal success. I suspect that such effects of fruit variabil-
ity on dispersal success have frequently gone unnoticed in studies that, 
while fi nding signifi cant relationships between  fruit- removal success and 
plant means for some fruit traits, simply did not look for similar relation-
ships with plant variances. That very real possibility is exemplifi ed by one 
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of my own investigations. In a study of seed dispersal by frugivorous pas-
serine birds of the  fl eshy- fruited Mediterranean tree Phillyrea latifolia, 
a direct relationship between percent fruit removal and mean fruit size 
of individual plants was reported (Herrera et al. 1994). Nevertheless, as 
shown in detail in the next chapter, the dispersal success of individual 
P. latifolia plants in our study not only depended on mean fruit size, but 
also was inversely related to  within- plant variance in fruit size, as expected 
if frugivorous birds were  variance- averse and tended to avoid individuals 
with the most variable fruits. As with the examples of Lavandula latifolia 
and Viola cazorlensis reported above, the relationship between variabil-
ity and dispersal success remained hidden in our data set just because we 
did not look for it.

Departure- related effects of  within- plant variation in fruit traits may 
also involve mechanisms other than its direct effects on the behavior and 
preferences of seed dispersers. Predispersal fruit and seed predators may 
also respond to  within- plant variability in fruit traits and, in so doing, may 
infl uence plant reproductive success directly through reductions in fecun-
dity or indirectly through impaired dispersal success, since vertebrates 
tend to avoid fruits that are infected or damaged by invertebrate pulp and 
seed predators (Sallabanks and Courtney 1992). The fi rst of these mecha-
nisms is illustrated by the response of the bruchid beetle Amblycerus cis-
telinus to individual differences in the levels of  within- plant variability in 
fruit size occurring in a population of its host tree Guazuma ulmifolia. 
This seed predator exhibits  within- crop fruit selectivity, with longer fruits 
in a crop being infected proportionally more often than shorter ones (fi g. 
8.2). As discussed in chapter 8, the costs associated with such selectiv-
ity should give rise to ovipositing beetles exhibiting discrimination and 
 variance- averse behavior toward trees differing in the variability of fruit 
traits infl uencing oviposition. This is clearly supported by the inverse rela-
tionship between percent fruit predation rate and CVwithin for fruit length 
found in a Costa Rican population of G. ulmifolia. As depicted in fi gure 
9.4, the greater the  within- plant variability in fruit length of a tree, the 
lower the proportion of its fruit crop that was infected by A. cistelinus lar-
vae and, therefore, the greater its relative reproductive success.

A second, indirect mechanism whereby  within- crop fruit variability 
may infl uence the  departure- related component of an individual plant’s 
seed- dispersal success is through its effects on fruit predators. Seed or 
pulp damage by invertebrates generally renders fruits objectionable to 
legitimate seed dispersers, either because the pulp becomes relatively 
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unrewarding or because substances produced by the larvae make the 
fruit unpalatable (Manzur and Courtney 1984; Sallabanks and Courtney 
1992; Traveset et al. 1995; García et al. 1999). In these cases, correlations 
between  within- crop fruit variability and crop infestation rate similar to 
that described above for G. ulmifolia will give rise to individual variation 
in the attractiveness of plants to dispersers. At an English locality, Man-
zur and Courtney (1984) found that the bird- dispersed fruits of Crataegus 
monogyna containing seeds infested by larvae of the microlepidopteran 
Blastodacna hellerella were actively rejected by blackbirds (Turdus mer-
ula), the plant’s main dispersal agent, possibly because of their bitter 
taste. This decreased the foraging effi ciency of birds in heavily infested 
plants, where the increase in frequency of fruit rejections slowed down 
the removal rate of good undamaged fruits and eventually prevented dis-
persal of many healthy, uninfested fruits away from the parent plant. As 
a consequence, the proportion of good seeds dispersed per plant declined 
with increasing crop infestation rate. If observed differences between C. 
monogyna plants in fruit infestation rate by larvae were, as in G. ulmifolia, 
at least partly a consequence of individual differences in fruit variability, 

fi g. 9.4 In a Costa Rican population of the  vertebrate- dispersed tree Guazuma ulmifolia, the 
proportion of individual fruit crops infested by the bruchid beetle Amblycerus cistelinus was 
inversely related to the magnitude of  within- plant variability in fruit length (CVwithin), a fruit 
trait that infl uences  within- plant fruit selectivity by these beetles (fi g. 8.2). Each symbol corre-
sponds to a different tree, and the line is the  least- squares fi tted regression (N = 40, R2 = 0.22, 
P = 0.002). C. M. Herrera, unpublished data.
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then Manzur and Courtney’s results would illustrate another mechanism 
whereby  within- plant variation in fruit traits may infl uence seed- dispersal 
success through effects on invertebrate fruit damage rates.

Within- plant variation in fruit traits may also affect the reproductive 
success of plants through its infl uence on  arrival- related aspects of seed 
dispersal. Several different mechanisms may link  within- plant variation 
in fruit traits with features of postdispersal seed shadows that, although 
unexplored, might in the long run be even more consequential to plants 
than variation in fecundity caused by  departure- related effects. Different 
species of seed- dispersing frugivorous birds and mammals tend to select 
fruits that differ in a variety of features, including those that ordinarily 
vary widely within individual crops such as size or seediness. Such dif-
ferential preferences have usually been documented by comparing the 
consumer spectra of plant species with contrasting fruit features (Her-
rera 1984c; Pratt and Stiles 1985; Wheelwright 1985; Lambert 1989; Kita-
mura et al. 2002), but frugivores may also express their preferences when 
confronted with intraspecifi c or intracrop variation in fruit traits. Conse-
quently, different fractions of individual fruit crops will be consumed by 
different species of frugivores characterized by contrasting fruit prefer-
ences. This idea was originally suggested by Janzen (1977a, 720) as a pos-
sible answer to the question “What is the meaning of variation in fresh ripe 
fruit weight within a tree’s crop?” It has received surprisingly little atten-
tion in the voluminous literature on the dispersal ecology of  fl eshy- fruited 
plants. The scarce evidence available suggests that consumption of 
different segments of fruit crops by different frugivores would have fre-
quently been revealed if researchers had actually looked for it.

Bonaccorso (1975) noted that fruits of different weights from the same 
Ficus insipida tree were taken by different species of bats. According to 
Janzen (1977a), this should generate a quite different seed shadow than 
if all the fi gs were of the same weight and thereby taken by only one spe-
cies of bat. In Israel, Izhaki et al. (1991) found that coexisting species of 
frugivorous passerines foraged for fruits at different heights in the canopy 
of fruiting plants of the same species. Since fruits produced at different 
heights within the crown of the same plant often differ in their character-
istics (chapter 4), the results of Izhaki et al. suggest that different portions 
of local fruit trait distributions were probably being dispersed by different 
species of frugivores. This possibility is confi rmed by other studies of 
Mediterranean bird- dispersed plants. Rubus ulmifolius is characterized 
by broad variation in seed size, both within and among plants, which is 
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largely concomitant with variation in size and seediness of fruits. In south-
ern Spain, Jordano (1984) found that the frequency distribution of the size 
of R. ulmifolius seeds found in bird feces differed signifi cantly among spe-
cies of seed dispersers. Similar size- based selection of conspecifi c fruits by 
coexisting species of frugivorous birds also occurs in cultivated Olea euro-
paea, as shown experimentally by Rey and Gutiérrez (1997). The main 
seed dispersers of Phillyrea latifolia differ signifi cantly in the size distri-
bution of dispersed seeds, with each species characterized by its own com-
bination of central tendency and relative variability of seed size (fi g. 9.5). 
Since fruit and seed size are closely correlated in P. latifolia, these inter-
specifi c differences reveal that different segments of local fruit and seed-
 size distributions are taken by slightly different assemblages of avian fru-
givores. Given that a substantial portion of  population- wide variance in 
fruit traits usually occurs within the crops of individual plants (chapter 3) 
and that conspecifi c plants generally differ in the extent of  within- plant 
variability in fruit traits (chapter 7), partitioning of the available spectrum 
of seed- dispersing frugivores by fruits of different characteristics may 
partly account for  among- plant variation in diversity and species compo-

fi g. 9.5 Mean size (average cross diameter, fi lled circles) and relative size variability (CV of 
cross diameter, open squares) of seeds recovered from feces or regurgitations of the three 
main avian seed dispersers of the  fl eshy- fruited tree Phillyrea latifolia at a site in southern 
Spain (Herrera et al. 1994). This species produces  single- seeded drupes, and fruit and seed 
size are closely correlated; hence these data reveal that the three species of frugivores dis-
perse distinct subsets of the local fruit and seed size distributions. Vertical segments denote ±1 
SE of estimates. Sample sizes are in parentheses below species names. C. M. Herrera, unpub-
lished data.
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sition of disperser assemblages frequently observed in the fi eld (Herrera 
and Jordano 1981; Englund 1993; Traveset 1994). Such variation, in turn, 
may have important implications for plants, as shown below.

The larger the variance in fruit traits occurring within a plant, the 
greater the taxonomic diversity of fruit consumers that can be expected 
to visit it regularly. Disperser species generally differ in  quality- related 
aspects of their seed- dispersal services; hence diverse features of the post-
dispersal seed shadow of each individual plant depend closely on the spe-
cies composition of its disperser assemblage. Different animals tend to 
disperse seeds to microhabitats of different quality in terms of survival 
prospects for the seeds and the resulting seedlings (Herrera and Jordano 
1981; Reid 1989; Izhaki et al. 1991; Wenny and Levey 1998). In addition, 
disperser species differ in the mean and variance of the time elapsed 
from seed ingestion to defecation or regurgitation, which will generate 
different distributions of dispersal distances and, consequently, contrast-
ing spatial distributions of seeds (Janzen 1982a; Thomas et al. 1988; Clark 
et al. 2005; Spiegel and Nathan 2007). Furthermore, dispersers differ in 
their effects on the length of dormancy of ingested seeds, which leads to 
 species- specifi c temporal distributions of seedling emergences (Izhaki and 
Safriel 1990; Traveset et al. 2001). All these effects, acting in concert, will 
lead to an increase in the spread and evenness of the progeny distribution 
of a given individual over both time and space as more disperser species, 
each of which treats the seed in its gut differently and transports seeds to 
different microsites and different distances, ingest its fruits (Izhaki and 
Safriel 1990). Since spatiotemporal variation in the distribution of seeds 
may infl uence plant fi tness through spreading the risks encountered dur-
ing germination, individual differences in the magnitude of fruit trait vari-
ation may translate into fi tness differences via their effects on the compo-
sition and diversity of the animals that disperse their seeds.

Continuous Variation: Seeds

Interpretations, Expectations, and Models

Differences between individual plants in the magnitude and characteris-
tics of continuous  within- plant variation in the size, germinating behav-
ior, and dispersal capacity of their seeds may translate into individual 
differences in reproductive success. At a time when seed size was gen-
erally treated as a quintessentially  species- specifi c trait, Janzen (1977b, 
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1977c, 1978, 1982b) provided overwhelming evidence of extensive varia-
tion in seed mass within individual seed crops of some tropical plants (see 
also chapter 3). He conferred great importance on those fi ndings, because 
“the very large variation in seed weights within the crop is potentially of 
great ecological signifi cance to the seedlings” (Janzen 1977b, 349). This 
expectation was soon confi rmed by Howe and Richter’s demonstration 
(1982) that variation in seed size occurring within single crops of the trop-
ical tree Virola surinamensis was large enough to promote broad differ-
ences in the size and vigor of the seedlings produced. Janzen suggested 
that, contrary to theoretical models predicting that plants should produce 
similar seeds of uniform optimal size (e.g., Smith and Fretwell 1974), there 
should be nothing like a  species- specifi c optimal seed size. Janzen (1977a, 
719) said, “There is no optimal seed.” He proposed instead that it is the 
shape of the  within- plant distribution of the mass of single seeds that is 
actually most important in relation to a parent plant’s fi tness prospects. 
Associated with this suggestion was the idea that individual differences 
in the magnitude and features of  within- plant variation in seed size would 
translate into variation in the number of successfully recruited offspring 
per mother plant, via effects on postdispersal seed shadows (e.g., mean 
dispersal distance, seed density heterogeneity, maximum reach) and prob-
ability of escape from seed predators.

Similar arguments have been advanced in relation to continuous 
 within- plant variation in other seed traits, such as germinating behavior 
(Silvertown 1984) and dispersal capacity (Augspurger and Franson 1993). 
If seedlings emerging at different times of year or on different years expe-
rience differential success, then  within- plant variation in the germina-
tion time of seeds can eventually affect the number of successfully estab-
lished seedlings produced by individual plants and hence their maternal 
fi tness. Elaborating on this intuitively appealing assumption, the early 
theoretical models of Cohen (1966) predicted that, provided there is suf-
fi cient uncertainty as regards the establishment success of seeds germi-
nated at different times, plant individuals producing crops of seeds with 
diverse germination periods will spread the risk and experience a fi tness 
advantage over plants producing seeds with identical germination peri-
ods (a diversifi ed bet- hedging strategy; Philippi and Seger 1989). Subse-
quent more- elaborate models showed also that the sign and magnitude 
of the fi tness effects of variation in germination time depend not only on 
the unpredictability of environmental conditions, but also on the shape of 
the fi tness curve for emergence time in a given environment (Lacey et al. 
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1983). Regardless of detailed aspects of their assumptions and predictions, 
what these and other (e.g., Philippi 1993) theoretical models demonstrate 
is that  within- plant variation in seed germination time is bound to have 
important consequences for the fi tness of maternal parent plants.

In wind- dispersed species, seed settling or “terminal” velocity, an 
inverse surrogate for dispersal ability (slower settling velocities corre-
spond to greater dispersal ability), may vary extensively among seeds of 
the same crop as a consequence of continuous variation in the proportion 
between seed mass and the size of the ancillary plume (e.g., pappuses of 
the Compositae) or wing (e.g., species with  single-  or multiseeded samaras; 
Augspurger and Hogan 1983; Andersen 1992; Sipe and Linnerooth 1995). 
Augspurger and Franson (1993) used a computer simulation to quantify 
how intracrop variation in wing loading of seeds may affect their post-
dispersal distribution around parent plants. Increasing  within- plant varia-
tion in wing loading increased the area and uniformity of density of the 
postdispersal seed distribution without changing mean dispersal distance. 
Decreasing mean and variance in wing loading increased the area and 
uniformity of the seed distribution, as well as the mean dispersal dis-
tance. Results of the simulation were similar regardless of whether the 
differences in wing loading arose by altering seed mass or wing area. A 
similar relationship linking  within- plant variation in seed size with fea-
tures of postdispersal seed shadows was also postulated by Janzen (1977b) 
for the fl oating diaspores of the  water- dispersed tropical vine Mucuna 
andreana.

Empirical Evidence

Studies examining continuous intraspecifi c seed variation have frequently 
echoed or revisited Janzen’s insightful interpretations (1977a, 1977b) of 
 within- plant variability in seed features (e.g., Michaels et al. 1988), but 
I am not aware of any attempt to test under natural conditions the pre-
dicted relationship between  within- plant variation in seed traits and indi-
vidual plant fi tness. This dearth of empirical evidence is hardly surprising, 
given the nearly insurmountable practical diffi culties inherent in accu-
rately tracking the postdispersal seed shadows and eventual dispersal suc-
cess of individual parent plants under natural fi eld conditions (Godoy and 
Jordano 2001; Herrera 2002b). This greatly limits the possibilities of relat-
ing the traits of parent plants, including levels of  within- plant variation 
in seed features, to the spatial characteristics of their seed shadow and 
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their realized dispersal success. The few available fi eld experiments and 
observational studies, however, provide circumstantial evidence that 
 within- plant variation in seed features infl uences plant fi tness in ways that 
are consistent with the insights mentioned previously.

Using artifi cial fruits closely mimicking the winged seeds of the trop-
ical wind- dispersed tree Tachigalia versicolor, Augspurger and Franson 
(1987) showed that variation in wing loading (achieved by manipulating 
seed mass and wing area) effectively translated into variation in mean 
seed- dispersal distance, and in the total area and average seed density 
of the postdispersal seed shadow, all of which might eventually translate 
into differential numbers of recruited seedlings. Field studies by Biere 
(1991b) on Lychnis fl os- cuculi suggest that a high variance in germinating 
time per se may effectively contribute to increased survivorship of seed-
ling progenies, and that individual differences in  within- season variance 
in germination time could account for survival differences among mater-
nal genotypes (Biere 1991a). Possibly the most direct demonstration that 
individual differences in variability of seed germination time may trans-
late into variation in realized recruitment is provided by the results of a 
long- term fi eld experiment involving the sowing of maternal seed prog-
enies of Lavandula latifolia in the fi eld, and subsequently following the 
emergence and survival of seedlings over several years (Herrera 2000). 
Individual mother plants differed very little in the mean germination date 
of their seeds, but they differed nearly twofold in the variability of these 
dates, as described by the CVwithin of seedling emergence date. The number 
of offspring of each plant surviving past the fi rst summer (the key demo-
graphic bottleneck in this species) was unrelated to the plant’s mean ger-
mination date, but it was directly related to the plant’s variability in emer-
gence date (fi g. 9.6). As predicted by theory, mother plants producing the 
most variable seed crops with respect to emergence time eventually con-
tributed most seedlings to the population.

The preceding examples illustrating that  within- plant variability in seed 
traits may in itself infl uence a plant’s fi tness refer to situations in which 
the causal factors are unrelated to interactions with animals. Diverse 
mechanisms related to interactions with animals may also be responsible 
for  within- plant variation in seed features eventually translating into dif-
ferential reproductive success. In some cases animals play an exclusively 
passive role, while in others they play an active role based on discrimina-
tion and choice among plants.

In plants whose seeds are dispersed endozoochorously by vertebrates, 
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the guts of these animals may play the role of passive seed- size sorters 
and, in so doing, may connect  within- plant variation in seed size with 
some characteristics of postdispersal seed shadows, a possibility suggested 
by Janzen (1977a, 1977c). The passage rate through the digestive tract of 
vertebrates of small hard objects is infl uenced by their weight and specifi c 
gravity. In interspecifi c contexts, relationships between seed size or specifi c 
gravity, on one hand, and mean gut retention time or temporal spread of 
seed defecations, on the other, have been shown for tropical  fl eshy- fruited 
plants fed upon by frugivorous birds (Levey 1986; Holbrook and Smith 
2000), and for legume and grass seeds placed directly into the rumens 
of cattle (Gardener et al. 1993). Analogous relationships are expected 
to hold in intraspecifi c contexts, too. Because of their presumably size-
 dependent gut- passage rates, therefore, the  different- sized seeds eaten by 
a vertebrate in a single meal from an individual seed crop will tend to be 
passed in separate defecations and at different places. Consequently, vari-
ations in seed size within a plant are likely to exert some infl uence on the 
spatial pattern of the seed shadows generated by animal dispersal agents, 
and hence eventually on its reproductive success. This effect should be 
particularly important in plants with seeds dispersed by large birds and 
mammals characterized by extended gut- passage times. It should not be 

fi g. 9.6 An experiment involving the sowing of seed progenies from individual Lavandula 
latifolia shrubs in the original habitat reveals that the number of seedlings surviving past the 
fi rst summer after emergence (vertical axis; mean number of seedlings alive per plot one year 
after emergence, out of 100 seeds sown per plot) increased with increasing  within- plant het-
erogeneity in the germination date of seeds (horizontal axis; mean coeffi cient of variation of 
seedling emergence date). Each symbol corresponds to a different plant (N = 14). Based on a 
reanalysis of data from Herrera 2000.
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restricted, however, to species conventionally classifi ed as endozoochorous. 
Grazing mammals are important dispersal vectors for species convention-
ally classifi ed as having “unspecialized” dispersal, a nonnegligible portion 
of whose seeds survive passage through the digestive tract of these mam-
mals (Mouissie et al. 2005; Bruun and Poschlod 2006).

Within- plant variation in seed traits may lead to variation in the seed 
shadows also in species exhibiting adaptations for epizoochory. By means 
of a series of standardized experimental comparisons, Tackenberg et al. 
(2006) showed that the “retention potential” (the proportion of diaspores 
still attached to the animal coat after a certain time period) of epizoo-
chorous seeds on the coat of cattle and sheep was correlated across spe-
cies with variations in the size, length, width, and volume of diaspores. 
It is reasonable to predict that variation within a plant in diaspore traits 
infl uencing adhesion to and persistence on mammalian fur coats will also 
infl uence the postdispersal seed shadows.

Seed- eating animals may also play an active role in connecting 
 within- plant variation in seed traits and plant reproductive success. As 
argued in chapter 8, the active response of individual foragers to plant 
differences in extent and characteristics of  within- plant variation in seed 
traits may lead to discrimination among plants and differences among 
the latter in reproductive success. Studies of parthenocarpic species, 
where individual seed crops contain both fi lled and empty seeds inside 
otherwise normal fruits, provide some of the clearest evidence to date 
that  within- plant variability in seed traits is often consequential for the 
reproductive success of individual plants through its effect on the forag-
ing behavior of animals. From the viewpoint of predispersal seed preda-
tors, individual plants of parthenocarpic species represent extreme cases 
of highly variable food patches, since their crops are made up of variable 
mixtures of potentially useful and downright useless food items (fi lled 
and empty seeds). Because of the foraging and handling costs associated 
with exploiting this type of food, seed predators should generally prefer 
less variable crops, with low proportions of parthenocarpic fruits with 
empty seeds.

Most studies that have so far examined the relationship between seed 
predation rate and frequency of empty seeds found support for this pre-
diction (but see García et al. 2000). In Pistacia terebinthus, a Mediterra-
nean treelet with plants producing variable proportions of parthenocarpic 
fruit, the proportion of sound seeds escaping damage by chalcidoid wasps 
increases across individuals as the proportion of empty seeds increases 
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(Traveset 1993). In the congeneric Pistacia lentiscus, the percentage of 
empty seeds is negatively correlated with seed predation by chalcidoid 
wasps and granivorous birds (Verdú and  García- Fayos 1998, 2001). In 
Juniperus osteosperma, another species producing fruits containing empty 
seeds, trees attacked less frequently by the seed- eating bird Parus inor-
natus had higher proportions of empty seeds (Fuentes and Schupp 1998). 
In Yucca schottii, a species that produces variable proportions of infer-
tile and fertile seeds in developing fruits, a close inverse correlation was 
found between the proportion of infertile seeds in fruits and the number 
of seeds eaten by lepidopteran larvae, which tended to leave fruits more 
frequently when encountering infertile seeds (Ziv and Bronstein 1996). 
These studies support the view that  within- plant variation in the food 
value of seeds for seed predators, occurring when empty and sound seeds 
coexist on the same crop, will generally induce variation among plants in 
the impact of predispersal seed predators. The greater the  within- plant 
variability in the food value of seeds, the higher the likelihood of fi lled 
seeds escaping predators.

Similar relationships between the impact of predispersal seed pred-
ators on individual plants and the magnitude of their  within- plant vari-
ation in seed size should also occur in “ordinary,” that is, nonpartheno-
carpic species exhibiting less extreme, continuous seed- size variation, but 
no studies seem to have explicitly looked for them so far. For the reasons 
given in chapter 8, relationships of this sort should be particularly fre-
quent in the case of small, very selective invertebrate predispersal seed 
predators whose larvae spend their whole lifetime confi ned within single 
seeds. This suggestion is supported by data on seed- size variability and 
predation rate by chalcidoid wasps presented by Chung and Waller (1986) 
for clones of Rhus glabra. A reanalysis of their fi gures reveals a margin-
ally signifi cant, inverse correlation across clones between CVwithin for seed 
length and percent seeds consumed by wasps (rs = −0.533, P = 0.13). Dif-
ferences among clones in seed- size variability may thus effectively trans-
late into differential realized fecundity because of differential responses 
of seed predators.

Overview and Synthesis

The preceding sections have discussed a variety of mechanisms through 
which  within- plant variability in features of reiterated structures may 
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come to infl uence individual plant fi tness. Whenever one or more of these 
mechanisms apply, individual differences in variability levels may even-
tually translate into fi tness differences. Depending on the type of mech-
anism, the organ involved, and the biological particularities of each sys-
tem, the effect on fi tness of  within- plant variability may be predominantly 
positive, predominantly negative, or variable, as summarized in table 9.2. 
Mechanisms typically leading to positive effects on fi tness involve either 
some improvement in the exploitation of patchy, unpredictable, or hetero-
geneous environments, either biotic or abiotic, or a reduction of the det-
rimental effects caused by antagonistic organisms such as herbivores and 
fruit and seed predators. Conversely, negative effects will generally arise 
as a consequence of  within- plant variability bringing about a reduction in 
the strength or frequency of interactions with mutualistic counterparts, 
like pollinators or animal seed- dispersal agents. The fi tness consequences 
of broadening and partitioning the available spectrum of mutualistic 
counterparts with which each individual plant interacts (pollinators, dis-
persers) may be either positive or negative, depending on whether such 
expansion of interacting biotic agents incorporates taxa that are, respec-

table 9.2 Summary of mechanisms by means of which  within- plant variability in characteristics 
of reiterated structures may have effects on individual plant fi tness.

Organ  

Most likely effect of  within- plant variability on individual fi tness

Positive  Negative  Variable

Leaves Optimal exploitation of 
spatial and temporal abiotic 
environmental gradients

Reduction of herbivore 
damage and / or impact of 
damage

Flowers Reproductive assurance 
(dimorphic cleistogamy)

Reduction of geitonogamous 
pollinations and enhancing 
pollen dispersal

Impairing plant 
attractiveness to 
pollinators

Broadening the spectrum 
of pollinators

Partitioning the spectrum 
of pollinators

Heterogeneity in 
pollination success

Fruits and 
seeds

Coping with environmental 
uncertainty in biotic and 
abiotic factors (“diversifi ed 
bet hedging”)

Impairing plant 
attractiveness to 
mutualistic animal 
dispersers

Partitioning the 
spectrum of dispersal 
agents

Broadening the postdispersal 
seed shadow in time and 
space

  Reduction of damage by fruit 
and seed predators
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tively, above or below average in the quality of their services from the 
perspective of the plants. Similarly variable will be the sign of the fi tness 
consequences of  within- plant heterogeneity in pollination success, which 
will depend on how the shape of the  within- plant frequency distribution 
of per- fl ower pollination service is affected by variability. The effect on fi t-
ness may be positive if heterogeneity implies a longer reach of the right 
tail of the distribution, with a consequent decline in the proportion of 
fl owers failing to reach some minimum pollination service threshold, but 
negative if heterogeneity lengthens the left tail of the distribution much 
beyond such a threshold.

The signifi cance of discrete, discontinuous  within- plant variability 
as an improved means of exploiting patchiness in the physical environ-
ment has previously been emphasized in relation to different functional 
aspects and ecological contexts (Ray 1987; Lloyd 1984; Wells and Pigliucci 
2000; Imbert 2002). Recent reviews summarized in the preceding sections, 
however, make it clear that this generally accepted idea is rather imper-
fectly backed by empirical evidence, as denoted especially by the striking 
scarcity of studies supporting the  mixed- superiority condition (individu-
als producing a mixture of variants are superior to those producing one 
of the variants). One comes to the conclusion that the fi tness effects of 
 within- plant variation in organ traits is not much better established to date 
for discrete than for continuous variation. I have shown above that “divi-
sion of labor” (Ray 1987), exploitation of environmental patchiness, or 
partitioning of environmental gradients, whichever expression we choose 
to call it, need not be restricted either to discontinuous variation, as tra-
ditionally implied in the literature, or to the partitioning of the physical, 
abiotic environment. The biotic environment represented by pollinators 
or seed dispersers is also susceptible to partitioning, or “division of labor,” 
by structures borne on the same plant performing the same function but 
differing slightly in their phenotypic characteristics, and there are reasons 
to suspect that these effects may prove to be considerably more common 
than hitherto recognized. As illustrated by the reanalyses of my own data 
on Viola, Lavandula, and Phillyrea, the opportunity to detect the phenom-
enon is missed if one focuses exclusively on the relationships between 
individual trait means and measurements of reproductive success, as is 
commonly done. One wonders how many other researchers would come 
across signifi cant but previously overlooked effects of  within- plant vari-
ance on measurements of reproductive success if they subjected their data 
to similar reanalyses.
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Having documented in this chapter the existence of mechanisms that 
may link  within- plant variability in organ traits with individual fi tness, 
the next logical step is to consider the frequency of such mechanisms in 
nature, the quantitative importance of their effects, and the likelihood 
that they become evolutionarily relevant. These issues are addressed in 
the next chapter.



The two preceding chapters have considered the ramifying ecologi-
cal consequences of  within- plant variation in characteristics of reiter-

ated organs.  Within- plant variation affects the animals that interact with 
plant organs for food or breeding sites, and can affect the plants them-
selves as a result of the foraging responses of the animals. Ecological phe-
nomena associated with  within- plant variation, particularly those associ-
ated with the discriminating behavior of animals toward individual plants, 
can also have evolutionary repercussions. For example, discrimination by 
feeding or ovipositing animals among conspecifi c plants based on their 
different levels of  within- plant trait variation can engender phenotypic 
selection on levels of  within- plant phenotypic variance. This phenotypic 
selection on variability levels can in turn have direct evolutionary effects, 
such as contributing to maintain adaptive levels of subindividual varia-
tion. In this chapter I present an overview of these and other evolutionary 
implications that can be inferred from the existence of  within- plant varia-
tion in organ traits and the associated ecological phenomena mediated by 

chapter ten

Evolutionary Implications of  Within-
 Plant Variability in Organ Traits
Subindividual multiplicity of organs can affect the 
evolutionary trajectory of organ traits by setting 
upper limits on responses to selection, opening the 
possibility of selection by animals on  plant- level 
variability, and conditioning the size of realized 
phenotypic space at the individual and population 
levels.
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interactions with animals that have been described in chapters 8 and 9. I 
do not separately consider the evolutionary implications of  within- plant 
variation that are most directly associated with the infl uence of abiotic 
elements of the plant environment (e.g., adaptive value of continuous or 
discontinuous variation in leaf form and photosynthetic characteristics), 
as these have been reviewed on a number of occasions (Cook and John-
son 1968; Lloyd 1984; Sultan 1995; Winn 1996a, 1999a; Wells and Pigli-
ucci 2000; Imbert 2002). Nevertheless, the core of the arguments below, 
although developed specifi cally in the context of the interaction between 
animals and subindividually variable plants, can easily be extrapolated to 
situations where selection on  within- plant variation is exerted by compo-
nents of the abiotic environment (e.g., vertical light gradients, heterogene-
ity of soil properties).

Evolutionary implications of  within- plant variation fall into two 
main categories concerning the adaptive responses of  organ- level 
traits (e.g., fruit diameter or corolla length) and  plant- level features 
(e.g., level of  within- plant variability in fruit size or corolla length). 
Adaptive responses occurring at the organ and  whole- plant levels may 
be linked or may take place independently of each other, as discussed 
later. At the organ trait level, on one hand, because of its contribution 
to environmental phenotypic variance,  within- plant variation will gen-
erally set limits on adaptive responses of organ traits to selection. On 
the other hand,  within- plant variation and its suite of associated eco-
logical phenomena may affect the evolution of  whole- plant features, 
such as levels of phenotypic plasticity or developmental instability, 
and the shape of reaction norms. I consider these several implications 
below.

Limits on the Response to Selection

All kinds of phytophagous animals potentially discriminate among con-
specifi c plants on the basis of phenotypic differences in features of leaves, 
fl owers, fruits, or seeds, as discussed in chapter 8. Consequently, some 
individual plants experience more frequent, temporally more consistent, 
stronger, or more consequential interactions with their animal associ-
ates than others. If these individual differences are related to variation in 
average organ features, and if such variation has some genetic basis, then 
there is no question that selectivity by animals can become a crucial selec-



evolutionary implications 313

tive mechanism driving the adaptive evolution of organ traits at the popu-
lation level. This reasoning prevails in recent treatments of the evolution-
ary ecology of  plant- animal interactions (several authors in Herrera and 
Pellmyr 2002), and is supported by many studies showing that individual 
variation in average leaf, fl ower, fruit, or seed traits are predictably related 
to differences in  fi tness- related measurements, as shown in the next sec-
tion. What has been much less frequently acknowledged is that, regardless 
of the particularities of the  plant- animal interaction involved and of the 
nature and strength of the selective forces at work,  within- plant variation 
in organ traits will generally act as a constraint on responses to selection 
by animals on organ traits.

The “depressing” effect of  within- plant variation on adaptive changes 
of reiterated organ traits can be deduced from simple quantitative genet-
ics considerations that largely follow from ideas in texts such as Falconer 
and MacKay (1996) and Lynch and Walsh (1998). Consider some phe-
notypic trait of a reiterated organ (e.g., leaf length, fruit width). Leaving 
aside the rare cases in which genetic mosaicism may be involved (chap-
ter 5), the variance among repeated measures of the trait on the same 
individual is environmental in origin, representing variation arising from 
localized circumstances operating during development (chapter 6). It thus 
follows that an  upper- bound estimate of the genetic variance of an organ 
trait is given by

Var(G)max = Var(z) − Var(ew), 10.1

where Var(z) is an estimate of the total phenotypic variance for the trait 
in the population, and Var(ew) is an estimate of the  within- individual 
component of variance. Measurement error will infl ate estimates of 
Var(ew) relative to its true value, but since it also contributes to Var(z), 
measurement error cancels out in this equation. Despite this, however, 
measurement error may still be a problem in estimating the fraction 
of the true phenotypic variance that is accounted for by Var(G)max; 
hence it is desirable to have estimates of Var(z) free of measure-
ment error. Letting Var(em) denote the variance associated with mea-
surement error, the repeatability r of the trait under consideration 
becomes

r =
Var(z) − Var(ew )

Var(z) − Var(em )
. 10.2
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If measurement error is suffi ciently small in relation to Var(z), then it is 
possible to rewrite equation 10.2 as follows, using the notation introduced 
in chapter 3:

r ≈ −
Varwithin

Vartotal
; 10.3

its bias will depend on the actual Var(em) value.
Using equation 10.3, I computed repeatability values for 228 data sets 

listed in tables 3.1 to 3.4, which comprise a variety of continuously vary-
ing leaf, fl ower, fruit, and seed traits from many species. For several of the 
data sets involving fl ower and fruit traits, I was able to estimate Var(em) 
from repeated, independent measurements taken on the same structures. 
The Var(em) / Var(z) ratios obtained ranged between 0.01 and 0.03, which 
suggests that the upward bias of equation 10.3 is probably unimportant in 
most of these data sets. Figure 10.1 shows that leaf traits tend to exhibit 
the smallest repeatabilities and fl ower traits the largest, while seeds and 
fruits are intermediate. Despite these differences, there is considerable 
overlap among organ types, and repeatabilities are substantially smaller 
than unity in the majority of cases. For the number of petals in fl owers 
of Nyctanthes  arbor- tristis (fi g. 2.3, table 3.2), a trait that can be safely 
assumed to be measured without error, repeatability is as low as 0.10.

The repeatability of a trait provides an  upper- bound estimate of its 
 broad- sense heritability (H2), or the fraction of the total phenotypic vari-

fi g. 10.1 A summary of repeatability estimates for continuously varying leaf, fl ower, fruit, and 
seed features, obtained by applying equation 10.3 (which assumes a negligible measurement 
error) to the data sets of tables 3.1 through 3.4. Figures in parentheses beside boxes denote 
the number of distinct data sets included in each case. Box plots show the 10%, 25%, 50%, 
75%, and 90% percentiles of the distributions.
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ance that has a genetic basis, both additive and nonadditive. “A large value 
of r offers the possibility that a considerable amount of the character vari-
ance is genetic, while a small value of r informs us that environmental 
variance dominates” (Lynch and Walsh 1998, 122). Broad- sense heritabil-
ity, in turn, sets an upper limit to  narrow- sense heritability (h2; the propor-
tion of phenotypic variance due to additive genetic variance alone), a cen-
tral element in the familiar breeder’s equation

µ = h2 S, 10.4

where µ is the response to selection across generations (i.e., the change 
in mean organ phenotype caused by selection), and S is the selection dif-
ferential. Equation 10.4 shows that, by setting an upper limit on h2, repeat-
ability of a trait will thus set an upper limit to the response to selection 
across generations. It is clear from fi gure 10.1 that, particularly in the 
case of leaf, fruit, and seed traits, repeatabilities are often low enough as 
to confi dently predict low heritabilities and therefore small responses 
to selection. Dohm’s caveats (2002) on the use of repeatability to infer 
heritability’s upper bounds will quite rarely apply to situations such as 
those included in fi gure 10.1, in which repeated phenotypic measure-
ments are taken on truly homologous organs produced by the same indi-
vidual (Michael Dohm, personal communication). It is also worth noting 
that most repeatability estimates summarized in fi gure 10.1 are prob-
ably overestimates, since most phenotypic variance partitions shown in 
tables 3.1 to 3.4 refer to wild- grown plants. In these cases, estimates of 
 among- individual phenotypic variance components are infl ated to an 
undetermined degree by environmental phenotypic variance arising from 
plastic responses of individuals to variation in features of their local grow-
ing environments.

The constraining role of  within- plant variation on adaptive changes 
of organ traits in response to selection has been rarely suggested for 
wild plants (Obeso and Herrera 1994). In contrast, plant breeders have 
long been aware that  within- plant variation may become a serious hin-
drance limiting the responses to artifi cial selection on  organ- level traits, 
thus threatening the success of crop improvement programs (Brim et al. 
1967; Jellum 1967; Kondra and Downey 1970; Fick and Zimmerman 
1973; Bramble et al. 2002; Calderini and Ortiz- Monasterio 2003). Given 
that the strength of directional selection gradients experienced by wild 
plants under natural conditions are generally weaker than those applied 
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in crop improvement programs, one would therefore expect extensive 
 within- plant variation in organ traits to represent also an important fac-
tor limiting the responses to selection exerted by animals on wild plants. 
Among other consequences, this may slow down the realization of adap-
tive phenotypic changes in response to alterations in the selective regimes 
imposed by animals on organ traits, such as those resulting from extinc-
tions or replacements of pollinators, seed predators, or frugivores. All else 
being equal, the greater the relative importance of the  within- plant com-
ponent of phenotypic variance for a given organ trait in a population, the 
slower the expected adaptive changes in response to a changing selec-
tive environment, and the stronger and more consistent the selective pres-
sures needed to effi caciously induce such changes.

Levels of  within- plant phenotypic variance vary widely among traits 
and organs and, for a given trait, among species and populations within 
species (chapter 3). The potential limiting role played by Var(ew) on the 
responses to selection on organ traits will thus vary accordingly. It is there-
fore important to understand what maintains the existing levels of envi-
ronmental variance, and particularly whether such levels are maintained 
by selective processes. Although standard genetic models have tradition-
ally assumed that the distribution of Var(ew) for a given trait among the 
individuals of a population is unrelated to their genetic differences, recent 
theoretical models have increasingly shown that levels of environmen-
tal variance can be maintained by selection under a broad range of envi-
ronmental and selective conditions (Bull 1987; Gavrilets and Hastings 
1994; Wagner et al. 1997; Zhang 2005; Zhang and Hill 2005). As shown 
in the next section, animals may become effective agents of selection on 
the environmental component of phenotypic variance of organ traits via 
selection on  within- individual variation. This reveals an important ecolog-
ical mechanism for the maintenance of adaptive levels of environmental 
variance in these traits, to be added to those considered so far by quanti-
tative genetics models.

Selection on Variability

The most direct and important evolutionary consequence of  within- plant 
variation in organ traits is opening the possibility for animals to exert 
selection on levels of  within- plant variance. The preceding chapters 
have shown that animals can discriminate among organs of the same 
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plant that differ in phenotypic characteristics; that  within- plant varia-
tion in organ traits impose direct and indirect costs on foraging animals; 
that  within- plant variability is an individual trait that may have a genetic 
basis; that individual differences in levels of  within- plant variability may 
give rise to  among- plant discrimination by animals; and that individual 
variation in variability may have consequences for  fi tness- related traits 
such as pollination or seed- dispersal success, through a variety of mech-
anisms. Taken together, all these facts indicate that better insight on the 
evolutionary consequences of  plant- animal interactions would be gained 
if the possibility of selection on variability were incorporated into stud-
ies of selection by animals on plant traits. Below I provide the back-
ground and justifi cation for a proposed extension of Lande and Arnold’s 
 regression- based phenotypic selection models (1983), which I then for-
malize. The proposed model of phenotypic selection incorporates subin-
dividual variabilities as just another set of descriptors of a plant’s pheno-
type in addition to customarily used means. Then I present some examples 
showing that the application of “variability- aware,” expanded phenotypic 
selection models that incorporate  within- plant variances as phenotypic 
descriptors can at times lead to conclusions somewhat different from 
those reached using the conventional procedure of characterizing indi-
vidual plants by trait means alone. But more importantly, incorporating 
selection on  within- plant variance into selection models provides a tool to 
broaden our views of the evolutionary scenarios and selective pathways 
associated with the evolution of phenotypic features of reiterated organs.

Expanding Phenotypic Selection Models: Background and Justifi cation

Phenotypic selection occurs when individuals possessing different charac-
teristics (i.e., phenotypes) differ in some  fi tness- related measurement, such 
as fecundity or survival. Studies of phenotypic selection on animals and 
plants in the wild have proliferated in the past 25 years, following the de-
velopment of methods for estimating the strength of selection on quanti-
tative traits (Lande and Arnold 1983; Arnold and Wade 1984a, 1984b), and 
following Endler’s infl uential book Natural Selection in the Wild (1986; for 
recent reviews see Kingsolver et al. 2001; Kingsolver and Pfennig 2007). 
In a review of selection studies published between 1984 and 1997, King-
solver et al. (2001) identifi ed 63 studies yielding estimates of directional 
selection for a wide range of taxa and types of traits. Nearly 75% of stud-
ies focused on animals, which points to a zoological bias of phenotypic 
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selection studies (see also table 5.1 in Endler 1986). This slant was already 
visible in the early works by Lande and Arnold (1983) and Arnold and 
Wade (1984b), which sparked much of the subsequent interest on pheno-
typic selection, because the examples chosen to illustrate the application 
of their novel methods involved exclusively animals. Despite this initial 
bias toward animals, the phenotypic selection approach was soon adopted 
by, and its attendant statistical methods “adapted” to, plant selection stud-
ies (Kalisz 1986; Campbell 1989; Schemske and Horvitz 1989; Campbell 
et al. 1991; Herrera 1993). By “adapted” I mean that some tinkering with 
the original model was unavoidable in order to accommodate the reality 
that, in plants, many phenotypic traits of interest to evolutionary ecol-
ogists actually refer to reiterated organs rather than to the whole plant 
itself. In other words, plant modularity and reiteration of structures had to 
fi nd its way into the framework of selection models that had been origi-
nally devised for nonmodular animals whose phenotypic traits could be 
completely characterized by a single fi gure each. Lande and Arnold (1983) 
and Arnold and Wade (1984b) used their methods for the fi rst time to 
examine selection on body size or linear dimensions of body parts of ver-
tebrate and invertebrate animals, each of which require only one or two 
(in the case of paired structures) values per individual. In contrast, pheno-
typic selection studies of plants have typically included traits that require 
a multiplicity of phenotypic values per individual (table 10.1). The solu-
tion routinely adopted to date to incorporate this multiplicity of “organ 
phenotypes” into models originally devised for  single- fi gure, phenotypic 
characters of individuals has been to use plant means of  organ- level 
phenotypic traits as descriptors of individual phenotypes. This decision 
to represent individual plant phenotypes by means alone would be jus-
tifi ed if subindividual phenotypic variation in organ traits did not exist; 
or if, although existing, its magnitude were identical in all individuals; or 
if, although it did exist and differed among individuals, the differences 
were inconsequential to fi tness. As earlier chapters have clearly shown 
that there is little support for any of these three premises, the prevail-
ing habit of representing individual phenotypes in plant selection stud-
ies exclusively by their mean organ traits should be revised accordingly.

Plant features infl uencing fi tness via their effects on interactions with 
animals fall into two distinct classes that should be treated differently, 
namely those describing features of the plant as a unitary whole and those 
describing properties of individual reiterated organs. Phenotypic selec-
tion studies of plants have traditionally examined the infl uence on fi t-
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ness of these two types of features without making any explicit distinction 
between them. Recognizing the differences is a fi rst step toward improv-
ing current models of phenotypic selection by animals on plants.

The fi rst class of plant features that may infl uence fi tness through 
effects on animal selectivity include  whole- plant traits that, at a given 
time, can be unambiguously expressed using a single fi gure per plant, such 
as height, crown diameter, trunk diameter, number of fl owers or infl o-
rescences, or fruit crop size. It is well known that individual differences 
in one or more of these “single- value traits” may decisively infl uence 
plant fi tness via effects on the nature and strength of interactions with 
frugivores (Howe 1980; Jordano 1987; Herrera et al. 1994), seed preda-
tors (De Steven 1983; Christensen et al. 1991; Rabasa et al. 2005), fruit 
predators (Prokopy and Owens 1983; Jordano 1987; Raghu et al. 2004), 
 foliage- feeding herbivores (Karban and Courtney 1987; Forsberg 1987; 
Alonso and Herrera 1996), or insect pollinators (Dudash 1991; Mitchell 
et al. 2004; Grindeland et al. 2005).

table 10.1 Examples of  continuously- varying traits of reiterated organs, or “multiple- value 
traits,” included in phenotypic selection studies of plants.

Trait  Reference

Leaf

Area
Length and width Irwin 2000
Stomatal conductance Heschel and Riginos 2005
Succulence, nitrogen content, and  water- use 

effi ciency
Donovan et al. 2007

Weight Totland et al. 1998; Totland 1999
Flower

Anther or stigma exsertion
Corolla length and width
Flower shape Herrera 1993; Gómez et al. 2006
Mass of fl ower parts Parra- Tabla and Bullock 2000
Nectary- stigma distance
Number of ovules per fl ower
Petal length and width Herrera 1993; Irwin 2000
Pollen production per fl ower
Spur or  corolla- tube length Herrera 1993; Totland et al. 1998; Maad 2000
Stigma- anther separation

Fruit
Carpel length Irwin 2000
Fruit cross diameter Herrera et al. 1994; Jordano 1995b

Seed
Germination date
Seed size   

Source: Taken from Kingsolver et al.’s phenotypic selection database (2001), except where otherwise indicated.
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The second class of plant traits that may likewise infl uence plant fi t-
ness via effects on interactions with animals include features of reiterated 
structures. This class of phenotypic features could be dubbed “multiple-
 value,” or reiterated, traits. As noted above, studies examining phenotypic 
selection by animals on organ traits (e.g., leaf size,  corolla- tube length, 
seed mass, fruit diameter) have routinely related individual differences in 
 fi tness- related measurements to variation in the central tendency of such 
 multiple- value traits as expressed by variation of individual means. This 
is, in principle, a sound procedure justifi ed by the frequent observation 
that phytophagous animals respond selectively to variation among plants 
in mean values of organ traits. Herbivores discriminate among plants on 
the basis of variation in mean concentration of nutrients and secondary 
metabolites (Lightfoot and Whitford 1989; Vourc’h et al. 2001; Moore and 
Foley 2005). Frugivores respond to individual variation in mean fruit size, 
pulp / seed mass ratio, and pulp composition (Howe and Vande Kerckhove 
1980; Herrera 1988; Foster 1990; Wheelwright 1993; Herrera et al. 1994). 
Pollinators discriminate among plants on the basis of differences in mean 
corolla dimensions, nectar production, and nectar content (Herrera 1993; 
Mitchell 1994; Pappers et al. 1999; Maad 2000; Caruso 2001). Predisper-
sal fruit and seed predators discriminate among conspecifi c host trees on 
the basis of differences in mean fruit size, seed mass, seed / fruit wall mass 
ratio, and nutrient and secondary metabolite content of seeds (Courtney 
and Manzur 1985; Greig- Smith and Wilson 1985; Christensen et al. 1991; 
Crowley and Garnett 2001).

Nevertheless, whenever  multiple- value traits are involved in pheno-
typic selection studies, there are at least two important reasons why the 
usual practice of characterizing individual plant phenotypes by character 
means alone can lead to incomplete or fl awed representations of selection 
patterns by animals on plants: (1) Leaving phenotypic characters affect-
ing fi tness out of phenotypic selection models may complicate inferences 
regarding selection and bias estimates of selection strength (Mitchell-
 Olds and Shaw 1987). Because the level of  within- plant variability in a 
given organ trait is an individual attribute whose variation may in itself 
give rise to differences in components of fi tness (chapters 7 and 9), impor-
tant aspects of the selective regime on plant phenotypes may be missed 
if the contribution to fi tness of differences in variability is neglected. (2) 
Plant means and variances of subindividually variable traits tend to be 
correlated across individual plants (fi g. 3.1). This raises the possibility of 
obtaining spurious, distorted, or biased selection estimates if the effects of 
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 within- plant variances on fi tness are not explicitly accounted for in phe-
notypic selection models along with those of the means. Leaving the effect 
of subindividual variability out of selection models may thus lead to esti-
mates of selection gradients on means that would be “contaminated” to 
an unknown degree by concurrent selection on variability. Properly dis-
secting the roles of selection on central tendencies and selection on vari-
ability will require analyzing simultaneously the effects on fi tness of indi-
vidual means and variances of traits. One way to accomplish this is by 
a simple expansion of  regression- based phenotypic selection models as 
ordinarily applied to plants.

A “Variance- Aware” Phenotypic Selection Model

It follows naturally from the verifi cation of the  Haldane- Roy conjecture 
(chapter 7) that it makes biological sense to include the set of  within- plant 
variances of reiterated organ traits as yet another set of descriptors of 
a plant’s phenotype in addition to customary trait means. Since individ-
ual plants commonly differ in their  within- plant variabilities, and inter-
acting animals may discriminate among plants on the basis of this trait, 
the incorporation of variabilities into phenotypic selection models is not 
only justifi ed, but also captures natural patterns of selection by animals on 
organ traits more realistically.

Different methods have been proposed to estimate the contribution 
to fi tness of many traits by means of multiple regression (Endler 1986). 
Among these, the Lande- Arnold model (Lande and Arnold 1983; Arnold 
and Wade 1984a, 1984b), building on earlier work by Pearson (1903), has 
been used most frequently in studies of phenotypic selection on wild plants. 
Like other  regression- based models, the Lande- Arnold method explicitly 
takes covariance among traits into consideration, a feature that makes it 
particularly well suited to deal with phenotypic traits that are a priori cor-
related between themselves, such as plant means and  within- plant vari-
ances of reiterated organ characters. In the Lande- Arnold model, an esti-
mate is made of the function relating the fi tness of an individual (W) to 
the values Xi of each trait i:

W = a + biXi∑ , 10.5

where a and the coeffi cients bi are constants relating W to each Xi holding 
the other Xi constant. Absolute fi tnesses (W) are divided by mean fi tness 
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(W—) to yield relative fi tnesses w with w– = 1. The bi coeffi cients (“gradi-
ents”) estimate the contribution to fi tness of trait i, holding the effects of 
other traits constant. Standardized coeffi cients ( i) estimate selection on 
trait i in terms of the effects on relative fi tness in units of phenotypic stan-
dard deviations of the trait, which allow direct comparisons among traits, 
fi tness components, and study systems (Kingsolver et al. 2001).

As noted above, application of the Lande- Arnold model to plant selec-
tion studies has routinely used plant means of reiterated organ traits as 
the Xi, and consequently the selection gradients obtained are informative 
on the strength of selection on the central trends of such  multiple- value 
characters within individual plants. Given that the  within- plant variances 
of  multiple- value characters are also individual phenotypic traits poten-
tially subject to selection, they can also be included as predictors in the 
model, and equation 10.5 can then be rewritten as follows:

W = a + bi∑ Xi + bj∑ M j + cj∑ Vj , 10.6

where subscripts i and j stand for  single- value (e.g., height, number of 
infl orescences, fruit crop size) and  multiple- value (e.g., corolla length, 
fruit width, leaf area) phenotypic traits, respectively; Xi are individual 
values for  single- value trait i; and Mj and Vj are individual means and vari-
ances for  multiple- value trait j, respectively. This equation makes explicit 
the distinction between the three classes of phenotypic traits that should 
be considered in plant selection studies, namely  single- value traits, indi-
vidual means of  multiple- value traits, and individual variances of the same 
 multiple- value traits. Estimates of linear selection gradients on Xi, Mj, and 
Vj may be obtained using multiple regression, in the same way as phe-
notypic selection studies that follow the Lande- Arnold model (Endler 
1986). Advantages of equation 10.6 over the usual procedure, consider-
ing only the means of  multiple- value traits and ignoring their  within- plant 
variances, include allowing dissection of selection on individual means 
and variances, as well as removing possible spurious effects of the mean-
 variance correlations on estimates of linear selection on plant means.

Equation 10.6 expands conventional phenotypic selection models by 
incorporating only one of the possible additional measurements charac-
terizing  within- plant variation in organ traits. It was shown in chapter 7 
that, in addition to the amount of subindividual variation described by the 
variance, other moments of the  within- plant distribution of trait values 
such as skewness and kurtosis, as well as descriptors of the spatial orga-
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nization of variation, can also be treated as individual traits with a genetic 
basis and potentially subject to selection by animals. Further extensions 
of phenotypic selection models could easily be achieved by incorporat-
ing one or more of these parameters in equation 10.6. In the examples 
presented in the next section, however, only  within- plant variances are 
included in the models, for simplicity.

The above expansion of the Lande- Arnold model is only one possible 
way to handle reiteration of functional units within an individual plant. 
Other ways may be called for in certain situations. For instance, it would 
be possible to treat the individual as a “group” of modules, with the mod-
ules as units of statistical replication in the process of phenotypic selec-
tion. Suppose one is studying a plant in which one fl ower per day opens 
and experiences an episode of selectivity by pollinators. It might be best 
to do the regressions of a fl ower’s relative fi tness on its characters, and 
after the regression calculate the part of selection that is on the central 
tendency and the part of selection that is on the dispersion within indi-
viduals. Having adopted this multilevel approach, one could take advan-
tage of methods for analyzing selection in hierarchically structured popu-
lations (Heisler and Damuth 1987; Damuth and Heisler 1988). I shall not 
discuss further extensions on the study of phenotypic selection.

Phenotypic Selection on Variability: Examples

I estimated standardized directional selection gradients on plant means 
and  within- plant variances of leaf, fl ower, and fruit traits using several data 
sets for which I had access to the raw data (table 10.2). These examples 
illustrate only a subset of the possible mechanisms whereby subindividual 
variability may infl uence plant fi tness (table 9.2). They suffi ce, however, 
to illustrate the point that phenotypic selection on  within- plant variance 
in organ traits would surface as a frequent phenomenon if it were sought 
more often. One analysis involves selection on leaf size of Prunus maha-
leb by larvae of the monophagous lepidopteran Yponomeuta mahalebella. 
Two analyses involve selection on fruit size, by the seed predator Ambly-
cerus cistelinus on Guazuma ulmifolia and by seed- dispersing frugivorous 
birds on Phillyrea latifolia (see chapter 9 for more on these systems). The 
remaining seven analyses examine selection on fl oral traits presumably 
exerted by insect pollinators on Helleborus foetidus, Lavandula latifo-
lia, and Viola cazorlensis. Two models were fi tted in each case, a conven-
tional one in which plant means alone are included among predictors of 



 fi tness- related measurements, and an expanded one that includes both the 
means and variances of traits, as in equation 10.6. As these analyses are 
intended only for illustrative purposes, only linear selection coeffi cients 
and  multiple- value traits were included in the models. It would be fea-
sible to incorporate quadratic selection coeffi cients for trait variance into 
expanded models if one were interested in testing the possibility of stabi-
lizing or disruptive selection on levels of  within- plant variability.

The expanded models reveal the existence of signifi cant phenotypic 
selection on  within- plant variance in all but one of the analyses (table 
10.2). In fact, the limited examples presented suggest that selection on 
 within- plant trait variance may be more prevalent than selection on plant 
trait means (nine vs. fi ve signifi cant selection coeffi cients, respectively). 
Keeping constant the effect on  fi tness- related measurements of individ-
ual variation in organ trait means, there is positive directional selection on 
the  within- plant variance of P. mahaleb leaf size and G. ulmifolia fruit size, 

table 10.2 Examples of conventional and expanded phenotypic selection analyses based on regressing 
 fi tness- related measures on traits of fruits and fl owers.

Species  Fitness- related variable  Phenotypic trait  

Phenotypic selection model

Conventional

mean

Expanded

 mean  var

Guazuma ulmifolia Percent fruit crop infesteda Fruit length –0.32 –0.41 +0.38
Phillyrea latifolia Percent fruit crop dispersed Fruit width +0.31 +0.39 –1.11
Prunus mahaleb Herbivore incidencea Leaf area –0.17 –0.75 +0.70
Helleborus foetidusb Per- plant follicle production Flower size +0.06 +0.09 –0.24

Per- plant follicle production Flower size +0.41 +0.46 –0.25
Per- plant follicle production Flower size –0.28 –0.27 +0.09

Lavandula latifolia Pollen tubes per fl ower Corolla- tube 
length

–0.14 –0.08 –0.12

Pollen tubes per fl ower Corolla- lip 
length

+0.08 +0.04 –0.17

Viola cazorlensis Percent fruit set Flower- spur 
length

+0.05 +0.04 –0.26

  Percent fruit set  Floral- pedicel 
length

 +0.17  +0.18 –0.32

Sources: Based on data from Herrera 1993; Herrera et al. 1994; Alonso 1997b; Rey et al. 2006; Herrera, Castellanos, and Medrano 
2006; C. M. Herrera unpublished data.
Notes: In conventional analyses only plant means were included in the regression equations, while both plant means and 
 within- plant variances were included in the expanded models. mean and var represent the standardized linear selection coeffi cients 
on plant means and variances, respectively. Signifi cant and marginally signifi cant (P < 0.07) selection coeffi cients are in bold type. 
Fitness- related measurements were in each case divided by the corresponding population mean to obtain relative measures with 
mean unity.
aSigns of selection coeffi cients were reversed, on the assumption that the  fi tness- related variable used and fi tness itself were 
inversely related.
bThe three analyses for Helleborus foetidus correspond to different populations.  
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and negative directional selection on the  within- plant variance of fruit 
size in P. latifolia and all the fl oral dimensions considered for H. foetidus, 
V. cazorlensis, and L. latifolia. In the four cases where selection gradients 
on plant means and variances are simultaneously signifi cant, the two gra-
dients have opposite signs. Selection simultaneously favors individuals with 
smaller and more variable leaves in P. mahaleb; smaller and more vari-
able fruits in G. ulmifolia; individuals with larger and less variable fruits in 
P. latifolia; and individuals with larger and less variable fl owers in H. foe-
tidus. Coupled selection gradients on individual means and variances, par-
ticularly when they are of opposite signs, may condition adaptive levels of 
 within- plant variance in organ traits, as discussed in the next section.

The comparison of results of conventional and expanded phenotypic 
selection models reveals some additional aspects that are worth noting. In 
eight out of ten analyses in table 10.2, the sign and magnitude of selection 
coeffi cients on means remain unaltered after including  within- plant vari-
ances as an additional set of phenotypic descriptors. In the remaining two 
analyses (selection on leaf size in P. mahaleb and  corolla- tube length in 
L. latifolia), the expanded model leads to different conclusions from that 
of the conventional one: the nonsignifi cant selection on leaf size becomes 
signifi cant, and the negative selection on mean  corolla- tube length van-
ishes, when the effect of  within- plant variance is simultaneously accounted 
for. The examples shown in table 10.2 are thus somewhat reassuring in that 
conclusions of most earlier phenotypic selection studies of organ traits are 
expected to be robust to the incorporation of  within- plant variances. But 
there is also some hint that a certain number of patterns of selection on 
organ traits obtained from conventional models might have to be revised 
following the incorporation of  within- plant variances as additional phe-
notypic descriptors.

Warnings have recently been issued on the interpretation of results of 
 regression- based phenotypic selection models, as it has been suggested 
that they may be biased by environmentally induced covariances between 
phenotypes and fi tness. If environmental conditions affect  fi tness- related 
measurements, and individuals with different phenotypic traits experience 
different environmental conditions, this can alter the measured relation-
ship between traits and fi tness, and hence selection coeffi cient estimates 
(Scheiner et al. 2002; Stinchcombe et al. 2002; Winn 2004). Phenotypic 
selection studies considering the means and variances of reiterated organ 
traits may also be subject to this complication. As for the rest of pheno-
typic studies of wild populations, there is not yet suffi cient information 
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to assess the frequency and magnitude of biases on selection estimates 
caused by environmental effects in these models. Keeping these caveats in 
mind, the results of expanded phenotypic selection models shown in table 
10.2 serve at least to suggest that phenotypic selection on  within- plant 
variability is suffi ciently frequent as to warrant consideration on its own.

Implications of Selection on Variability: Theoretical Scenarios

The most direct and important consequence of selection on subindividual 
variability in organ traits is that it furnishes a mechanism that opens the 
way for adaptive responses. The fact that  within- plant variation is envi-
ronmental or developmental in origin does not mean that it cannot be 
selected for and become adaptive. The amount of variation or the capac-
ity to be variable in the right circumstances can have a genetic basis 
(chapter 7). In this way, the capacity of individual genotypes to produce 
an array of alternative phenotypes can become both a target of selection 
and an important factor in evolution (Waddington 1942; Schmalhausen 
1949; Schlichting and Pigliucci 1998; West- Eberhard 2003). As expressed 
by Schmalhausen (1949, 4), “The statement that [phenotypic] modifi ca-
tions [of the same genotype] are not heritable is not precise. The ability 
to undergo modifi cation is strictly hereditary.” The same idea was put for-
ward by Bull (1987, 303) in more precise terms: “Although the environ-
mental component of a phenotype is itself not heritable, the susceptibil-
ity of an individual to environmental effects is a property that often has a 
genetic basis . . . and thus can evolve under natural selection.” Empirical 
support for the genetic basis of environmental effects has been provided 
for a number of traits and organisms (for animals see Waddington 1959; 
Roff and Réale 2004; Ros et al. 2004; for plants see references in chapter 
7). Quantitative genetic models have also provided theoretical support 
for the evolvability of environmental effects, as shown below.

Some of these models were built without explicit reference to the par-
ticular mechanism(s) causing the environmental component of pheno-
typic variance, while others were specifi cally designed for certain types 
of environmental variance, like that caused by developmental instability 
or phenotypic plasticity. In this section I briefl y summarize conclusions of 
both classes of genetic models that have theoretically explored the evo-
lution of environmental phenotypic variance. My treatment is illustrative 
rather than exhaustive, mainly aimed at highlighting conclusions from 
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these models that support or are compatible with the view that selec-
tion by animals on levels of subindividual variability is evolutionarily rel-
evant because of its possible contribution to the maintenance of adaptive 
levels of  within- plant variation. The models I consider generally do not 
refer explicitly to  within- plant variation, or even to plants, and they are 
mainly concerned with other types of environmental phenotypic varia-
tion. I know of no reason, however, why such models could not be appli-
cable in the present context, where a substantial proportion of the envi-
ronmental component of phenotypic variance arises from the multiplicity 
of homologous organs produced by the same genotype.

General Adaptive Scenarios

Any form of phenotypic selection on the  within- plant variance of some 
organ trait, if combined with a genetic basis of such variance, is expected 
to lead to the evolution of adaptive levels of  within- plant variance, regard-
less of the organismal mechanism(s) accounting for such variation. This is 
clearly supported by predictions from genetic models that have explored 
the adaptive consequences of selection on environmental components of 
phenotypic variance without emphasizing any particular causal mecha-
nisms (Bull 1987; Zhang 2005). Such models have mainly focused on the 
adaptive value of the environmental component of phenotypic variance 
in relation to spatial and temporal fl uctuations of the environment. Their 
most important conclusion, namely that the environmental component of 
phenotypic variance may be adaptive and shaped by selection, does not 
depend on detailed aspects of the selective environment, however. More 
specifi cally, Bull (1987) showed that the two components of phenotypic 
variance in a trait (i.e., genetic and environmental) may be selectively 
maintained in a population independently of each other. Selection may 
favor the maintenance of only the environmental components, or only the 
genetic component, or be indifferent to the composition of the variance.

It should be stressed that the possibility of selection on the environ-
mental (i.e.,  within- plant) component of phenotypic variance, and the 
evolutionary independence of the genetic and environmental compo-
nents, are both incorporated into the expanded phenotypic selection 
model proposed in equation 10.6. The results of fi tting expanded mod-
els to empirical data shown in table 10.2 are nicely congruent with the 
theoretical expectations of Bull’s model (1987), because linear selection 
on means and variances covaries independently. That limited selection of 
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examples shows selection on means alone (one instance), on the variances 
alone (fi ve instances), and on both the means and the variances (three 
instances). Within the latter group, selection on mean and selection on 
variance have opposite signs in all cases.

Mechanism- Dependent Scenarios: Developmental Instability

In most real- world situations, observed levels of  within- plant variabil-
ity in organ traits will be the composite outcome of an entangled com-
bination of causes and mechanisms that may operate simultaneously or 
at different times in organ development. These include developmental 
instability,  organ- level reaction norms, and direct and indirect architec-
tural effects (chapters 5 and 6). Some of these, such as direct architectural 
effects, are very unlikely to be susceptible to adaptive modifi cations in 
response to selection by animals on variability, while others are expected 
to respond much more easily. Under a regime of selection on  within- plant 
variability such as those exemplifi ed in table 10.2,  organ- level reaction 
norms and levels of developmental instability may ultimately become the 
targets of selection, with a likelihood that will depend on their respective 
importance as causal agents of variability. As shown by some quantitative 
genetic models, components of environmental phenotypic variance that 
stem from developmental instability and reaction norms may be adap-
tive, in the sense that they can be maintained by selection. I consider here 
some adaptive scenarios described by genetic models in which develop-
mental stability is implicated as the main source of environmental vari-
ance, leaving for the next section those that implicate reaction norms.

The possibility that developmental instability in a character can be 
maintained by the direct action of selection, or indirectly by selection on 
some correlated character, was suggested by Simons and Johnston (1997). 
In their view, developmental noise would be advantageous to individual 
plants if it had the effect of increasing the phenotypic variance of a bet-
 hedging trait. In this case, developmental instability may represent an 
ability to destabilize development up to a certain optimal, adaptive level, 
rather than an inability to stabilize it. A closely related idea was exam-
ined by Wagner et al. (1997) more formally in the broader framework of 
a general population genetic theory of canalization. These authors exam-
ined the conditions conducive to environmental canalization, or the sup-
pression of phenotypic variation of quantitative characters at the micro-
environmental level, a kind of environmental phenotypic variance that 
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would refl ect developmental instability. Their model predicts a straight-
forward selection mechanism whereby stabilizing selection on a trait, as 
it frequently occurs in nature (Kingsolver and Pfennig 2007), will favor 
genes that decrease environmental variance (see also Gavrilets and Hast-
ings 1994). This prediction, however, is clearly at odds with the abundant 
empirical observations revealing extensive environmental phenotypic 
variance at the microenvironmental level (chapter 4). Several possibilities 
were advanced by Wagner et al. (1997) to explain the persistence of devel-
opmental sensitivity to microenvironmental variation. One of these is that 
if the genes involved in environmental canalization of a character also 
have direct effects on the character itself, then the amount of environ-
mental canalization will not depend on the strength of stabilizing selec-
tion, but it would rather represent a compromise between selection forces 
in favor of environmental canalization and selection against direct effects, 
and a “canalization limit” would be reached. This implication of Wag-
ner et al.’s model is directly relevant to the issue of the adaptive main-
tenance of  within- plant variation in organ traits. If the direct relation-
ship frequently linking  within- plant means and variances of organ traits 
(fi g. 3.1) is taken as a statistical expression of a pleiotropic connection 
between canalization of trait values and trait values themselves, then the 
occurrence of selection on both  within- plant means and  within- plant vari-
ances, of the sort illustrated by some examples in table 10.2, may maintain 
adaptive levels of  within- plant variability in organ traits. A similar infer-
ence can be drawn from Gavrilets and Hastings’s model (1994) for selec-
tion on developmental noise. Under linear directional selection, there 
is a steep increase of the environmental component of phenotypic vari-
ance, and a weak decline in the genetic component, with increasing cor-
relation between trait values and microenvironmental sensitivity (devel-
opmental noise). The prediction may thus be tentatively advanced that, 
if  within- plant variance is mainly due to developmental instability, and 
 within- plant means and variances are correlated across individuals, then 
simultaneous selection on means and variances that are of opposite signs 
will contribute to the maintenance of adaptive  within- plant variation.

It may also be intuited from Wagner et al.’s  canalization- limit inter-
pretation that adaptive levels of  within- plant variance in organ traits will 
depend critically on the fi tness consequences of individual differences in 
levels of subindividual variation or, in other words, on the net balance of 
fi tness advantages and disadvantages accrued to genotypes that differ in 
the amount of environmental variance. This possibility was explored by 
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Zhang and Hill (2005; see also Zhang 2005). They considered the selec-
tive forces that may contribute to the maintenance of environmental phe-
notypic variance under the assumption that the genes that affect the phe-
notypic mean also directly control the phenotype variance. These authors 
proposed that there is an intrinsic cost to the organism in reducing the 
variability due to developmental noise (homogeneity cost) that would be 
akin to an engineering cost. Their model reveals that the confl ict between 
the opposing pressure from selection that favors individuals close to the 
optimal phenotype, and from the homogeneity cost that favors variable 
individuals, maintains environmental variance. Even a small homogeneity 
cost may be suffi cient to maintain nonnegligible levels of environmental 
variance. Translating these theoretical results to the particular context of 
 animal- mediated selection on levels of subindividual variability, it can be 
suggested that even small selection intensities from animals in the direc-
tion of favoring subindividual variability may help maintain substantial 
levels of adaptive  within- plant variation.

Mechanism- Dependent Scenarios: Reaction Norms

It is expected that  within- plant variation in organ traits will refl ect to a 
variable degree the plastic, programmed phenotypic responses by devel-
oping organs to the  small- scale, localized variation in their internal and 
external microenvironments that takes place during certain stages or tem-
poral windows in their developmental process (chapters 5 and 6). In cases 
where phenotypic plasticity is the main cause of the  within- plant compo-
nent of environmental variance, the  within- plant phenotypic frequency 
distribution of a given organ trait exhibited by an individual plant will 
be the outcome of the concerted action of the plant’s specifi c  organ- level 
reaction norm and the perceived frequency distribution of the infl uential 
environmental variable (fi g. 10.2a). The shape and slope of the  organ- level 
reaction norms that govern the plastic responses of organs to environ-
mental variation can thus become in these cases the target of the selection 
exerted by animals on levels of  within- plant variability.

The notion that reaction norms may be shaped by selection was artic-
ulated into a coherent evolutionary theory by Schmalhausen (1949), and 
it has subsequently received extensive support from theoretical mod-
els, particularly over the last two decades (Via and Lande 1985; de Jong 
1990; Gavrilets and Scheiner 1993a, 1993b; Schlichting and Pigliucci 1998; 
DeWitt and Scheiner 2004a; Zhang 2005). While a general consensus has 



fi g. 10.2 Within- plant variation in organ traits may largely refl ect programmed develop-
mental responses of organs to localized environmental variation, either internal or external. 
In these cases, (a) the  within- plant phenotypic frequency distribution of a given organ trait 
exhibited by an individual plant i (vertical axis) will be the outcome of the concerted action of 
the plant’s specifi c  organ- level reaction norm, represented by the equation y = ai + bix, and the 
perceived frequency distribution of the infl uential environmental variable (horizontal axis). 
In the example shown, for a given distribution of x, steeper reaction norms will lead to sub-
individually more variable plants than fl atter ones. If individual  organ- level reaction norms 
have a genetic basis, then in a population composed of a mixture of individuals that differ in 
the slopes bi of their respective  organ- level reaction norms (b), directional selection against 
or for  within- plant variance can modify the composition of the population with regard to the 
distribution of bi, shifting it toward a greater representation of individuals with either fl atter 
(left) or steeper (right)  organ- level reaction norms (c).
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emerged that reaction norms can be shaped by selection, there has been 
a long- standing controversy on the genetic mechanisms underlying adap-
tive reaction norms. Specifi cally, the disputed issue is whether adaptive 
reaction norms arise as direct targets of selection or as by- products of 
selection acting on the traits themselves, or in other words, whether there 
are specifi c “plasticity genes” that through either their expression or their 
regulatory role modify a trait’s expression (for reviews see Via et al. 1995; 
Sarkar 2004). This dispute, which may be partly semantic (Sarkar and 
Fuller 2003; Pigliucci 2005), remains unresolved to date. The two impor-
tant aspects that I wish to emphasize here, however, are not contingent 
on the resolution of the controversy on the details of genetic mechanisms 
underlying phenotypic plasticity and the shape of reaction norms. These 
aspects are that there is ample evidence for a genetic basis of phenotypic 
plasticity itself, and selection on phenotypic plasticity may lead to adap-
tive reaction norms (Schlichting and Pigliucci 1998; DeWitt and Scheiner 
2004a; Pigliucci 2005; Zhang 2005).

In this scenario, directional selection by animals on levels of  within- plant 
variability may drive the adaptive evolution of  organ- level reaction norms 
in plant populations. A simple example of a possible selective mechanism 
is depicted in fi gure 10.2, assuming linear  organ- level reaction norms 
and selection on the  within- plant variances of organ traits but not on the 
 within- plant means. It is also assumed that individual  organ- level reac-
tion norms have a genetic basis. In a population composed of a mixture 
of individuals that differ in the slopes of their respective  organ- level reac-
tion norms (fi g. 10.2b), directional selection against or for  within- plant 
variance can modify the composition of the population with regard to the 
distribution of such slopes. Selection against  within- plant variance will 
shift the distribution of slopes toward a greater representation of indi-
viduals with fl atter (i.e., subindividually less variable)  organ- level reac-
tion norms, while selection favoring  within- plant variance will produce 
the opposite effect, shifting the distribution toward a predominance of 
plants with steeper (i.e., subindividually more variable)  organ- level reac-
tion norms (fi g. 10.2c).

Methodological Remarks

The preceding sections have illustrated a variety of adaptive pathways 
that, stemming from selection on  within- plant variability in organ traits, 
may eventually contribute to maintain adaptive levels of  within- plant 
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variation. Some of these pathways are independent of the mechanisms 
involved in generating  within- plant variation or their respective impor-
tances, and thus are rather easily amenable to study by application of 
expanded phenotypic selection approaches that incorporate variances in 
addition to the customary means as phenotypic descriptors. Simply obtain-
ing information on whether there is selection on the mean, the variance, 
or both of a character, and on the signs of the associated selection gradi-
ents, will represent a signifi cant improvement of our insight into the pos-
sible adaptive scenarios available to plants in their interaction with ani-
mals. On a less positive note, a drawback of this  mechanism- independent 
approach is that it will not allow identifi cation of the direct targets of 
selection on variability, thus greatly reducing the possibility of making 
inferences on the adaptive mechanisms involved. Detailed hypotheses 
and predictions on the adaptive consequences of selection on variabil-
ity would require the identifi cation in each case of the major causes and 
mechanisms responsible for such variation, since these would presumably 
be the targets of selection. In practice, this dissection of causal factors will 
generally have to confront the considerable diffi culties noted in chapter 6, 
and would require a combination of observation and careful experimen-
tal work.

It has been frequently highlighted that one of the main challenges of 
studying phenotypic plasticity stems from the technical diffi culties asso-
ciated with setting up appropriate experiments (Scheiner and DeWitt 
2004; Pigliucci 2001, 2005). Plasticity is the property of a genotype, not the 
individual; hence methods for measuring plasticity traditionally involve 
raising separate ramets of identical genotypes in different environments. 
The number of genetically identical individuals needed for such studies 
increases multiplicatively with the number of environments assayed. Re-
iterated organs produced, often profusely, by single individuals provide 
a unique opportunity for approaching the study of phenotypic plasticity 
from a different angle. In situations where  within- plant variability in organ 
traits refl ects, at least partly, the programmed plastic responses of organs 
to external or internal microenvironmental variation, phenotypic plastic-
ity in organ traits could be measured, and the shape of reaction norms 
could be determined, by experimentally subjecting developing organs on 
different modules of the same individual (e.g., fl owers on different infl o-
rescences, fruits on different shoots) to different external environmental 
conditions (e.g., light level, temperature). Although the results obtained 
using this approach would only complement those obtained with the 
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usual protocol of exposing different individuals of identical genotypes to 
contrasting environments, some of the technical limitations of the latter 
method could be overcome because of the large number of genetically 
identical, homologous copies of the same organ usually produced by the 
same individual plant. Increased availability of experimental units would 
allow tackling, for example, the issue of the possible interaction effects of 
separate environmental factors on the shape of reaction norms.

Adaptive Levels of Subindividual Variability: Empirical Scenarios

Findings suggesting an adaptive value for  within- plant variation in organ 
traits can be found sporadically in the ecological literature (Whitham 
1981; Biere 1991a; Biernaskie and Cartar 2004), but there is little rigorous 
empirical support for these interpretations, and the circumstantial evi-
dence available is almost totally confi ned to instances of discrete variation 
(chapter 9). Demonstrating that a certain level of subindividual variation 
is immediately advantageous to plants, as in the examples discussed in 
chapter 9 or shown in table 10.2, is only a weak argument for the adaptive 
nature of such variation. Much stronger evidence would be provided, for 
example, by the simultaneous demonstration that levels of subindividual 
variability vary among populations of the same species, that such differ-
ences are genetically based, and that  among- population variation can be 
interpreted as refl ecting local adaptation in response to the concomitant 
variation in some biotic or abiotic environmental factors that exert geo-
graphically variable selective pressures on such variability. Diverse modal-
ities of this general approach have provided the relatively few demonstra-
tions so far of adaptive phenotypic plasticity (Donohue et al. 2001; Berg 
et al. 2005; van Kleunen and Fischer 2005; Roiloa et al. 2007) or adap-
tive  within- plant variation of organ traits in heterophyllous, heterocar-
pous, and cleistogamous species. For example, Cook and Johnson (1968) 
studied  intra-  and interpopulation variability in heterophylly in Ranun-
culus fl ammula by growing plants from different populations in terres-
trial and aquatic conditions, and performing reciprocal transplant experi-
ments. The most- heterophyllous individuals were associated with the most 
unpredictable environments, and such association was the adaptive out-
come of disruptive selection acting on populations to produce individuals 
specially adapted to either persistently terrestrial or persistently aquatic 
conditions. In species of heterocarpous Asteraceae that produce dimor-
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phic achenes with contrasting dispersal ability, the proportion of widely 
dispersible achenes often declines along gradients of increasing aridity, 
which has been interpreted as refl ecting variable local adaptations to 
changing levels of environmental uncertainty (Venable et al. 1987; Kigel 
1992). In 40 populations of the cleistogamous grass Danthonia spicata 
studied by Clay (1983b), the mean percentage of cleistogamous fl owers 
produced by individual plants varied widely among populations (5–43%), 
increasing from those growing in undisturbed forest sites to those occupy-
ing more open and disturbed habitats. Across populations, the proportion 
of cleistogamous fl owers was directly related to the degree of cleistoga-
mous seedling establishment, which provides circumstantial evidence of 
adaptive levels of cleistogamous fl ower production (Clay 1983a, 1983b).

These and other examples show that adaptive levels of  within- plant 
variability can be maintained in species with discontinuous subindividual 
variation in organ traits (see, e.g., Wells and Pigliucci 2000 for heterophyl-
lous plants). Similar information is considerably scarcer for continuously 
varying organ traits, which is not surprising given the usual neglect of this 
type of variation. Nevertheless, levels of  within- plant variability in contin-
uously varying traits may also differ among populations of the same spe-
cies, which will provide opportunities for formulating and testing hypoth-
eses on the possible adaptive origin of such variation. An example was 
provided in fi gure 7.2, showing that average levels of  within- plant vari-
ability in corolla length differ widely among populations of Lavandula lat-
ifolia. In the evergreen oak Quercus coccifera, the extent of  within- crown 
variation in several structural and functional foliar traits varies among 
populations, and such variation is correlated with environmental varia-
tion and may have a genetic basis (Balaguer et al. 2001; Rubio de Casas 
et al. 2007).

The study of geographical variation has traditionally played an impor-
tant role in elucidating the adaptive signifi cance of phenotypic traits 
(Clausen et al. 1941; Hiesey et al. 1942; Gould and Johnston 1972). Analy-
ses of geographical variation in the extent and characteristics of  within- 
plant variation in organ traits may likewise provide insights into the 
degree to which they are adaptive and maintained by selection exerted 
by animals. Examinations of the adaptive value of  within- plant varia-
tion based on the study of differences among populations could profi t-
ably adopt the fi ve- step protocol suggested by Herrera, Castellanos, and 
Medrano (2006) for studying fl oral adaptations to animal pollinators: (1) 
document geographical variation in the composition or abundance of 
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animal counterparts that putatively exert selection on  within- plant varia-
tion in the organ trait of interest (e.g., folivores, pollinators, seed dispers-
ers); (2) test whether they actually exert phenotypic selection on levels 
of  within- plant variation in that trait, for example, as in table 10.2; (3) 
examine whether the selection gradient on  within- plant variability varies 
among populations and whether such variation is related to differences 
in the composition or abundance of animals; (4) assess the concordance 
between variable selection gradients and variable levels of  within- plant 
variability; and (5) determine whether population differences in levels of 
 within- plant variation have a genetic basis.

It is obvious that considerable amounts of empirical information on 
patterns of intraspecifi c variation in magnitude and characteristics of 
subindividual variation in organ traits are still needed before tests of its 
adaptive value that even minimally satisfy this fi ve- step protocol can be 
attempted. For the time being, however, a few general predictions can 
be advanced on the basis of the general ecological and behavioral mecha-
nisms discussed in chapters 8 and 9, the expectations summarized in table 
9.2, and the results demonstrating phenotypic selection on  within- plant 
variance shown in table 10.2. Verifi cations of these predictions would 
lend support to the notion that observed levels of  within- plant vari-
ation in organ traits are, at least in part, the adaptive consequences of 
 animal- mediated selection.

1. In a given species, those organ traits that are mainly involved in enhancing a 
plant’s positive relationship with mutualistic animals that contribute to its fi t-
ness (e.g., pollinators, seed dispersers) will often exhibit lower levels of subin-
dividual phenotypic variability than those organ traits that intensify the detri-
mental interactions between the plant and its antagonists (e.g., folivores, seed 
predators). This prediction may be reversed in the case of  pollination- related 
traits of self- compatible species where selfi ng results in inbreeding depression, 
as fl oral constancy may reduce plant fi tness, which would potentially select for 
increased  fl ower- to- fl ower variation so as to discourage long visits to individual 
plants.

2. Different traits of the same organ that are predominantly involved in enhanc-
ing interactions with antagonists and mutualists will have contrasting levels 
of subindividual variability, being greater for traits that enhance detrimental 
interactions with antagonists than for those enhancing positive interactions 
with mutualists. Trade- offs are expected in the case of organ traits that simulta-
neously infl uence the interaction with antagonists and mutualists.
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3. Within a species, variation among populations in the relative importance of 
mutualists and antagonists as selective agents on a given organ trait (e.g., 
Rey et al. 2006) should result in concomitant  among- population variation in 
 within- plant variability of that trait, being highest where antagonists play the 
most prominent selective role, and lowest where mutualists are the most infl u-
ential selective agents.

4. Levels of  within- plant variation in organ traits that infl uence host selection by 
specialized antagonists (e.g., endophagous folivores, small seed predators) will 
be directly correlated across populations with the local abundance / incidence of 
antagonists.

5. In species that interact with taxonomically diverse assemblages of mutual-
ists that differ in their preferences for a given organ trait (e.g., fruit diameter, 
corolla size), subindividual variability should be greatest in populations where 
mutualists are most heterogeneous in their preferences, and lowest where they 
are most alike.

6. In  animal- dispersed species that inhabit spatiotemporally unpredictable envi-
ronments,  within- plant variation in  dispersal- related organ traits (e.g., fruit size, 
pulp- seed ratio, pulp nutritional value) should increase with increasing unpre-
dictability of the favorable microhabitats for the species.

Concluding Remarks

Two conclusions arising from this chapter are (1) adaptive levels of envi-
ronmental phenotypic variance in organ traits can be maintained by selec-
tion, regardless of the mechanisms producing it, and (2) given that sub-
individual variability often accounts for nontrivial proportions of total 
environmental phenotypic variance of organ traits, selection by animals 
on variability has the potential to modify the magnitude of environmen-
tal variance and, in so doing, to shift the balance between the genetic and 
environmental components. Environmental and genetic factors may be 
envisaged as “competing” to produce a given level of phenotypic vari-
ance, as suggested by Bull (1987). The spatial and temporal dynamics of 
such competition has manifold evolutionary implications, and animals can 
play a driving role by shifting the balance toward one side or the other. 
The examples shown in table 10.2, albeit limited, suggest that a variety of 
scenarios are possible: selection on means alone, selection on variances 
alone, and simultaneous selection on means and variances. More data 
are needed before specifi c predictions can be advanced for each of these 
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outcomes, but at least the following general expectation can be formu-
lated: phenotypic selection by animals on levels of subindividual variabil-
ity, by virtue of its potential to shift the balance between genetic and envi-
ronmental components of phenotypic variance, can have implications that 
extend well beyond those related to shaping  organ- level reaction norms 
or maintaining adaptive levels of developmental instability.

In cases where  within- plant variation mainly refl ects the operation of 
 organ- level phenotypic plasticity, there are two possible avenues whereby 
selection by animals can infl uence the evolutionary trajectories of organ 
traits. First, it can contribute to either reduce or increase the costs of plas-
ticity and, in so doing, to alter the evolutionary prospects of plasticity itself. 
The study of the limits and costs of phenotypic plasticity has received con-
siderable attention in recent years (Poulton and Winn 2002; van Kleunen 
and Fisher 2005), and the topic has been singled out as a pending issue in 
our understanding of the evolution and maintenance of phenotypic plas-
ticity (Pigliucci 2005). Acknowledging the possible selective role of ani-
mals on levels of  within- plant variation can also contribute some insights 
to this topic. Selection against  within- individual variability, such as that 
exemplifi ed in table 10.2 by insect pollinators or avian frugivores, would 
tend to amplify the costs of plasticity. In contrast, selection favoring sub-
individual variability, such as that exemplifi ed by fruit predators, could 
reduce such costs. Second, by infl uencing the shape of reaction norms, 
and particularly their slope (fi g. 10.2), selection by animals can contribute 
to either enlarge or contract the size of the realized phenotypic space at 
the genotype and population levels. These effects would not be too unre-
lated to current theories conferring a central role to phenotypic plasticity 
in differentiation of adaptive strategies, and ultimately macroevolution-
ary diversifi cation, through phenotypic accommodation (West- Eberhard 
1989, 2003, 2005). It seems, however, somewhat speculative at present to 
pursue this line of reasoning further.



The intellectual eye must work in constant and spirited harmony with the bodily eye, for 
otherwise the scholar might run the risk of looking and yet overlooking.
—Johann Wolfgang von Goethe, “My Discovery of a Worthy Forerunner”

Because of their modular construction and reiteration of structures, 
plants inevitably display a certain level of subindividual phenotypic 

variation in organ traits. Depending on trait and species, nontrivial pro-
portions of the total phenotypic variance exhibited by a population can be 
found at the relatively restricted spatial scale of single individuals. Quan-
titative measures can be used to confi rm the subjective impression of vari-
ability left on us by even casual glances at individual plants, no matter if 
they are small herbs or big trees. Despite its obviousness, however, subin-
dividual variation in plants seems to have succumbed so far to the “risk 
of looking and yet overlooking.” We have traditionally overlooked one 
of the main sources of phenotypic variation occurring in plant popula-
tions, largely on the misguided understanding that such variation, being 
the product of the same genotype, is invisible to selection and thus irrele-
vant from an evolutionary perspective.

It has been my main purpose in this book to convey the message that, 
when one looks at subindividual variability with open eyes, a feature that 
was either unnoticed or taken as a nuisance turns into an opportunity for 
framing new questions, identifying novel biological mechanisms linking 
sessile plants and mobile choosy animals, and deepening our understand-
ing of the ecological and evolutionary factors involved in  plant- animal 
interactions. Far from being just noise or an annoyance, subindividual 
variability is part of the essence of being a plant, and I contend that its 
neglect has hidden from our view signifi cant ecological and evolutionary 

Epilogue
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facets of  plant- animal interactions, and autecology more generally. In 
addition, explicit recognition of subindividual plant variability as a phe-
nomenon worthy of consideration on its own may eventually shed some 
light on the factors impinging on the entangled relationship between gen-
otypes and phenotypes, and improve our understanding of the evolution 
of the  genotype- phenotype mapping (sensu Wagner and Altenberg 1996), 
two topics that still fi gure prominently among the pending issues of the 
research agenda of evolutionary biology. The modular reiteration that 
characterizes each individual in a plant population provides us with ample 
genetically identical copies of homologous organs that, in a very real 
sense, may be taken as developmental repetitions, or phenotypic reruns 
by the same genotype in the course of its lifetime under different internal 
and external environmental conditions, and subject to a variable constel-
lation of constraints. From a pragmatic viewpoint, reiterated organs of the 
same class produced by a plant can thus be treated as replicated experi-
mental units for which we have a reasonable presumption of genetic iden-
tity. Having at our disposal a set of phenotypic replicates of a given organ 
produced by the same individual provides an opportunity to evaluate the 
realized phenotypic space of a single genotype and, if such space could 
be broadened or narrowed experimentally (e.g., by spatially or tempo-
rally localized application of hormones or growth substances), to assess 
the magnitude and regulating factors of hidden, unrealized phenotypic 
possibilities available to a single plant genotype. In this respect, subindi-
vidually variable plants have distinct advantages over animals as study 
subjects for investigating the ecological and evolutionary signifi cance of 
developmental plasticity.

Within- plant variability in organ traits may infl uence individual fi tness 
through a variety of mechanisms, which include coping with spatial and 
temporal environmental uncertainty through diversifi ed bet hedging, and 
enhanced exploitation of biotically and abiotically heterogeneous envi-
ronments through division of labor. It is most remarkable that exactly 
the same mechanisms have also been implicated in the evolution of 
 within- genotype phenotypic differences in some animals that, like plants, 
produce a simultaneous multiplicity of homologous but developmentally 
separate phenotypes. Aphid clones that are produced parthenogeneti-
cally from a single stem mother are often phenotypically heterogeneous, 
and the extent and nature of such intraclonal variation may have adap-
tive value (Andrade and Roitberg 1995). A bet- hedging strategy similar 
to that commonly attributed to plants that produce a variety of seed types 
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is exhibited by some fi shes and frogs, in which  within- female egg- size vari-
ability can be interpreted as an evolved response to environmental unpre-
dictability (Koops et al. 2003; Einum and Fleming 2004; Dziminski and 
Alford 2005; Dziminski and Roberts 2006). Division of labor has played 
a central role in the evolution of  within- genotype phenotypic variance 
in ant, bee, wasp, and termite societies, each of whose colonies may be 
seen as sort of modular, albeit physically disconnected, organism. Pheno-
typically distinct but genetically identical colony members play different 
roles according to a discernible scheme of division of labor (Wilson 1971; 
Goulson 2003). As in plants, the phenotypic variation occurring within 
these insect societies may be either discontinuous or continuous, and 
 within- colony variance in  individual- level traits is related to the colony’s 
capacity to exploit resources. There is much more than appealing symme-
try and incidental parallelism in the similarity between a plant individual 
that exploits different pollinators or seed dispersers by producing a range 
of slightly different fl owers or fruits, and a bumblebee colony that is able 
to exploit a broader range of fl ower types because of its ability to pro-
duce  different- sized workers (Morse 1978; Plowright and Plowright 1997; 
Peat et al. 2005). Or between a plant that exploits a heterogeneous envi-
ronment by producing diverse seed types, and the colony of granivorous 
ants that exploits a broad spectrum of seed sizes because of the broad 
 within- colony diversity of worker sizes (Waser 1998). The common theme 
underlying these examples is that the capacity of a single genotype to pro-
duce a multiplicity of slightly different phenotypes has probably repre-
sented a signifi cant, convergent evolutionary breakthrough for sessile 
modular or  modular- like organisms, no matter whether they are plants 
or animals. The odd thing, however, is that although plants are widely rec-
ognized as the most vivid example of the capacity of single genotypes to 
produce a broad range of phenotypes, the evolutionary etiology of pheno-
typic multiplicity in genetic unity has been studied much more often, and 
is currently better understood, in the relatively few animals that present 
it than in higher plants, where the phenomenon is widespread and rep-
resents a distinctive feature of the whole lineage. Furthermore, develop-
mental instability and phenotypic plasticity, two of the mechanisms that 
may contribute to decoupling (“loosening”) the mapping of genotypes 
into phenotypes, have also been studied much more frequently in animals 
than in plants.

In most biological disciplines dealing with quantitative data, analyses 
have traditionally focused on mean values alone, on the usually unstated 
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assumption that variation around the mean has little or no biological 
signifi cance. Attention has been paid to variability only by virtue of 
its practical value in assessing the statistical signifi cance of differences 
between means. By highlighting the ecological and evolutionary signifi -
cance of phenotypic variability occurring around individual means, this 
book joins the increasing number of voices that have argued in recent 
years that variability around means of biological phenomena, function-
alities, and phenotypes are intrinsically interesting and have manifold 
ecological, evolutionary, and physiological implications (Suomela and 
Ayres 1994; Ruel and Ayres 1999; Shelton 2000, 2004, 2005; Amzallag 
2001; Orians and Jones 2001;  Benedetti- Cecchi 2003; Biernaskie and 
Cartar 2004; Roslin et al. 2006). At the same time, I have also revisited 
an old theme, one that was fi rst examined by Karl Pearson and early bio-
metricians a century ago, and again by Thomas Whitham and associates 
some 20 years ago. The interest in subindividual plant variation of these 
two forerunners was committed to, respectively, a particular theory of 
inheritance and a particular mechanism of generation of subindividual 
variability. In both instances, the interest in subindividual variability 
quickly faded away following the failure of the specifi c theory or mecha-
nism with which it had been incidentally associated. Learning from past 
culs- de- sac, but also because I am convinced that subindividual variabil-
ity is interesting in itself, I have deliberately kept this book from piv-
oting on any particular hypothesis or expectation. In particular, I have 
refrained from reducing the rich, complex phenomenon of subindivid-
ual variation to answering the kind of sketchy questions under which it 
has been sometimes examined. In particular, I have avoided formulat-
ing the simplistic, self- defeating question of whether subindividual vari-
ation is an adaptation or refl ects just epigenetic noise (e.g., Whitham 
1981). It should be clear from the preceding chapters that, although the 
answer will be highly  species-  and  trait- specifi c, in most instances it will 
be, “Possibly both.” More and better information is needed on interspe-
cifi c patterns of subindividual variability in compositional and functional 
organ traits (e.g., chemistry of leaves, fruits, and seeds), relative impor-
tance of different causal mechanisms (e.g., direct architectural effects, 
 organ- level developmental plasticity, developmental instability), and 
ecological correlates of subindividual variability (e.g., relationships with 
diverse animal interactors), before all- encompassing questions can be 
answered. Regardless of the complexities involved, and independent of 
any particular theory about its adaptive value, there is little doubt that 
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 within- plant variation in organ traits is a biological phenomenon whose 
multifarious implications render it worthy of study in itself. Only time 
and tests of the general hypotheses and implications I have advanced in 
this book will eventually tell if, in addition to being interesting, the phe-
nomenon is also important.
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