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dominance of early angiosperms during the Cretaceous in
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|ABSTRACT |

Our aim is to evaluate the influence of climate and latitude on the rise to dominance of angiosperms in space and
time during the Cretaceous. The main objectives of the study are: 1) to determine whether a relationship existed
between plant biogeographical distribution and Cretaceous climate changes; 2) to explore latitude-dependent
forcing on early angiosperm ecology; 3) to propose a mechanism explaining the observed stages of radiation in
early angiosperms. The study focuses on 18 Cretaceous megafossil localities and reviews on microfossils in the
Northern Hemisphere.

A database has been compiled using literature and personal unpublished data. The data document occurrences of
micro- and megafossil plant remains including spores, pollen grains, leaves and whole plants. They are placed
in context through the use of Cretaceous geographical maps and temperature curves or values. There is a clear
correlation between latitude and the composition of Cretaceous floras. Latitudinal vegetation belts fluctuated in
concert with climate changes during the Cretaceous. Differences in original plant associations may have driven
the gradual plant turnover that resulted in the rise to dominance of early angiosperms during the Cretaceous.
Cretaceous climate changes created dispersal bottlenecks. Bottlenecks induced the extinction of some plant groups
and the radiation of others. Those that successfully radiated continued to spread.

KEYWORDS | Early angiosperms. Radiation. Rise to dominance. Palaeohotany. Palynology. Palaeogeography. Palaeoclimates. Cretaceous. North Hemisphere.

INTRODUCTION a most perplexing phenomenon” (see correspondence letters
written by Charles Darwin compiled in Darwin and Seward,

In 1875, Sir Charles Darwin wrote: “the sudden appearance 1903). In the context of the theory of punctuated equilibrium

of so many Dicotyledons in the Upper Chalk appears to me (Gould and Eldredge, 1977), this sudden appearance may
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be explained by the substitution by peripheral taxa and their
rapid spread, of and substitution by peripheral taxa, originating
in areas in which allopatric speciation occurred. Darwin
suggested a pre-Cretaceous angiosperm evolution ‘“during
long ages a small isolated continent in the S. Hemisphere
which served as the birthplace of the higher plants” (see
correspondence letters written by Charles Darwin compiled in
Darwin and Seward, 1903). This proposal was supported by
early Cretaceous tricolpate pollen grains (see review by Doyle
and Hickey, 1976), suggesting that Eudicots first appeared in
the low latitudes at or near the Barremian/Aptian boundary, and
spread poleward during the Albian-Cenomanian. During the
Cretaceous not only angiosperms, but also other plant clades
experienced a radiation. It happened in core leptosporangiate
ferns (Schneider et al., 2004), gnetales (Crane and Lidgard,
1989), and the conifer families Podocarpaceae (Kelch, 1998)
and Pinaceae (Wang et al., 2000). The core leptosporangiate
fern radiation was associated with the rise to dominance
of angiosperms in forests, which established new plant
communities and habitat traditions. In contrast other radiations
were not definitively related to the rise to dominance of
angiosperms. These radiations do not only share synchronism
but they also probably had the same tropical origins. The
Cretaceous was a period of tremendous climate changes,
and so we also wonder about the role of climate in forcing
vegetation changes and plant turnover during the Cretaceous.

PALYNOLOGICAL RECORD

The earliest unequivocal angiosperm records are
pollen grains from the Valanginian of Israel and Morocco
(see Barret and Willis, 2001 and references therein),
between palaeolatitudes 5 and 25°N. By the Valanginian
angiosperms spread poleward, and pollen grains were
already widespread during the Barremian (Barret and
Willis, 2001, Fig. 1). However, angiosperms did not
become ecologically dominant during this Valanginian-
Barremian early spread. At low latitudes, angiosperms
remained a minor component of sporomorph assemblages
during the Barremian (Hendriks and Schrank, 1990).

The second spread phase is characterized by the first
occurrence of tricolpate pollen grains at low latitudes during
the latest Barremian (Hickey and Doyle, 1977; Hughes,
1994; Fig. 1). Tricolpate pollen grains reached mid latitudes
by the Albian (e.g. Heimhofer et al., 2005) and high latitudes
during the Cenomanian (Hickey and Doyle, 1977). During
the late Cretaceous, angiosperms represented 60-80% of
sporomorph assemblages at low latitudes compared to 30-
50% at high latitudes (Barret and Willis, 2001).

Crane and Lidgard (1989) noted the striking increase in
gnetalean diversity, especially ephedroids, contemporaneous
with the initial angiosperm diversification at low latitudes
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leading up to the Aptian. During the Aptian, Araucariaceae
and ferns (Schizaeaceous) decreased, whereas drier conditions
probably favoured the observed increase in proportion within
the fossil conifer family Cheirolepidiaceae (Hendriks and
Schrank, 1990). These trends lasted until the Cenomanian with
a further drastic decrease in fern spores (down to less than 5%
of total sporomorph assemblages), a more moderate decrease
in ephedroids, and a rise to dominance of angiosperms
(Hendriks and Schrank, 1990). An increase in humidity
during the late Cenomanian-Turonian can be deduced from
the drop in frequency of ephedroid pollen grains (Ibrahim,
1996). The Campanian-Maastrichtian palynology records a
more humid tropical climate in Egypt. This is indicated by a
slight increase in fern abundance as well as by the widespread
occurrence of the pollen grain Spinizonocolpites baculatus
Muller, which is related to the living tropical mangrove palm
Nypa Steck (Hendriks and Schrank, 1990).

PALAEOBOTANICAL RECORD

Low latitudes (30°S-30°N)

The angiosperm fossil record from the Lower Cretaceous
of low latitudes is sparse and hence poorly documented in
the literature. The earliest angiosperm record at low latitudes
is Montsechia vidalii (Zeiller) Teixeira from the Barremian
of Las Hoyas (Spain, Fig. 2), which is interpreted as an
aquatic plant (Gomez et al., 2006). Pons (1988) described
angiosperms (Monocotylophyllum heterophyllum Pons,
Moutonia quetamensis Pons, M. sinuata Pons) from the
probable Aptian of Villavicencio (Columbia, Fig. 2).
The Villavicencio locality yielded pollen assemblages
exhibiting similar angiosperm morphologies and low levels
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FIGURE 1 | Latitudinal distribution of earliest angiosperm monocolpate
pollen grains (Barret and Willis, 2001) and tricolpate pollen grains
(Doyle and Hickey, 1976) versus 820 variation (Veizer et al., 2000)
during the Cretaceous.
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of diversity to those from the Aptian-Albian of the Arundel
Fm. and the Patuxent Fm. These latter assemblages were
interpreted as representing floodplain understory floras
(Hickey and Doyle, 1977).

In the Southern Hemisphere the most noteworthy
locality is from the late Aptian-early Albian of the Crato
Fm. in Brazil (Fig. 2), from which Mohr and collaborators
described small-leaved Magnoliids (Araripa and
Endressinia) and aquatic angiosperms (Pluricarpellata,
Klitzschophyllites) (Mohr and Friis, 2000; Mohr and
Eklund, 2003; Mohr and Bernardes-de-Oliveira, 2004,
Mohr et al., 2008). Similar plant assemblages containing
early aquatic angiosperms occur in southernmost Laurasia
(Almargen Fm. in central Portugal, Teixeira, 1948, 1952;
Mohr et al., 2006; Utrillas Fm. in north-eastern Spain,
Gomez et al., 2009; Sender et al., 2010) and along the
northern African margins of Gondwana (Fig. 2) (Abus
Ballas Fm. in Egypt, Mohr et al., 2006; Bir El Karma in
Tunisia, Barale and Ouaja, 2001; Kurnub Fm. in Jordan,
Taylor et al., 2008). Mohr et al. (2006) suggested that these
Aptian-Albian, low latitude regions experienced seasonal
droughts. Under these conditions, angiosperms remained
a minor component of the early Cretaceous vegetation
and were restricted to floodplain understories and aquatic
environments.

By the Cenomanian more diversified angiosperm
floras appeared: from the Cenomanian of Nammouria in
Lebanon (Krassilov and Bacchia, 2000) and of Bahariya
Oasis in Egypt (Lyon, 2001), and from the Turonian of
Gerofit (Israel; Dobruskina, 1997) (Fig. 2). These plant
assemblages were dominated by angiosperms, which
represented more than two-thirds of the species’ richness.
They showed systematical similarities to mid-latitude
floras (e.g. presence of platanoid and lauroid leaves). The
occurrence of platanoid leaves also suggested that tree
angiosperms already existed (Dobruskina, 1997; Lyon,
2001). The Late Cretaceous plant record is very scarce but
Upchurch er al. (1998) suggested that tropical rainforests
existed during the Campanian?-Maastrichtian based on the
occurrence of numerous coal deposits. An angiosperm-
dominated tropical rainforest assemblage was also
described from the Campanian/Maastrichtian of Coahuila
in Northern Mexico (Upchurch et al., 2008; Estrada-Ruiz
et al., 2009).

Mid latitudes (30°N-60°N)

The most complete record of earliest whole-plant
angiosperms has been found at mid latitudes from the
Hauterivian?-Barremian: Archaefructus spp. (Liaoning
province, China, Sun et al., 1998, 2002; Ji et al., 2004),
Sinocarpus decussatus Leng et Friis (Liaoning province,
China, Leng and Friis, 2003), Bevhalstia pebja Hill (Weald
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Clay Group of Surrey and Sussex, southern England,, Hill,
1996) (Fig. 2). These occurrences postdate the earliest
angiosperm pollen grains by about ten million years. They
also provide key information about the gross morphology
and ecology of the pre-tricolpate angiosperms. All of these
assemblages were found in lacustrine deposits and most of
the angiosperms present were aquatic (Friis et al. 2003 and
references above).

During the Aptian-Albian, the ecological range of
angiosperms at mid latitudes increased tremendously
from only floodplain understories during the Aptian to
colonisation of most environments during the Cenomanian
(Coiffard et al., 2006, 2007). This apparently sudden
increase in distribution and prevalence may be explained
ecologically by the late spread of angiosperms that were
settling into coastal environments and that therefore had an
excellent fossilization potential. Hickey and Doyle (1977)
proposed an ecological scenario for angiosperm radiation
during the Aptian-Cenomanian in four stages: 1) during
the Aptian angiosperms were restricted to floodplain
understories; 2) during the mid Albian they invaded early
successional thickets; 3) at about the Albian/Cenomanian
boundary they spread among riparian trees, and 4) they
settled in the forest canopy during the Late Cretaceous.
During the Campanian-Maastrichtian especially, palms
started to dominate coastal freshwater swamps (Marmi
et al., 2008, 2010; Coiffard and Gomez, 2009; Villalba-
Breva et al., 2012). Nevertheless, angiosperms remained a
minor component of the terrestrial biomass until the end of
the Cretaceous (Moldowan et al., 1994), and most forests
remained dominated by conifers, particularly members
of the Taxodiaceae. This scenario was based on the
lowermost mid latitudes. However, according to Crabtree
(1987), the earliest megafossil angiosperms at higher mid
latitudes were Sapindopsis leaves from the middle Albian
of Northern Rocky Mountains (about 40-60°N) similar to
those characterising the second colonisation stage of Hickey
and Doyle (1977). These angiosperms may represent lower
latitude immigrants (Retallack and Dilcher, 1986).

High latitudes (60°N-90°N)

Until the end of the Albian, forests were dominated by
conifers, with broad-leaved Podozamites-like trees being
the most common source of foliage. Ginkgophytes were
diverse but restricted to river margins or back levees, and
cycads were relatively common but spatially restricted.
Ferns and sphenophytes were early colonizers and were
common ground cover elements (Askin and Spicer, 1995).

Rare angiosperms (Cissites) occurred in Ginkgo-dominated
riparian environments from the Late Albian of Kukpowruk
(Fig. 2, Spicer and Herman, 2001). Angiosperms started to
diversify and established as shrubs or small trees in riparian
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FIGURE 2 | Vegetation spread and evolutionary events during the Creta-
ceous. 1) Eudicot spread into mid latitudes, 2) Eudicot radiation at mid
latitudes, 3) Extinction of megathermal forests, 4) Palmae province,
5) Return of megathermal forests to low latitudes, 6) Rise of Fagales
under cooler climates, 7) Dominance of Pinaceae at high latitudes.

communities, mixing with cycadophytes and ferns (Spiceretal.,
2002). The most mature stages of serial successions were still
dominated by conifers. By the Late Cenomanian, angiosperm
diversity had risen to more than 60 leaf morphologies in Alaska
(Spicer and Parrish, 1990). The vegetation was still dominated
by conifers but needle-leaved conifers were less common. By
the Coniacian, needle-leaved conifers and Podozamites had
disappeared, whereas taxodiaceous foliage was common.
Platanoid angiosperms were still dominant along river and
lake margins, and began to penetrate into forests. By the
Campanian, overall diversity had dropped in Northern
Alaska (85°N). Angiosperms were mostly herbaceous,
and conifers were only represented by two taxa (Askin
and Spicer, 1995). The mega- and microfossil plants from
the Maastrichtian of Hansen Point showed low to middle
diversity. The vegetation was dominated by taxodiaceous
conifers associated with subordinate angiosperms,
bryophytes, conifers, cycads, ferns, ginkgos, lycopods and
pines, co-existing in laterally and temporarily extensive
peat mires and associated floodplain substrates (Falcon-
Lang et al., 2004).

PALAEOCLIMATES THROUGH THE CRETACEOUS

During the Cretaceous, mid-oceanic ridge activity
increased and large igneous provinces formed. This
resulted in excessive greenhouse gas production and led
to the warmest Phanerozoic interval during the early Late
Cretaceous (Veizer et al., 2000).

The Early Aptian and Late Aptian-Early Albian are
marked by two oceanic anoxic events (OAE la and 1b)
characterized by negative '’C excursions. The OAE la
was linked to the Otong-Java super-plume (Leckie et al.,
2002), whereas the OAE 1b was related to a worldwide
5°C cooling (Steuber et al., 2005). Weissert and Lini
(1991) attributed this cooling to a positive feedback of
carbon storage inducing a decrease in atmospheric CO,.
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It was during the Albian, that oceanic ridge spread
produced high levels of CO,. As a consequence global
warming occurred, with temperatures increasing from
12-14°C to 22-26°C in the North Atlantic Ocean (Leckie
et al., 2002; Price and Hart, 2002). Temperatures
increased by an additional 5°C during the Late Albian,
coincident with a new worldwide OAE Ic (Stoll and
Shrag, 2000).

The warmest temperatures of the Phanerozoic occurred
during the Cenomanian interval (Veizer et al., 2000).
CLAMP analyses show that high latitudes had a temperate
climate with Mean Annual Temperatures (MAT) of about
13°C in Grebenka (Russsia, about 70°N, Spicer et al.,
2002), whereas mid latitudes experienced a subtropical
climate with a MAT of 17-20°C in Bohemia (Czech
Republic, about 40°N, Kva ek et al., 2000).

CLAMP analyses also indicated a post-Santonian
cooling, especially those based on angiosperm leaves from
the Campanian flora of Bohemia. These showed a MAT
of about 14°C (Herman and Kvacek, 2002), indicating a
30° poleward latitudinal shift of temperate belts. During
the Maastrichtian, high latitudes had a cold climate with a
MAT of about 4-5°C (Spicer and Parrish, 1990).

DISCUSSION
Major Cretaceous plant turnover

Maslin et al. (2005) conducted a survey of the
latitudinal distribution of vegetation during the last
100 million years, to determine how climate change
disturbed tropical rainforests. They suggested that ice
house megathermal forests were restricted to certain
areas of tropical belts during the coolest periods,
as occurred during the last Ice Age. As the global
temperatures increased, megathermal forests could be
expected to spread until they occupied most areas of
tropical belts, as we can observe today in contemporary
floras. Winter temperatures would then become warm
enough to allow for the spread of megathermal forests
into mid latitudes (e.g. during the Miocene, Maslin
et al., 2005). Under greenhouse climates (e.g. during
the Cenomanian), megathermal forests at low latitudes
would not exist, being strongly constrained by a warm,
seasonally-marked, drought monsoonal climate.

The model of Maslin et al. (2005) can explain plant
palaeogeography during the Cretaceous. The Aptian-Albian
warming would have allowed tropical elements to spread
into mid latitudes (e.g. Eudicots, Fig. 3). However, this
spread implies long distance dispersal with few colonists
that would have created an evolutionary bottleneck,
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especially in the Northern Hemisphere where the Tethys
sea represented a large barrier. Taxa crossing the barrier
would have experienced a rapid niche expansion as a result
of ecological release, as takes place during mass extinction
or island colonization. This would have led to an increase
in the rate of species radiation (Fig. 3). Eudicots developed
new ecological strategies during the Albian as they evolved
new tree and shrub habits in ruderal environments (Hickey
and Doyle, 1977; Coiffard et al., 2007). The Albian-
Cenomanian warming would have driven the spread
of megathermal forests into higher latitudes, allowing
Eudicots to enter these new habitats, while they continued
expanding their ecological ranges at low and mid latitudes
(e.g. salt tolerant ecology, Coiffard et al., 2006; Gomez
et al., 2008). By the Aptian, aridity had increased at low
latitudes (Hendriks and Schrank, 1990), causing the
extinction of megathermal forests before the Cenomanian
(Fig. 3). This may have resulted in the extinction of some
tropical clades at that time, because these were unable to
adapt timeously to drier environmental conditions, and
were unable to disperse into mid-latitudes. The Albian-
Cenomanian global warming had, therefore, again played
a major role in shaping the terrestrial vegetation, probably
inducing much extinction in tropical areas and where
geographical barriers occurred.

During the Coniacian-Maastrichtian, the Palmae province
developed at low latitudes (Friis et al., 2006, Fig. 3), while
new extinctions occurred among gymnosperms, especially
in the conifer family Cheirolepidiaceae. These trends
may have been partly driven by the return of competitive
megathermal forest taxa from mid latitudes to low latitudes
predicted as a response to global cooling (Fig. 3). This
return may have induced another bottleneck, which
especially affected conifers negatively, and favoured woody
angiosperm trees (Jacobs, 2004; Philippe et al., 2008).
It has been suggested that tropical rainforests similar to
those of the present day, occurred during the Maastrichtian
(Upchurch et al., 1998; Morley, 2003). The increase in
Normapolles pollen grains revealed a rise in Fagales, while
angiosperms spread in cooler climates (Fig. 3). At the same
time, Pinaceae became dominant at high latitudes (Falcon-
Lang et al., 2004, Fig. 3).

Evolution of ecology

Plant turnover during the Cretaceous appears to have
been driven by the spread of megathermal forests from
low latitudes to mid latitudes. This spread would have
induced bottleneck-driven evolutionary radiation. While
climate warmed at high latitudes, taxa were driven from
low latitudes to mid latitudes. Pollen grains from the
Hauterivian suggest that angiosperms already existed
before the mid Cretaceous plant turnover (Hughes et al.,
1991). Thus, they had probably already evolved innovations
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allowing them to compete successfully with the dominant
gymnosperm clades. The taxonomic composition of
biomes was probably strongly influenced by the rarity
of species transitions between biomes (Donoghue, 2008;
Crisp et al., 2009) because most clades should be restricted
to one biome. This latter assumption suggests that
adaptations to major climate changes were dissimilarly
accomplished in different lineages. As a consequence,
when corridors allowed for the spread of plant taxa into
newly emerging environments, these environments would
be filled with species that had filtered through from areas
where the relevant adaptations had already evolved, rather
than remaining colonised by plants that evolved these
adaptations in situ. In our scenario, the newly emerging
environments were the megathermal forests at mid latitudes
during the Mid-Cretaceous (during a period of global
warming) and at low latitudes during the Late Cretaceous
(during a period of global cooling).

From an adaptive point of view, equatorial rainforests
are the most productive terrestrial environments on Earth
today. However such productivity goes hand in hand with
strong competition (Kadmon and Shmida, 1990; Grime,
2001). Thus, plants are subject to strong selection pressures
while gathering resources (e.g. nutrients, light for growth
in forests). Rich environments also lead to high phenotypic
plasticity during times of stress (Grime, 2001), which can
drive the evolution of new Baupldne. In contrast, plants
growing up in resource-poor environments develop stress-
tolerant strategies (to e.g. drought, coldness), and they usually
display evolutionary convergences (e.g. succulency, rosette
habits). Furthermore, mutation rates in tropical clades are
higher and affect both coding and non-coding DNA, leading
to a faster rate of evolution (Davies et al., 2004).
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