
1

American Journal of Botany 100(12): 000–000. 2013.

 American Journal of Botany  100(12): 1–13,  2013 ; http://www.amjbot.org/ ©  2013  Botanical Society of America

       The Angiosperm Phylogeny Group III system of classifi cation 
includes a grade of low diversity “basal” orders (Amborellales, 
Nymphaeales, Austrobaileyales), and fi ve monophyletic groups: 
Chloranthales, magnoliids, monocots,  Ceratophyllum , and the 
eudicots ( Angiosperm Phylogeny Group III, 2009 ). The eudicots 
comprise more than 70% of all extant angiosperm species. The 
oldest eudicot fossils are tricolpate pollen grains from the latest 
Barremian (Early Cretaceous) of equatorial Gondwana ( Hughes 
et al., 1991 ;  Doyle, 1992 ), providing a minimum age of ~126 Ma 
for the split between eudicots and their sister clade. These eudicot 
pollen grains are less than 8 million years younger than the oldest 
fossil angiosperm pollen, which comes from Hauterivian depos-
its in England ( Hughes et al., 1991 ;  Hopson et al., 2008 ), Israel 

( Brenner and Bickoff, 1992 ;  Brenner, 1996 ;  Segev, 2009 ), and 
possibly Italy ( Trevisan, 1988 ). 

 Remarkably, the early history of eudicots remains poorly under-
stood. The oldest fossils that have synapomorphies of clades nested 
within eudicots come from mid-Albian deposits ( Upchurch, 1984a ; 
 b ;  Crane et al., 1993 ;  Doyle and Endress, 2010 ). These fossils 
document the presence of crown-group eudicots but are more than 
16 Ma younger than the oldest tricolpate pollen grains. A few puta-
tive eudicot megafossils have been described from the interven-
ing Aptian and early Albian ( Table 1   and citations therein), and 
others may exist in the published literature (e.g.,  Sun and Dilcher, 
2002 ), but a phylogenetic position nested within crown-group eu-
dicots has not been demonstrated for any of these. Given the avail-
able evidence, it is possible that some of these plants represent 
stem-lineages along the branch leading to crown-group eudicots 
(eudicots s.l., as opposed to crown-group eudicots, hereafter eu-
dicots s.s.), or that they are not eudicots at all ( Doyle, 2012 ). 

 Here, we describe a new genus and species of angiosperm with 
remarkable similarity to extant members of the subfamily Fumari-
oideae (Papaveraceae, Ranunculales). The leaf fossils were col-
lected from the Aptian Dutch Gap locality, near Richmond, 
Virginia, USA. This site is among the oldest angiosperm-bearing 
fossil sites in North America ( Doyle and Hickey, 1976 ;  Doyle 
and Robbins, 1977 ). We compare these fossils with the leaves 
of living angiosperms, ferns, and other putative eudicots from the 
Aptian to mid-Albian. We infer the phylogenetic position of the 
new fossils using parsimony analysis, and their paleoecology and 
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  •  Premise of the study:  Eudicots diverged early in the evolution of fl owering plants and now comprise more than 70% of angio-
sperm species. In spite of the importance of eudicots, our understanding of the early evolution of this clade is limited by a poor 
fossil record and uncertainty about the order of early phylogenetic branching. The study of Lower Cretaceous fossils can reveal 
much about the evolution, morphology, and ecology of the eudicots. 

 •  Methods:  Fossils described here were collected from Aptian sediments of the Potomac Group exposed at the Dutch Gap local-
ity in Virginia, USA. Specimens were prepared by degaging, then described and compared with leaves of relevant extant and 
fossil plants. We conducted a phylogenetic analysis of morphological characters using parsimony while constraining the tree 
search with the topology found through molecular phylogenetic analyses. 

 •  Key results:  The new species is closely related to ranunculalean eudicots and has leaf architecture remarkably similar to some 
living Fumarioideae (Papaveraceae). 

 •  Conclusions:  These are the oldest eudicot megafossils from North America, and they show complex leaf architecture refl ecting 
developmental pathways unique to extant eudicots. The morphology and small size of the fossils suggest that they were herba-
ceous plants, as is seen in other putative early eudicots. The absence of co-occurring tricolpate pollen at Dutch Gap either (1) 
refl ects low preservation probability for pollen of entomophilous herbs or (2) indicates that some leaf features of extant eu-
dicots appeared before the origin of tricolpate pollen. 
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Ranunculales. 
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 Fossil preparation —   The blocks of fossiliferous sediment are curated in the 
Department of Paleobiology, National Museum of Natural History, Smithsonian 
Institution (NMNH), and in the Division of Paleobotany at the Peabody Mu-
seum of Natural History, Yale University (YPM). Since their collection, 
they have dried out and become amenable to splitting along bedding planes 
and preparation by degaging. The fossils were photographed using a Canon 
EOS digital camera with a 100-mm EF macro lens. The images were pro-
cessed with Adobe Photoshop (San Jose, California, USA). Venation of the 
fossils was traced by hand from prints of digital photos and traced with a 
mouse on a digital image in Adobe Photoshop. The two tracings for each of 
two fossils were then compared and reconciled using photographs of the 
fossils taken under different lighting conditions. We used the image stack-
ing function in Adobe Photoshop to generate photo illustrations in which 
the entire fossil is in focus ( Fig. 3 ). Leaves of extant species on herbarium 
sheets housed at the U.S. National Herbarium at the National Museum of 
Natural History (USNM) were photographed using a Macro Twin Lite MT-
24EX Canon fl ash arranged below the herbarium sheets to pass light through 
the specimens. Vein density was measured from images using the program 
ImageJ ( Rasband, 2012 ). 

 Phylogenetic analysis —   We used the molecular scaffold approach de-
scribed by  Springer et al. (2001)  to determine the most parsimonious position 
of the fossils in the angiosperm phylogeny ( Springer et al., 2001 ). The tree 
search was constrained by the relationships reported by  the Angiosperm Phy-
logeny Group (2009) ,  Barniske et al. (2012) , and  Hoot et al. (1997)  for 41 genera 
of ANA-grade angiosperms, magnoliids, Chloranthales, Monocotoledonae excl. 
Commelinidae (hereafter “basal monocots”), and Eudicotyledonae excl. Pen-
tapetalae (hereafter “basal eudicots”). Only the position of the new fossil de-
scribed below was free to vary. 

 We scored 14 leaf characters for 42 genera (Appendices 1 and 2). The repre-
sentative genera were chosen to include species with complex leaves. If multiple 
character states are present for a single character within a genus or species, all 
were recorded in the matrix. If character states could not be scored for a genus 
because it lacks the character (i.e., the character “leafl et venation” cannot be 
scored in plants with simple leaves), we followed  Hawkins et al. (1997)  and 
 Strong and Lipscomb (1999)  in assigning the value “?” for those fi elds. We also 
included some extinct genera of known phylogenetic position in the analysis as 
terminal taxa to capture the range of the morphological variation in lineages that 
have low extant diversity.  Sapindopsis  is included as a stem-genus along the 
branch leading to modern  Platanus  ( Crane et al., 1993 ), and  Exnelumbites  is in-
cluded as a stem-genus along the branch leading to modern  Nelumbo  ( Estrada-
Ruiz et al., 2011 ). All characters were unweighted and unpolarized, and we 
specifi ed  Amborella  as the outgroup. Multistate characters were unordered. We 
performed parsimony analyses using PAUP* version 4.0b ( Swofford, 2002 ). 

 We did not include taxa from more derived groups that radiated in the Late 
Cretaceous and Cenozoic because many taxa in these groups have characters 
and character states that are highly divergent from those present in the fossils, 
making it diffi cult or impossible to assess homology. Uncertainty about the 
homology of characters and character states between the fossils and derived 
eudicots would force us to score characters of the latter as “?” in the matrix. 
This would tend to obscure the phylogenetic position of the fossil. 

 Character defi nitions were based on those outlined in the  Manual of Leaf 
Architecture  ( Ellis et al., 2009 ), with three exceptions. First, leaf dissection 
characters (nos. 6 and 7) were coded using ontogenetic types, which correlate 
with gradients in leafl et size and depth of laminar dissection that can be ob-
served in mature leaves ( Gleissberg and Kadereit, 1999 ). Compound leaves of 
genera not in Papaveraceae were scored using the same system after consulting 
work on the development of leaf dissection in those taxa ( Turlier, 1979 ;  Sugiyama 
and Hara, 1988 ;  Pabón-Mora and González, 2012 ) and reviewing ontogenetic 
series of leaves in photographs and herbarium specimens. Second, the states for 
character 10 (tooth morphology) were simplifi ed to glandular, simple, or 
spinose because it is often diffi cult to distinguish among the different tooth 
types in fossils, as outlined by  Ellis et al. (2009) . This means that teeth scored 
as “glandular” may or may not be anatomically similar. Third, we included 
“reticulodromous” as a character state for primary vein framework (characters 
13 and 14) even though  Ellis et al. (2009)  considered it a character state for 
secondary vein framework. We used “reticulodromous” for leaves in which the 
primary and secondary veins were indistinguishable in their course and gauge. 

 Finally, we used Mesquite ( Maddison and Maddison, 2011 ) to determine the 
length of most parsimonious trees under different phylogenetic scenarios. We 
compared the length of trees in which  Euptelea  was sister to core Ranunculales, 
sister to Papaveraceae, and sister to both, as well as trees with  Ceratophyllum  
sister to eudicots, to monocots, and to both. 

paleoenvironment from functional morphology of leaves, sedi-
mentary context, and co-occurring fossils. 

 MATERIALS AND METHODS 

 Geologic and depositional setting —   The fossils are preserved as compres-
sions in a silty clay bed near the base of the Potomac Group exposure at Dutch 
Gap in Henrico County, Virginia, USA ( Fig. 1 ) . The Potomac Group beds at 
Dutch Gap are exposed along the south bank of the James River. The fossils we 
examined were collected at three different times. In 1971, L.J.H. and James A. 
Doyle collected USNM specimen 559298 ( Figs. 3 and 4 ; JAD/LJH locality 71-
111). In 1990, David W. Taylor collected YPM specimen 6815 (not fi gured). In 
1991, L.J.H. collected YPM specimen 60058 ( Fig. 5 ; LJH locality 91-11). A 
party led by N.A.J. returned to the site in 2013, but it had been covered with 
riprap to prevent erosion of the bank, so the original collecting site was no 
longer accessible. 

 The Potomac Group comprises, in stratigraphic order, the Patuxent Forma-
tion, the Arundel Clay, and the Patapsco Formation. The upper and lower units are 
often undifferentiated lithologically. The pollen and spore zones of  Brenner 
(1963)  and  Doyle and Robbins (1977)  provide biostratigraphic control on the 
age of lithologically undifferentiated Potomac Group deposits. The beds at 
Dutch Gap belong to the lower part of Zone I, which was once thought to be as 
old as Barremian ( Brenner 1963 ;  Doyle and Robbins, 1977 ) but is now consid-
ered Aptian ( Fig. 2 ) because of the presence of  Pennipollis  (formerly  Retimono-
colpites )  peroreticulatus  ( Brenner, 1963 ;  Upchurch and Doyle, 1981 ;  Doyle, 
1992 ;  Friis et al., 2000 ;  Hochuli et al., 2006 ).   

  TABLE  1. Putative Early Eudicot Megafossils. Age and important 
features of Aptian to mid-Albian megafossils (and one mesofossil:  T. 
lusitanica ) that have been compared with or assigned to eudicots or 
Ranunculales. 

Species Age
Characters used to infer 

eudicot affi nity

 Achaenocarpites capitellatus  1 104–113 Ma Herbaceous habit, leaves 3-fold 
to pedate, fruit achene

 Archaefructus  spp. 2,3,4,5 123–127 Ma Herbaceous habit,
compound leaves

LC-Microphyll trifoliate 6 113–120 Ma Trifoliate compound leaf,
glandular teeth

 Leefructus mirus  7 123–124 Ma Basally syncarpous gynoecium,
trilobed leaves,
herbaceous habit

 Ranunculaecarpus 
quinquecarpellatus  8 

104–113 Ma Apocarpous fruit,
capsular fruit

 Sagaria cilentana  9 104–109 Ma Lobed leaves,
glandular teeth,
superior gynoecium,
capsular fruit,
cymose infructescence

 Sinocarpus decussatus  10,11 123–124 Ma Herbaceous habit,
glandular teeth,
compound infl orescence,
superior gynoecium,
basally syncarpous gynoecium

 Teixeiraea lusitanica  12 109–115 Ma Tricolpate pollen,
fl owers microsporangiate,
numerous stamens,
helically arranged fl oral organs

 Ternaricarpites fl oribundus  1 104–113 Ma Herbaceous habit,
pinnately lobed leaves,
slightly zygomorphic perianth,
fruit a follicetum

 Vitiphyllum  spp. 4,13 109–115 Ma Trilobed leaves

References: 1.  Krassilov and Volynets, 2008 ; 2.  Sun et al., 1998 ; 3.  Sun 
et al., 2002 ; 4.  Friis et al., 2003 ; 5.  Doyle and Endress, 2010 ; 6.  Puebla, 
2009 ; 7.  Sun et al., 2011 ; 8.  Samylina, 1968 ; 9.  Bravi et al., 2010 ; 10.  Leng 
and Friis, 2003 ; 11.  Leng and Friis, 2006 ; 12.  von Balthazar et al., 2005 ; 
131.  Fontaine, 1889 .
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result of specialized secretory tissues, the buildup of secretory 
products, or increased production of sclerenchymatous tissue. 
Tertiary veins are rare, forming a faint reticulum that connects 
with the major (primary and secondary) veins primarily in the 
widest, distal portions of the lamina. 

 Holotype here designated—  USNM specimen 559298 is 
housed in the type collection in the Department of Paleobiol-
ogy, U.S. National Museum of Natural History, Smithsonian 
Institution, Washington, D.C., USA ( Figs. 3–5 ). 

 Paratypes—  YPM specimens 6815 ( Fig. 6 ) and 60058 are 
housed in the Division of Paleobotany at the Peabody Museum of 
Natural History, Yale University, New Haven, Connecticut, USA. 

 Etymology—   Potomacapnos  combines the Potomac River, 
along which the fossils were collected, and kapnos, the Greek 
word for smoke. Extant genera in the Fumarioideae are com-
monly called “fumitories” or “smoke worts.” The type genus is 
 Fumaria , derived from the Latin  fumus  (smoke), whereas sev-
eral other generic names (e.g.,  Capnoides ,  Lamprocapnos , 
and  Trigonocapnos ) use kapnos (its use in  Potomacapnos  is 
meant to emphasize the morphological similarity between the 

 RESULTS 

 Systematics —  
   Class —Magnoliopsida Cronquist, Takhtajan, and Zimmer-

mann, 1966. 
  Order —cf. Ranunculales Jussieu ex Berchtold & J. Presl, 

1820. 
  Family —cf. Papaveraceae Jussieu 1789. 
  Subfamily —cf. Fumarioideae Eaton, 1836. 
  Genus — Potomacapnos  gen. nov. 
  Species — Potomacapnos apeleutheron  gen. et sp. nov. 

 Combined generic and specifi c diagnosis—  Leaves composed 
of small, obovate, toothed, and asymmetrically lobed leafl ets 
with an indistinct lamina–petiolule transition. Marginal indenta-
tions grade continuously from teeth to lobes. Teeth are glandular, 
with the principal vein derived from a primary or secondary vein 
that enters the tooth medially. Accessory veins enter the teeth lat-
erally and are part of an intramarginal secondary vein. Primary 
vein framework is reticulodromous. Primary and secondary veins 
produce low angle dichotomies and anastomose rarely. The pri-
mary and secondary veins fuse with the intramarginal vein, which 
thickens near the apices of the teeth. This thickening may be the 

 Fig. 1. Map of Lower Cretaceous Potomac Group outcrop in Virginia and Maryland, USA. The Dutch Gap locality is indicated by an arrow near the 
southern end of the outcrop area.   
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USNM specimen 559298, and the transition between lamina 
and petiolule is indistinct, indicating that the fossil is a fragment 
of compound leaf ( Fig. 3 ). The left leafl et is twisted in the holo-
type, and on the same specimen the large principal lobe on the 
right leafl et bears two asymmetrical lateral lobes ( Fig. 3 ). The 
smaller principal lobe bears only one lateral lobe, which is 
also located exmedially. All lobes terminate in glandular teeth 
with accessory veins that are continuous with the intramar-
ginal vein. In larger lobes the intramarginal accessory veins 
are conspicuously thickened and thin gradually away from the 
apex ( Fig. 4 ). As the lamina widens toward the apex, the num-
ber of major veins increases via low-angle dichotomies. All 
major veins intersect the strong intramarginal vein that extends 
along the distal margin of the leafl ets. Minor (tertiary) veins are 
rare but can be seen in the wider, distal portions of the lamina, 
where they reticulate with each other and with the major veins 
( Fig. 6 ). Areolation is highly irregular, and we did not observe 
any freely ending veinlets. Vein density in the major lobe of the 
right leafl et is 2.55 mm/mm 2 . 

 Phylogenetic analysis —    The tree search yielded three most-
parsimonious trees of 77 steps, with  Potomacapnos apeleutheron  
in one of the following positions: (i) sister to a clade including 
 Fumaria  and  Corydalis , (ii) sister to  Corydalis , or (iii) sister to 
 Fumaria . The strict consensus tree is shown in  Fig. 7 .  Trees in 
which  Potomacapnos  is sister to  Hypecoum  or sister to the clade 
[ Hypecoum , [ Corydalis ,  Fumaria ]] are one step longer (78); no 
trees were found that are two steps longer than the shortest tree 
(79). Some alternative positions of  Euptelea  and  Ceratophyllum  
in the constraint tree lengthened the overall tree by one step but 
did not affect the most-parsimonious position of  Potomacapnos . 
Most of the character states observed in the fossils also occur 
outside of Fumarioideae; however, the combination of characters 
seen in  Potomacapnos  are found only in extant Fumarioideae. 

 DISCUSSION 

 Comparisons with extant and fossil plants —    The variability 
of leaf form among extant eudicots makes identifying leaf ar-
chitectural synapomorphies challenging, but the identifi cation 
of such characters will allow paleobotanists to identify eudicot 
megafossils and better understand the radiation of fl owering 
plants from the fossil record.  Geeta et al. (2012)  found moder-
ate support for complex/lobed leaves as the ancestral condition 
for eudicots in their analysis of 409 extant species, but the trait 
“complex leaves” is clearly independently derived many times. 
Complex leaves occur outside of the eudicot clade (e.g., mono-
cots, the genus  Illigera  in Laurales); and even within eudicots 
there are many lineages with complex leaves that originated in-
dependently from simple-leaved ancestors. Furthermore, gene 
expression studies have shown that complex leaf development 
across different eudicots and monocots is governed by various 
genetic pathways that only partially overlap ( Bharathan and Sinha, 
2001 ;  Groot et al., 2005 ;  Champagne et al., 2007 ;  Blein et al., 
2008 ;  Efroni et al., 2010 ;  Ikeuchi et al., 2013 ). 

  Gleissberg and Kadereit (1999)  used comparative ontoge-
netic data to clarify and classify the various types of complex 
leaf development in Papaveraceae. They expanded the classical 
categories of leaf dissection of  Tré cul (1853 ),  Prantl (1883) , 
and  Hagemann (1970)  (acropetal, basipetal, divergent, and 
polyternate) to include six modes of leaf dissection grouped 
into three classes based on directionality of leaf segmentation 

fossil and many modern fumitories). The specific epithet 
 apeleuther on  is the plural genitive case of the Greek word 
 apeleutheros , meaning “freedman.” This name honors the freed-
men who dug the Dutch Gap Canal in Virginia during the U.S. 
Civil War in 1864, exposing the sediments from which this fos-
sil was collected. Men of the Roanoke Island Freedmen’s Col-
ony in North Carolina were forcibly taken from their work at 
Fort Reno and from the colony by press gangs to dig the Dutch 
Gap Canal in August 1864 under the orders of Union Generals 
Palmer and Butler. Some of the details of this ordeal are given 
in a letter written by freedmen N. Baxter and S. Owens on 
behalf of the freedmen who had not been paid for their labor 
( Baxter and Owens, 1864 ). 

 Collecting locality—  Dutch Gap, Virginia, USA. N37.375 °  
W79.359 °  WGS84, LJH and JAD 71-117 and LJH 91-11. 

 Stratigraphic position and Age—  Lower part of Zone I, Poto-
mac Group; Aptian, Early Cretaceous. 

 Description—  Leafl ets obovate and 12–18 mm long with  ≤ 5 
lobes arranged asymmetrically ( Fig. 3 ). There is no indication 
of a node or axis where the leafl ets attach to one another in 

 Fig. 2. Age of the lower part of the Potomac Group (modifi ed from 
 Doyle, 1992 ;  Hochuli et al., 2006 ; dates on the left are from  Gradstein 
et al., 2012 ). The Dutch Gap locality is in the lower part of Zone I. Barr. = 
Barremian stage, Haut. = Hauterivian stage. Note the fi rst occurrence glob-
ally of angiosperm pollen in deposits of Hauterivian age, and of tricolpate 
pollen in upper Barremian deposits. In the Potomac Group, angiosperm 
pollen fi rst occurs in lower Zone I and tricolpate pollen is thought to fi rst 
occur in upper Zone I. Unequivocally crown-group eudicots that have been 
described previously come from deposits as old as mid-Albian.   
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species areole shape is regular and areole size decreases 
smoothly from the midvein toward the margin. In addition, all 
 Ceratopteris  lack an intramarginal vein, glandular teeth, and a 
reticulum of tertiary veins. Some members of Tectariaceae and 
bulbitoid Dryopteridaceae ( Moran et al., 2010 ) have angio-
sperm-like leaves because they have hierarchical reticulate 
venation, asymmetrically lobed pinnae, marginal teeth, and 
freely ending veinlets ( Figs. 13 and 14 ). However, areolation in 
these ferns is distinctively and regularly polygonal, and second-
ary or tertiary veins are stereotypically defl ected at junctions 
with fi ner veins. These similarities between some fern leaves 
and typical angiosperm leaves are clearly convergent when 
examined in detail, and we know that the common ancestor 
of ferns and angiosperms appears to have lacked stem-leaf or-
ganography ( Tomescu, 2009 ). 

 Studies of leaf fossils in the Potomac Group in the 1970s 
showed patterns of increasing diversity, abundance, and distri-
bution among depositional environments, as well as increasing 
average structural rigidity (as indicated by leaf rank) from the 
Aptian through the Cenomanian ( Doyle and Hickey, 1976 ; 
 Hickey and Doyle, 1977 ). The angiosperm leaves of the lower 
part of Zone I are rare, small, and simple, with mostly pinnate 
primary venation, although  Acaciaephyllum  has parallelo-
dromous/acrodromous major veins and  Proteaephyllum reni-
forme  has fl abellate primary venation ( Fontaine, 1889 ;  Berry, 1911 ; 
 Doyle and Hickey, 1976 ). The presence of  Potomacapnos  at Dutch 
Gap shows that angiosperm leaf morphology was more diverse 
than previously known in lower Zone I. 

 Some of the fossils from lower Zone I of the Potomac Group 
have been identifi ed as monocots and ANA-grade angiosperms 
( Fontaine, 1889 ;  Upchurch, 1984a ;  b ;  Doyle et al., 2008 ). Dis-
persed cuticles also indicate the presence of ANA-grade angio-
sperms in lower Zone I ( Upchurch, 1984b ). Tricolpate pollen, 
indicative of eudicots, has not been reported from the deposits 
at Dutch Gap; however, a few isolated grains were reported 
from offshore lower Zone I correlative deposits ( Doyle, 1992 ). 
If  Potomacapnos  is indeed a eudicot s.s. as suggested by our 
phylogenetic analysis, then the absence of tricolpate pollen at 
Dutch Gap is surprising. We offer two possible explanations. 
Tricolpate pollen could be absent because  Potomocapnos  was 
small, rare, and produced little pollen–features associated with 
entomophylly. Alternatively,  Potomocapnos  may not have pro-
duced tricolpate pollen because it was a eudicot stem lineage 
above the origin of eudicot-type leaves but below the origin of 
tricolpate pollen. Additional fossils comprising multiple organs 
are required to resolve this issue. 

 Ecological implications —    From an ecological perspective, 
the diversity of leaf form is governed by complex and interre-
lated tradeoffs between light capture, the economics of gas ex-
change, water supply, structural rigidity, and defense against 
herbivores and pathogens ( Givnish, 1987 ;  Wright et al., 2004 ; 
 Sack and Holbrook, 2006 ;  Brodribb et al., 2007 ;  Nicotra et al., 
2011 ;  Osnas et al., 2013 ). Leaf architectural characters are thus 
not easy to interpret in the context of ecology, but certain pat-
terns emerge across the diversity of angiosperm leaves that, 
when taken together, can be useful in interpreting the autecol-
ogy of fossil plants ( Wing and Boucher, 1998 ). Variably com-
pound or deeply lobed leaves are common in ruderal herbs and 
shrubs ( Givnish 1987 ;  Wing and Boucher, 1998 ). Small leaves 
are typical of herbs and of most plants in seasonally dry or arid 
climates ( Peppe et al., 2011 ). Large teeth and relatively disorga-
nized, low-density venation (e.g., low-rank leaves) are common 

during ontogeny. These three classes are (1) Polyternate/Acropetal/
Basipetal-pedate (PABpe) dissection, (2) Basipetal pinnate 
(Bpi) dissection, and (3) undissected or simple. The presence of 
each developmental pattern in a given species can be deter-
mined by examining ontogenetic series, and sometimes can be 
determined from adult morphology alone ( Ikeuchi et al., 2013 ). 
These three categories can also be applied to other “basal” eudicots 
with complex leaves ( Sugiyama and Hara, 1988 ;  Pabón-Mora 
and González, 2012 ). An additional category of leaf dissection, 
basipetal-palmate, appears to be represented in some Lardiza-
balaceae ( Sugiyama and Hara, 1988 ). 

 We scored  Potomacapnos  as “(1) present” for PABpe leaf dis-
section because the asymmetric arrangement of lobes and teeth 
seen in  Potomacapnos  is also seen in extant species of Ranuncu-
lales with leaf architecture that is intermediate between polyter-
nate and basipetal pedate and that undergo asymmetrical ternation 
on the basiscopic margin of lateral lobes or leafl ets. In addition to 
PABpe leaf dissection, other characters that together support the 
eudicot s.l. affi nities of  Potomacapnos  include the presence of 
glandular teeth, an intramarginal vein that is thickened near the 
teeth, primary and secondary veins that intergrade in course and 
gauge, reticulodromous major venation, and absence of freely 
ending veinlets. This combination of characters is common in 
extant Fumarioideae ( Figs. 8–10 ),  and many of these characters 
also occur in other herbaceous Ranunculales. 

 Prior work on the ontogeny of leaves outside of eudicots 
shows that they generally do not fi t the classifi cation scheme of 
Gleissberg and Kadereit ( Kaplan, 1973 ;  Turlier, 1979 ;  Periasamy 
and Muruganathan, 1986 ;  Gunawardena and Dengler, 2006 ). 
Trifoliate and palmate-pentafoliate leaves occur in  Cabomba , 
 Illigera , and some reticulate-veined monocots (e.g.,  Arisaema  
spp.). Pinnately compound, palmately compound, and dis-
tinctive compound leaves with adult morphology similar to 
basipetal-pedate leaves in Ranunculales all occur in mono-
cots (e.g.,  Arisaema tortuosum ,  Amorphophallus  spp.). Devel-
opmental studies of leaves in  Cabomba  ( Turlier, 1979 ) and 
monocots ( Kaplan, 1973 ;  Periasamy and Muruganathan, 1986 ; 
 Gunawardena and Dengler, 2006 ;  Jouannic et al., 2007 ) show 
that the segmentation pattern in these leaves is different from 
the patterns found in Ranunculales. We infer that compound 
leaves in these groups are probably not homologous with the 
compound leaves in eudicots, which implies that the genes for 
compound leaf development were recruited independently. Un-
fortunately, with the exception of some monocots ( Jouannic 
et al., 2007 ), the genetic basis of compound leaf development in 
non-eudicot angiosperms is not well understood. Our analysis 
suggests that although compound leaves do occur rarely in the 
other major clades of angiosperms, eudicots may have a unique 
potential for developing many different kinds of complex leaves, 
and that among extant angiosperms polyternate, intermediate 
polyternate-basipetal pedate, and compound basipetal pinnate 
leaves are unique to eudicots. 

 We interpret  Potomacapnos  as a eudicot s.l. but recognize 
that in some characters  Potomacapnos  resembles some ferns. 
Hierarchical reticulate (complex reticulate) venation, absence 
of freely ending veinlets in combination with reticulate vena-
tion, intramaginal (commissural) veins, and asymmetrically 
lobed pinnae can all be found in some ferns, but these are rarely 
found in combination. Some species of  Adiantum  combine mar-
ginal teeth and asymmetrically lobed pinnae ( Fig. 11 ),  but their 
teeth are never glandular, and venation generally lacks reticula-
tion. Some species of  Ceratopteris  combine simple reticulate 
venation and asymmetrically lobed pinnae ( Fig. 12 ), but in these 
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 Figs. 3–6.  Potomacapnos apeleutheron  gen. et sp. nov. 3, USNM 559298 (Holotype) showing two lobed leafl ets with reticulate venation, intramarginal 
vein, and glandular teeth. The right leafl et has two major lobes and three lateral lobes. The left leafl et has one major lobe and one minor lobe preserved. 
The left leafl et is folded under and twisted about its axis 180 ° . It is 1–2 mm deeper in the matrix than the right leafl et. L: Major lobe, ll: lateral lobe. Scale 
bar = 5 mm. 4, USNM 559298. Close-up of the right major lobe of the right leafl et from  Figure 3 . Note the marginal tooth supplied by the thickened in-
tramaginal vein at the white arrow. Also note the higher order reticulum indicated by the black arrow. Scale bar = 1 mm. 5, YPM 6185. A single asymmetri-
cal leafl et that is deeply lobed. Note that the right lobe is broader than the left lobe. Scale bar = 5 mm. 6, Illustration of the venation of the fossil shown in 
(5) at the same scale. Note the deep division of the leaf fragment into two major lobes.   
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herbs ( Pérez-Gutiérrez et al., 2012 ) with vein densities as low 
as 2.0 mm/mm 2  ( Fumaria sp.  NCLC-H 6702) and are known to 
colonize disturbed patches in forested ecosystems such as logs 
and pits ( Thompson, 1980 ;  Ehlers and Olesen, 2004 ). We infer 
that  Potomacapnos  had a similar ruderal life-history strategy. 

 Analysis of the sedimentology at Dutch Gap also supports 
similar climatic preferences for  Potomacapnos  and extant 
fumarioids, most of which are native to areas with seasonal 
temperate or Mediterranean climates ( Hutchinson, 1921 ). Our 
material of  Potomacapnos  was collected from a medium-gray 

features of shade-tolerant dicots ( Hickey and Doyle, 1977 ;  Feild 
et al., 2004 ,  2009 ). 

  Potomacapnos , like extant fumarioids, has compound leaves 
with deeply lobed leafl ets, large glandular teeth, and poorly 
organized (low-rank) venation. This similarity could refl ect re-
tention of ancestral features in living herbaceous poppies rather 
than shared derived features of crown-group Fumarioideae. If 
this is the case, we suggest that retention of these features is 
driven by similarity in ecological function. Extant fumarioids 
are small-seeded annual or perennial rhizomatous or climbing 

  

 Fig. 7. Strict consensus tree showing the position of  Potomacapnos apeleutheron  gen. et sp. nov. associated with the subfamily Fumarioideae. Branch coloring 
refers to the number of steps under parsimony (morphological character changes) that are required if  P. apeleutheron  is attached to the corresponding branch.   
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 Figs. 8–10. Leafl ets of three species of extant Fumarioideae. 8, Trilobed lateral leafl et of  Cysticapnos africanus  US 617339. Note the thickened intra-
marginal vein near the tooth apex at arrow. Also note that the course and gauge of the primary veins are indistinguishable from the secondary veins and that 
the areolation is irregular. Scale bar = 5 mm. 9, Bilobed lateral leafl et of  Trigonocapnos curvipes  US 552984. Note the presence of an intramarginal vein. 
Scale bar = 5 mm. 10, Lobed leafl ets of  Corydalis micrantha  US 583020. Note alternating asymmetrical lobes and higher vein density compared with 
leafl ets in  Figures 8 and 9 . Scale bar = 5 mm.   
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 Figs. 11–14. Fern pinnae with features similar to  P. apeleutheron.  11, Pinnae of  Adiantum capillus-veneris  US 2201732. The asymmetrically lobed 
pinnae are borne on a pedate frond. Note the dichotomizing veins that terminate in teeth at the margin. Scale bar = 5 mm. 12, Pinnule of  Ceratopteris th-
alyctroides  US 2732636. Note the reticulate venation formed by a single order of veins. Also note the regular pattern of areolation, with areole size decreas-
ing toward the margin and the vegetative bud in the sinus at the lower left of the image. Scale bar = 5 mm. 13, Lateral pinna of  Tectaria trifoliata  US 534049. 
Note the large basal lobe, which is basiscopic in the whole frond. Scale bar = 20 mm. 14, Close-up of  Tectaria trifoliata  US 534049 from the box indicated 
in  Figure 13 . Note the hierarchical reticulate venation, freely ending veinlets, and scattered sori. Also note the absence of an intramarginal vein and the 
absence of glandular structures at the teeth. Scale bar = 5 mm.   
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silty clay bed with planar fabric, but no evident lamination ex-
cept near its contact with the underlying sand bed ( Upchurch 
and Doyle, 1981 ). Larger clasts in the silty clay matrix are pri-
marily organic debris (e.g., charcoal fragments and megaspores) 
or mica fl akes. There is no evidence of fl aser bedding, ripples, 
or strong bioturbation that would indicate tidal infl uence 
( Upchurch and Doyle, 1981 ). The most common megafossils 
are foliage of the bennettitalean plant  Dioonites buchianus  and 
occasional compressions of bracts that subtend strobili, which 
are comparable to the bennettitalean  Williamsonia.  These 
two organs likely represent the same plant. Foliage of ferns 
(Schizaeales) and conifers (Cheirolepidiaceae and taxodiaceous 
Cupressaceae) is common. Mesofossils from Dutch Gap have 
revealed additional diversity, including the seeds and pollen 
organs of enigmatic gymnosperms ( Pedersen et al., 1993 ). 
This type of bennettitalean and conifer dominated fl ora with 
several species of ferns is typical of Early Cretaceous sub-
tropical fl oodplain assemblages ( Vakhrameev, 1987 ). During 
the 2013 return to Dutch Gap, N.A.J. examined small expo-
sures of the lower part of pollen Zone I a few meters above the 
level from which  Potomacapnos  was collected. Here, blocky 
clay beds alternate with sandy siltstone beds and matrix-sup-
ported cobble-conglomerate beds.  Dioonites  fragments domi-
nate in the clay beds and sandy siltstones, but fern fragments 
and conifer shoots assignable to Cheirolepidiaceae and taxo-
diaceous Cupressaceae were also found. Together, the avail-
able sedimentological information suggests alternating periods 
of low-energy deposition and very high-energy deposition, typ-
ical of fl uvial systems in a seasonal climate, or possibly peri-
odic storm deposits. 

 The description of  Potomacapnos apeleutheron  contributes 
to an emerging picture of early (Hauterivian–Aptian) fl owering 
plants as locally rare, herbaceous plants that were nevertheless 
geographically widespread and morphologically diverse. The 
evidence for the herbaceous habit comes from the characters 
described above in  Potomacapnos , as well as other characters 
observed in other early angiosperm fossils ( Taylor and Hickey, 
1990 ,  1996 ;  Sun et al., 1998 ;  Leng and Friis, 2003 ;  Doyle et al., 
2008 ;  Mohr et al., 2008 ) and from the virtual absence of 
Hauterivian–Aptian angiosperm wood fossils ( Stopes, 1913 ; 
 Nishida, 1962 ;  Suzuki and Nishida, 1974 ; but see  Hughes, 
1976 ;  Oh et al., 2011 ), despite the abundance of fossil gymno-
sperm wood ( Philippe et al., 2008 ;  Peralta-Medina and Falcon-
Lang, 2012 ). The fossil evidence for herbaceous habit in early 
angiosperms, and in particular early eudicots and monocots, su-
perfi cially confl icts with phylogenetic studies of living plants in 
which the common ancestor of both eudicots and crown-group 
angiosperms has been reconstructed as woody ( Kim et al., 2004 ). 
This confl ict is resolved if a vascular cambium was present in 
the common ancestors of eudicots and crown group angio-
sperms, but its activity was limited as in many modern herbs 
and small shrubs ( Stebbins, 1965 ;  Groover, 2005 ). 

 Conclusions —     Potomacapnos apeleutheron  has a combina-
tion of leaf architectural synapomorphies and plesiomorphies 
that support a relationship with crown-group Ranunculales. 
However, given the age of the fossils and their fragmentary na-
ture we cannot exclude a phylogenetic position as a ranuncula-
lean- or eudicot-stem lineage. Rather than indicating membership 
in crown-group Papaveraceae, the strong morphological simi-
larity of  Potomacapnos  to many extant Fumarioideae may re-
fl ect ecological similarity and the retention of ancestral features 
in some modern herbaceous poppies. The superfi cial similarity 

of  Potomacapnos  to the foliage of some ferns is a result of evo-
lutionary convergence between analogous megaphylls. 

 The description of  Potomacapnos apeleutheron  adds to the di-
versity of angiosperm leaf types known from the Potomac Group 
and confi rms the presence of herbaceous angiosperms with eu-
dicot-type vegetative features at an early stage in angiosperm evo-
lution. Rarity and the herbaceous habit were probably characteristic 
of eudicots during the earliest phase of their diversifi cation. 
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  APPENDIX  1. Characters and character states. 

 1. Petiole attachment: (0) marginal (1) peltate 
 2. Primary and secondary veins (0) indistinct (1) distinct 
 3. Apical fusion of primary/secondary veins (0) absent (1) present 
 4. Intramarginal vein (0) absent (1) present 
 5. Intramarginal vein (0) uniform (1) thickened 
 6. PABp leaf dissection (0) absent (1) present 
 7. Basipetal pinnate leaf dissection (0) absent (1) present 
 8. Freely ending veinlets (0) absent (1) present 
 9. Teeth along margin of leaf blade (0) absent (1) present 
 10. Tooth morphology (0) glandular (1) simple (2) spinose 
 11. Minor tertiary veins (0) absent (1) present 
 12. Leaves (0) simple (1) compound 
 13. Venation of leafl ets (0) pinnate (1) actinodromous (2) palinactinodromous 

   (3) reticulodromous (4) campylodomous (5) open 
 14. Primary vein framework of leaf (0) pinnate (1) actinodromous (2) 

   palinactinodromous (3) reticulodromous (4) campylodomous (5) open 

  APPENDIX  2. Matrix of genera and character states. 

 Amborella 0100?0011010?0 

 Cabomba 1000?0000?10?1 

 Nuphar 0100?0000?10?0 

 Trimenia 0100?0011010?0 

 Illicium 0100?0010?10?0 

 Schizandra 0100?0011010?0 

 Austrobaileya 0100?0010?10?0 

 Chloranthus 0100?0011010?0 

 Myristica 0100?0010?10?0 

 Illigera 0100???10?110? 

 Drimys 0100?0010?10?0 

 Piper 0100?0010?10?0 

 Peperomia 1100?0010?10?0 

 Asarum 0100?0010?10?2 

 Acorus ?010?0000?10?4 

 Lasia 0100?0010?10?0 

 Ceratophyllum 2000?4000?00?5 

 Euptelea 0100?0011110?0 

 Lardizabala 0100?10112110? 

 Circaeaster 2000?0001100?5 

 Menispermum 110{0 1}0{0 1}011110?1 

 Berberis 2100?0010210?0 

 Ranunculus 0100?{0 1}01101{0 1}?2 

 Pteridophyllum 0010?01010114? 

 Papaver 0100?{0 1}{0 1}11{0 2}10?0 

 Corydalis 0011110010113? 

 Fumaria 0011110010113? 

 Stylophorum 0100?10110110? 

 Hypecoum 000??11010113? 

 Macleaya 0100?1011010?0 

 Sanguinaria 0100?1011010?2 

 Glaucium 0100?011101{0 1}00 

 Sabia 0100?0010?10?1 

 Platanus 0100?101111022 

 Sapindopsis 0100???10?110? 

 Exnelumbites 110100001010?1 

 Nelumbo 1100?0000?10?1 

 Trochodend 0100?0011010?0 

 Placospermum 0100?1010?10?0 

 Potomacapnos 1011110010113? 

 Tetracentron 0100?0011010?1 

 Arisaema 011101001?110? 


