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Paleobotany: some aspects of non-flowering and flowering plant evolution 

David L. Dilcher l 

Summary 

DiJcher, D. L.: Paleobotany: some aspects of non-tlowering and tlowering plant evolullon. -
Taxon 50: 697-711. 2001. - ISSN 0040-0262. 
When an examinallon of some aspects of the evolution of vascular land plants IS made 
across broad sweeps of Paleozoic, Mesozoic and Tertiary lime, three basIC pauerns occur In 
unrelated groups in vascular land plant evolullon: Independent evolution of similar 
morphologIes. nearly contemporaneous evolution of Similar structures and strategies. and 
repeated evolution of similar features or slfategies at different times. Examples are given In 

non-tloweflng plants and also in the evolution of angiosperms. A database is presented to 
illustrate the presence of angiosperms In the JurassiclLower Cretaceous fossil record and the 
dlvcrsity and abundance of organs recovered from these early angIosperms. Thcse dat.a are 
presented as working documents with the anticipation that they may grow Into a major 
database for intcrested scholars world-WIde. 

Keywords: angiosperm evolution, Cretaceous, fOSSIL angiosperms, Mesozoie, paleobotany, 
plant evolution. 

Introduction 
Paleobotany has always. been an important part of plant systematics. Our 

understanding of the fundamental relationships of major vascular land plant groups 
comes from the fossil record. There are a few special expressions of vascular plant 
evolution that I want to mention first in this paper to demonstrate the importance of 
knowing the history of systematic groups and the evolutionary history of traits or 
characters used in their classification. After these are presented, I will focus atten-
tion upon the angiosperms. Background for the information that I will discuss in the 
following paragraphs relating to non-flowering plants can be found in paleobotany 
textbooks of Taylor & Taylor (1993) and Stewart & Rothwell (1993). 

The fossil record of non-flowering plants 
Lycophyta are a unique group among land plants that, because of their long and 

independent history, have been a distinct lineage separate from all other land plants. 
Their history begins in the Upper SilurianlLower Devonian (400 plus million years 
bp) so that the evolution of leaves, tree habit, heterospory, seed-like reproduction, 
and roots have been independent of the evolution of these features in other groups of 
land plants. Many of these features found in lycopods evolved at nearly the same 
time indepenctently. in several other terrestrial groups. They often developed similar 
forms by using different tissues. Of particular interest in lycopod evolution is how 
they developed the tree habit. They used tissues derived from the outer cortex and 
bark rather than by thickening a central mass of tracheids and fibers, common in 
woody plants today. The result was tall cylinders of outer cortex and thickened bark 
that supported the lycopod trees of the Carboniferous. Most lycopod leaves are not 
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large, complex or branching. Just as in lycopods, sporangia of many other vascular 
land plant taxa are also often closely associated with leaves. The sporangia 
frequently are borne on and sometimes enclosed by the leaves, which may be clus-
tered into cone-like masses. These cones may resemble cones in the sphenopsids, 
but they were fomned quite independently of any other cones or cone-like structures. 
From these examples we can see the potential for various vascular land plant groups, 
such as sphenopsids, pteridophytes, progymnospemns, and pteridospemns to develop 
leaves, trees, roots. cones. heterospory, and seeds or seed-like organs independently 
of one another. This contemporaneous evolution raises questions about the total 
independence of basic evolutionary trends in vascular land plant history. 

Another aspect of vascular land plant evolution is that successful strategies may 
be reinvented at differelll rimes in different plant groups. The evolution of hetero-
spory. of the tree habit, the seed habit, the association of reproductive structures with 
leaves, and clustering of reproductive units into cones may sometimes repeat 
themselves in different groups separated by many millions of years. This is seen in 
the evolution of heterospory in the aquatically dispersed spores of lycopods during 
the Devonian and by the aquatic ferns during the Cretaceous (Dileher & aI., 1992). 
Also, evolution toward wind dispersal of seeds or fruits is seen in some Pemnian 
plants (Dilcher & aI., 1997). in the Jurassic/Cretaceous by Welwitschia, in the 
Cretaceous by conifers, and in the Tertiary by angiosperms. The vine habit has been 
repeatedly developed in the Carboniferous by the seed ferns. in the Mesozoic by the 
Glletales and in the CretaceouslTertiary by the monocOl.S and dicots. The clustering 
of reproductive organs into seed-bearing units and pollen-bearing units (only some-
times into bisexual units) has happened in the Carboniferous in Medullosa, and in 
the Mesozoic in Glletales, seed ferns, Cycadeoidea. Williamsollia, Wil/iamsolliella 
and angiospemns. Also, several of these fossil plants developed presentations of 
attractive colourful displays or offered rewards of pollen/nectar to encourage insect 
pollination. 

These expressions of plant evolution in the fossil record provide new perspectives 
of the potential of plant evolution. Vascular land plant evolution demonstrates 
examples in unrelated groups of: 

independent evolution of similar morphologies, 
nearly contemporaneous evolution of similar structures and strategies, 
repeated evolution of similar features or strategies. 

The potential of independent, contemporaneous, and repeated evolution must 
have become a part of the angiospemn genome as it evolved. Therefore, when we 
attempt to untangle the basal branches of major angiospemn clades. based upon 
phenotypic expressions in their early history from the fossil record, we need to 
consider their potential to evolve. 

The angiosperm fossil record 
Angiospemn systematics is the present-day expression of our limited under-

standing of the products of a long evolutionary history of flowering plants. The time 
when angiospemns originated remains a mystery (Crane & Lidgard, 1989). We have 
more hope now than ever before, however, of finding the first flowers with aid of 
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new fossil collections (Gandolfo & aI., 1998; Sun & aI., [998; Friis & aI., 2(01), and 
of understanding the time of angiospenn origins by combining fossil data with new 
molecular infonnation (Sanderson & Doyle, in press). New techniques and new 
ways of thinking about the fossil angiospenn record (Dileher, 2(00) will produce a 
revolutionary challenge and lead to change in many of our long-held concepts and 
misconceptions about angiospenn origins and early evolution. 

The evolution of angiospenns is a Mesozoic event. The time of origins, the source 
group for origins, and the multiple radiations, diversification and migrations around 
the world are all Mesozoic events. Therefore, to understand these events in 
angiospenn history. and thus better understand living angiospenn diversity today, 
we need to know as much as possible about Mesozoic plants. This is a time when 
ferns often dominated (Skog & Dileher. 1994). gymnospenns and ferns modernized. 
aquatic ferns evolved. Bellnettitales (Cycadeaidales) evolved, radiated and became 
extinct, and ellerales evolved and radiated into diverse forms including the genera 
we know today. This is a time when biotic pressures were affecting the evolution of 
life. 

Fossil angiosperm database 
Presentation of the angiosperm fossi I record here centers upon two data sets (Figs. 

1, 2). Each data set represents a large amount of information that should be viewed 
as a working document to be taken apart. evaluated and subjected to revision. In 
order to keep these data current. it would be helpful if workers generaling more 
records of fossil angiospenns would forward this infonnation to keep the database 
current. Printouts will be made on request. and the entire archive soon will be 
available on the Internet for ease of access. 

The data in Fig. I represent a working model of the records of fossil !loras that 
contain angiospenns. The data are presented in a geologic time sequence beginning 
in the lower Mesozoic and extending until the end of the Cenomanian in the mid-
Cretaceous. They represent only the time and place of megafossil !loras containing 
angiosperms so that they can be evaluated for their age and their location (when 
continental drift is considered). The data collection stops at this point. because at 
that lime so many fossils of near-modern angiospenn taxa can be found (Gandolfo & 
aI., 1998). The purpose here is to encourage examination of !loras that contain 
remains of angiospenns by age, from all regions of the world. We need to be critical 
of the age reported for each of Ihe !loras. develop a file to comment upon the 
evidence used to establish an age, and draw as objective conclusions about Ihe age 
of the !loras as possible. Another focus is to examine lines of occurrences of the 
earliest !lowering plants and the characters they contain, which may demonstrate the 
evolution of the basal groups of angiospenns. We now have sufficient fossil material 
and the hope of collecting sufficient additional material to be able to lrace diagnostic 
angiosperm morphological/anatomical characters back in time. 

Lidgard & Crane (1990). Lupia (1999) and Lupia & al. (1999) eSlablished 
databases for many reports of Cretaceous angiospenn taxa. The specific question 
they addressed was the occurrence of angiospenn species abundance in relation to 
geographical distribution. They considered published reports of both 
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Triassic Jurassic Cretaceous 
 il:: :;; m  

  .-e: "  N9OCOmtan I 
.. 

 iii  Q.  iiiiii iii 

  

f 
l I 1 i (")

Ol < J: &'" " .... w S » » 8 
 ; " aIIi 15 '" .. 

f i   3 N  r;; 

 
;- 5 r  1 f :> :>, Ilf r;;:> :> :> 

AJaskan Acra5 INanLJSl(uk; K1.lkpOWTUIl;, Col'Wln, KLJk.  ---
Managaml ---

'/.bsl Canadlan AoI'HS - - . 
!<ome ------

AlMa, PalOOIe 
IkorloV!1vn KJotl. 

AIJSSl8n Sibella (Mag-Elden SIbe08 Okhotsk. lCdymsloye. KoIym3, Kamchalka Chaun) ---

$anm9Jefl8 • 
Wtwtern United Stales (Edward" Cedar Mol"l1la1O Blacii: Hlfts. Kiowa. Tnn1y OkJatw)ma) • 

Da)tola----
Polomec 

Eastem Uolled Slales (RanlBll Tuscaloosa). 

 

CalJcasus.  
StRomain. 

00fd0gne • 
Bohemian. 

Tr&osbalkal ----
Yaohao. Got> ---

Kazakslan ---

ArtlU., AnadryoKorya • 
Ptngzhou- --

Sakhalin ____ 
NlC3ruan.  ---

 (OalalJ) ---
.!o" PIa","uslTrapa ---

Ylxlan (Jehol) _. - - - - - - - - - -- Pnmoryc: ----
Song-llaoJ.... llnll.aonIlQ---

Easl As\8.n Floras (Hellonglang, Sonyan. Gleblonka, Hunchun) • 

Xurnub • 
EgypVSudan 

Codo • 

VillaVICenCIO 

Ra,mahal  • Baquero --
Sanlana----

Eromanga ----
VIC100a ___ 

l<oon'H3f18 ---

Alexandra. 
Gape AleJ:andra • 

IY 
»m",

." .. 
 II 3;:r g 

G) () 
m III 

::>'" Ql::> 0..OJ iii' ::> ::>0.. 

» 
3 

 
(;' 
Ql 

» 
(J)c;' 

» 
(J)
c;' 

;;:: :z a. v> 
m »Ql 3!2 (0 

:> 
0 
Ql 
:;-
0.. 
Q;' 

JJ 
CD 

'" (5 
::> 

» a 
(; 

:z 
0 
::l =r 

m 
C 
0 
"0 
(l) 

;;:: 
a: 
0.. 
<D 

m g: 
CD 
3 

:z 
 

&i 

(fl 
0 
C ::; 
}> 
3 
lD 

 
Ql 

}> 
C 
!1. 

 c;' 

» ::> 
iii 
0 

 
Ql 

Flg. l. Early angiosperm(ous) macro/meso fossil f)oras of the world. Arc tic: Sweet, 1979; 
Alaska: Hollick. 1930; Smiley. 1966, 1969; SCOtl & SmJley. 1979; Spicer, 1987a. b; 
Mattagaml: Hopkins & Sweet. 1976; West CanadIan: Bell, 1956. 1965: Kome: Heer, 
1874; Pedersen, 1967; Boyd, 1998; Atane/Paloot: Heer, 1874; Seward & Conway, 1935: 
Boyd. 1998: lkorfatlRavn kJort: Boyd. 1996. 1998; Russian SIberIa: SamylJna. 
1960. 1968a. b. 1976: Lebedev, 1974; Lehedev & Herman, 1989; Shchepetov, 1991; Vakhrarneev. 
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1991: Shchepelov & al.. 1992: San mig ue IIa: Brown. 1956: Ash. 1976: Cornel. 1986: 
Blackridge: Dilchcr & Erickson. 1983; Western United States: Fontaine. 1889: 
Gress. 1922: Ball. 1937. 1939: Scrlin. 1982: Thayne & aI .. 1983. 1985: Thayne & Tidwell. 1984: 
Upchurch. 1995: Dakota: Capclllni & Heer. 1866: Lesquereux. 1868, 1874, 1874 [1876],1875 
[1876]. 1892. I893a. b: Newberry. 1868. 1898: Hollick, 1895. 1894: Ward. 1897. 1899: 
Knowhon. 1898. 1896, 1911. 1919, 1920: Berry, 1922: Schemel, 1950: Hall. 1963: Hall & Peake, 
1968; Rushforth, 1971: Dileher & aI .. 1976: DIlcher, 1979: Schwarzwalder & Dileher. 1981: 
Retallack & Dileher. 1981a. b; Basinger & Dileher, 1984: Crane & Dileher. 1984: Dilcher & 
Crane, 1984a, b; Dilcher & Kovach, 1986: Upchurch & Dilcher. 1990: Huang, 1992: Kvacek & 
Dilcher 2000; POlO mac: Ward. 1888, 1895, 1905; Fomalne, 1889, 1905 [1906J: Knowhon, 
1898. 1919; Berry. 1911b; Dorf. 1952: Doyle & Hickey, 1976: Hickey, 1978: Hickey & Doyle, 
1977; Krassilov, 1977: Upchurch. 1984a. b: Friis & aI .. 1986, 1988, 1994b. 1995, 1997: Crane & 
al .. 1986, 1989, 1993, 1994: Drinnan & aI .. 1990, 1991: Herendeen, 1991a. b: Pedersen & al .. 
1991, 1994; Upchurch & al.. 1994; Crane & Herendeen. 1996; Pedersen & Friis. 1998; 
Tuscaloosa: Berry. 1919: Knowhon. 1919: Cahoon. 1972; Rarilan: Newberry. 1886. 1895 
[1896]: Berry. 1911a. Knowhon. 1919; Wealden: Hill, 1996; POrlugal: Saporta, 1894; 
Teixeira. 1948. 1950; Yakhrameev, 1991; Friis & al .. I994a. 1997. 1999.2001; SI. Romain: 
Deak & Combaz, 1967; Dordogne: Colin, 1973: Bohemian: Heer, 1869; Krasser, 1869; 
Yelenovsky. 1882, 1883. 1884. 1885, 1888: Bayer, 1900, 1921: Yelenovsky & Yiniklar, 1926, 
1927, 1929. 1931; Pachova. 1961: Knobloch. 1978. 1979; Knobloch & Mal, 1986; Eklund & 
Kvacek, 1998: Kvacek, 1992: Kvacek & Dileher 2000; Caucasus: Krassilov, 1977: 
Transbaikal: Vakhrameev & Kalova. 1977; Gobi: Krassilov, 1982. Kazakstan: 
Vakhrameev. 1952; Samsonov, 1966: Takhlajan. 1974: Vakhrameev & Krassiov, 1979; Krassilov 
& aI .. 1983; Frumin & Friis. 1996: Yanliao: Kuang. 1990, 1996: Pingzhou: Zhou & aI .. 
1990; Plalanus: SunGe & al. 2000: Nicanian/Jiaohe/Heilonjiang: Krassilov, 1973. 
Tao & Sun. 1980: Tao & Xiong. 1986: Li & al .. 1986. Sun Ge & aI. 2000: East Asian: 
Phillppove, 1979; Shuang-Xing. 1984. 2000; Am u r: Koshman. 1973; KapilSa & Ablayev. 1984, 
J i I In: Zhang. 1980; Tao & Zhang, 1990, 1992; Sun Ge & aI .. 2000: J i xi: Sun Ge & Dileher, 
1996, 1997: Sun Ge & al. 2000: Yi x Ian: Sun Ge & al.. 1998, 2000; Shun-Qing, 1999: Son g-
L i ao: Sun Ge & at 2000: Sa k ha J in: Kryschlofovitch. 1937; Krassilov. 1979: Prj rno rye: 
Krassilov, 1967. 1977: Kurnub: Krassilov & Dobruskina. 1995: EgypliSudan; Lejal-NIcol, 
1987: Codo: Duarte & Santos. 1993: Santana: Barreto & al" 2000: Villavicencio: 
Pons, 1988; Baquero: Romero & Archangelsky, 1986; Rajmahal Hills: Sharma. 1997: 
Eromanga: Pole, 1999,2000: Vicloria: Douglas, 1965, 1969: Douglas & Williams. 1982; 
Koonwarra: Douglas. 1963; Taylor & Hickey. 1990: Cape Alexandra: Jefferson, 1980: 
Alexandra: Cantrill & Nichols. 1996. These data are presented as a working document. The 
author welcomes revisions. corrections and new materiaL 

palynofloras and megafossil floras. They presented approximately 50 megafossil 
floras between 145 to 90 million years. In Fig. 1 the records of about 75 megafossil 
(including mesofossils) floras are ploned, the ages ranging from 145 to 90 million 
years (with three exceptions). Detailed literature is given in Ihe legend to make these 
data accessible and clear. In order to accommodate any methods of analysis or 
suggest any trends derived from these data, no floras have been omitted. While 
results of the database developed by Lidgard & Crane (1990), Lupia & al. (]999) 
and Lupia (1999) have been published, these databases apparently have not been 
shared or used in further analysis by the authors. I propose that we establish an open 
database that each investigator can access and examine. Individual parts of the data 
such as precise stratigraphic placement andlor age of the fossil flora can be 
challenged and further validated. 
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Recovery record of angiosperms 
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Fig. 2. World-wide repons of isolated plant organs including leaves. flowers, fruits. wood and 
pollen of angiospermolls genera for time periods from the Upper Jurassic until the end of the 
Cenomanian. Berriasian and Valangiman not Included. References for this figure are given in the 
legend of Fig. J. 

Figure I shows that the records of possible and probable angiospenns extend back 
to lhe Jurassic while Sallllligllelia remains an enigmatic fossil plant from the 
Triassic. A few reports are made from the Hauterivian while a few more fossillacal-
ilies containing angiospenms can be found in the Barremian. Certainly this record 
suggests that angiospenn origins extend back into the Upper Jurassic or lowermost 
Cretaceous. While some diversity might be expecled in floras from the Barremian, 
the more common records begin in the Aptian. By lhe time of the Aptian there are 
several floras around the world that contain anglOspenns. These early floras need to 
be carefully evaluated so that as lhe individual elemenls from lhem are studied, we 
can place the characters of the plants and the potential systematic relationships into a 
good time series. The need for such careful evaluations is obvious when we see 
recent reports of early angiospenms published that give a 10 million-year range in 
age extending from the mid-Barremian to the mid-Aptian (Friis & aI., 2001). It is a 
credit to the authors of this report that they gave such a range in age, being honest 
with their data and not taking a position by assuming only the oldest possible age. 
However, it is confusing to other researchers when. wilhin the same paper, state-
ments are made that lhe fossi I reported represents the oldest known reproducti ve 
malerial of lhe angiosperms (assuming, lhen. the oldest age). The ages of the early 
reports listed in Fig. I are important so we may agree upon which angiospenn re-
ports are older than others and which characters are the earliest known from the 
fossi I record. 
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By the Aptian-Albian boundary, at about 112 million years, there are approxi-
mately 16 floras known which contain angiosperm remains. These tloras extend 
from the Arctic, nearly to the Antarctic. The record of angiosperms around the world 
seems to be nearly comprehensive by the end of the Albian and early Cenomanian. 
During the Cenomanian, the angiosperms became dominant elements in many of the 
fossil floras of the world. Depending upon examination of fossil pollen!spores or 
megafossils (Farley & Dilcher, 1986; Skog & Di1cher, 1994). however, there is a 
distinct difference in the nature of dominance of angiosperms in these deposits. In 
general, data in Fig. I suggest that by the end of the Cenomanian, angiosperms are 
common elements in fossil tloras and were dispersed to all areas of the world. For 
this reason 1 have elected not to continue tabulating data on fossil floras after this 
time. 

The second data set (Fig. 2) presents the record of individual occurrences of 
angiosperms that make up the megafossil floras reponed in Fig. 1 and is tied to a 
record of its geologic age. It is based upon 425 records (see citations in legend of 
Fig. 1) of individual floras and repons of fossil taxa from these floras. This should 
also be used as a working document and updated as new information becomes 
available. For example, the Raritan Flora in New Jersey is listed in Fig. I as 
Cenomanian, but 1 have removed the leaf data for the Raritan in Fig. 2 because we 
now understand it to be Turonian (Gandolfo & aI., 1998). 

The objective of Fig. 2 is to allow each element in the tloras to be studied. 
challenged, and evaluated. We need to consider panicular questions for each fossil: 
Is it an angiosperm? Has it useful characte'" for analysis? What are those characters? 
A critical evaluation of each fossil specimen should include re-examinalion of the 
specimen. evaluation of its characters. and new illustrations as needed so that 
researchers may put them on the World Wide Web for general examination. Fossils 
no longer available for study need to be discounted until new or substitute material 
can be found for detailed and objective critical analysis. Such revisions are now in 
progress with the Dakota Flora of late Albian-early Cenomanian age (Wang & 
Di1cher, 2000). From the work completed thus far, rather than 437 species of 
angiosperm leaves reponed by Lesquereux (1892). there are probably about 75 
species (Fig. 2). When this is plotted. it brings the Cenomanian leaf records to a 
level similar to leaf and pollen types reponed for the Albian. This may be, however, 
an ani fact of current sampling; as more records are recorded and evaluated. these 
data should change. 

Figure 2 shows a slow rise of numbers of angiosperms from the Upper Jurassic or 
lowermost Cretaceous to the Cenomanian. This profile may change as data on nearly 
140 to ISO angiosperm taxa (mentioned by Friis & al. 2001) from the Barremian! 
Aptian becnme available for evaluation. In Fig. 2 the entire record of leaves, 
flowers. fruits, wood and pollen is given for each time-span. These records are not 
broken down into funher increments of time. which in the future might be desirable. 
If one were to plot nearly ISO angiosperm taxa for the Barremian!Aptian on Fig. 2, 
then the total perspective of the origins. radiations and diversity of angiosperms 
changes. These are the insights we hope to achieve as the record is developed and 
made avai lable to a wider audience. 
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We have developed a group of scientists who are interested in use of the paleo-
botanical record, morphological data, and molecular data, to help unravel relation-
ships of the basal lineages of angiosperms including the ANITA group (Upchurch & 
Dilcher. 1990; Sun & aI., 1998; Friis & aI., 2(01). This group is called Deep Time 
(co-ordinators are Douglas Soltis. David Dilcher, Pamela Soltis, and Patrick 
Herendeen), and we hope that it will help facilitate the exchange and analysis of data 
such as those presented in Figs. 1 and 2. 

An overview 
How does the evolution of vascular land plants, discussed earlier in this paper, 

relate to the evolution of the angiosperms? There were three major observations 
made about patterns of evolution in unrelated land plants: independent evolution of 
similar morphologies, nearly contemporaneous evolution and repeated evolution 
of similar features and strategies. These are the same evolutionary patterns that we 
can expect to see in the origin and evolution of angiosperms. When we consider the 
number of separate families that developed bilateral symmetry of their flowers in the 
late Cretaceous/early Tertiary (Dilcher, 1995,2(00). certainly independent evolution 
is the rule in angiosperms. This is also the case with presumed development of 
fleshy fruits and nuts during the PaleocenelEocene in response to co-evolution with 
animals (Dilcher, 1995, 1996, 2(00). These evolutionary events were nearly con-
temporaneous in several groups of angiosperms as each took advantage of the 
potential available. Finally, evolution continues to repeat itself 01 different limes in 
angiosperms in many ways. Examples of this might include leaves being reinvented 
by modified branch systems after they are lost, a variety of thorns and spines 
originating in different flowering plants. leaves acting as accessory petals to aUract 
insects, and inflorescences evolving at different times in different groups. 
Application of these three evolutionary patterns to the origin of angiosperms is 
beyond the scope of this paper, but suffice it to say that when applied to a carefully 
documented revised record, they will raise interesting questions regarding the 
evolution of the early angiosperms. 
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