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In 1879, Charles Darwin characterized the sudden and unexplained
rise of angiosperms during the Cretaceous as an “abominable mys-
tery.” The diversification of this clade marked the beginning of
a rapid transition among Mesozoic ecosystems and floras formerly
dominated by ferns, conifers, and cycads. Although the role of en-
vironmental factors has been suggested [Coiffard C, Gómez B (2012)
Geol Acta 10(2):181–188], Cretaceous global climate change has
barely been considered as a contributor to angiosperm radiation,
and focus was put on biotic factors to explain this transition. Here
we use a fully coupled climate model driven by Mesozoic paleogeo-
graphic maps to quantify and discuss the impact of continental drift
on angiosperm expansion and diversification. We show that the
decrease of desertic belts between the Triassic and the Cretaceous
and the subsequent onset of long-lasting humid conditions during
the Late Cretaceous were driven by the breakup of Pangea and
were contemporaneous with the first rise of angiosperm diversifi-
cation. Positioning angiosperm-bearing fossil sites on our paleobio-
climatic maps shows a strong match between the location of fossil-
rich outcrops and temperate humid zones, indicating that climate
change from arid to temperate dominance may have set the stage
for the ecological expansion of flowering plants.

climate modeling | paleogeography

Angiosperms have gradually dominated terrestrial environ-
ments after their appearance during the Early Cretaceous

(1, 2). Their radiation was characterized by high and rapid di-
versification (3, 4), high rates of speciation throughout the
Cretaceous (5), and unprecedented ecological dominance. Most
hypotheses to explain angiosperm radiation invoke biotic (instrin-
sic) factors, such as pollinating insects (6), coevolution with
herbivorous insects (7), morphological novelties (8), or eco-
physiological innovations (9–11) as well as macroevolutionary
patterns (1). However, recent studies have shown that extrinsic
influences combined with biotic factors may drive species di-
versity at the multimillion-year time scale (6, 12), reviving the
potential role of global climate change (13, 14) on angiosperm
radiation. Such a combination is supported by fossil data, as il-
lustrated by the latest studies based on the European megafossil
plant record that provided a scenario in which angiosperm ra-
diation was concomitant, in space and time, with the evolution of
the physical environment (15).
Although the Cretaceous climate is described as warm and

equable, onset of such climatic conditions is gradual (16) and
results from long-term processes that occurred throughout the
Mesozoic. Climate simulations were conducted using a fully
coupled ocean–atmosphere general circulation model (FOAM)
for five continental configurations, from the Middle Triassic [225
million years ago (Ma)] to the Late Cretaceous (70 Ma). The
coupling of the Lund–Potsdam–Jena dynamic global vegetation
model (LPJ) within FOAM experiments helped to account for
vegetation feedbacks on the climate system and to build the most
accurate paleoclimatic maps for each of the five periods. Three
atmospheric pCO2 levels have been tested for each paleoge-
ography (560 ppm, 1,120 ppm, and 2,240 ppm). This range

covers the large uncertainties of pCO2 estimates for these
geological periods.
To validate our paleoclimatic experiments, the geographical

distribution of climate-sensitive sediments such as evaporites (dry
or seasonally dry climate indicators) and coals (humid climate
indicators) have been compared with our maps of simulated biomes
for each time period (Fig. S1). Overall, for every time period, the
spatial fit between coals and humid biomes is higher for 1,120-ppm
and 2,240-ppm pCO2 scenarios than for 560 ppm (Table S1 and
Fig. S1). Still, relative distribution of arid and humid zones does not
show major changes between 1,120 and 2,240 ppm (Fig. S1), and
coals cannot discriminate between these two scenarios. For the
Carnian and Toarcian, we select the 1,120-ppm scenario, which is
consistent with most studies that agree on a background pCO2 of
ca. 1,000 ppm for these periods. For the Cretaceous, comparisons
of our simulations with oceanic latitudinal thermal gradients
reconstructed from paleoceanographic data (17–25) show that pCO2
of 2,240 ppm is required to produce sea surface temperatures
comparable with data for the Aptian and Cenomanian, whereas for
the Maastrichian, data-derived sea surface temperature gradient is
better reproduced at 1,120 ppm (Fig. S2). Based on these com-
parisons, the best-fit model–data scenario corresponds to the
simulations at 1,120 ppm, except for the Aptian and Cenomanian
simulations, for which CO2 concentrations of 2,240 ppm are used.

Climatic Evolution
Our simulations show that the evolution of paleogeography trig-
gers strong changes in rainfall patterns (Fig. 1C). Continental
rainfall increases (ca. +60%) from the Middle Triassic (225 Ma)
to reach maximal values at the Cenomanian (95 Ma) for 1,120
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ppm and 2,240 ppm. Despite a slight decrease between 95 Ma
and 70 Ma, high precipitation rates are maintained for the Late
Cretaceous. Changes in atmospheric CO2 do not affect this

global pattern of evolution of temperatures and precipitation for
the different continental configuration (Fig. 1C). The Middle
Triassic (225 Ma) and the Early Jurassic (180 Ma) remain the
driest conditions. The Early Cretaceous configuration (120 Ma)
appears as pivotal, with the global onset of new climatic conditions
(higher rainfall and temperatures) which can favor macroevolu-
tionary changes in the flora, such as angiosperm diversification.
Changes in continental configuration affect the global climate

(Fig. 1B) through three mechanisms. First, the land mass dis-
persion due to the breakup of Pangaea modifies the sources of
moisture advection to the continents. Smaller land masses in-
volve a more widespread distribution of precipitation over the
continents due to multiple moisture sources. Conversely, with
a vast supercontinent, rainout of air masses from coastal to in-
land regions results in very dry continental interiors. The lat-
itudinal position of land masses is also crucial because the presence
of large continental areas underneath the dry descending branch
of Hadley cells induces arid conditions. From the Middle Triassic
(225 Ma) to the Cenomanian (95 Ma), continental areas located
in this arid belt (e.g., 20°S–40°S) drop from 38.5% to only 23% of
the total continental surface (TCS), favoring the global rainfall
increase. Last, fragmentation of Pangea and the subsequent in-
crease in latent heat release leads to warmer mid–high latitudes,
through higher atmospheric near-infrared absorption and asso-
ciated positive cloud radiative feedbacks (26).
Simulated biomes highlight climate changes induced by pa-

leogeography. The modern-like climatic zonation, with tropi-
cal, temperate, and boreal biomes and desert areas, is found in
each simulation although with large changes in their relative
fraction (Fig. 1B). For instance, extensive desert areas char-
acterize the Middle Triassic and Early Jurassic, indicating
rather dry conditions at these time periods (Fig. 1). Con-
versely, the Cretaceous simulations show an important de-
crease in these arid regions from 37% to 4% of the TCS
between 225 Ma and 95 Ma for the best-fit model–data sce-
nario (Fig. 1B). Temperate biomes show an opposite trend
with a continuous increase from the Triassic to the Cenomanian
with the largest change occurring between the Aptian and the
Cenomanian (34–48%).

Global Climate and Angiosperm Expansion and
Diversification
Earliest angiosperms are dated from the Early Cretaceous but
were neither diverse nor abundant at this time (1). According to
recent studies they were essentially limited to small shrubby,
herbaceous, or aquatic forms (1, 15). Within a few tens of mil-
lions of years, their diversity strongly increased, as they represent
40% of the macrofossil flora from the latest Cretaceous (27). In
Europe, the megafossil record from the Barremian (ca. 130 Ma)
to the Campanian (ca. 84 Ma) shows that this increase in di-
versity happened in a sequential scenario involving migration
and radiation of angiosperms into new environments (15).
During the Aptian (120 Ma), a nonnegligible part of the global
angiosperm fossil record is composed of pollen grains found
close to the equator according to the prevailing angiosperm
fossils sites (i.e., Gabon, Congo, Tunisia, Egypt, and Brazil in the
Gondwana continent) published by Friis et al. (2). According to
our simulations, 45% of angiosperm localities correspond to
tropical biomes, whereas 40% are found under temperate bio-
mes (Table 1, Fig. 2, and Table S3). From the Aptian to the
Cenomanian, the number of angiosperm localities fitting with
simulated temperate biomes almost doubles (Table 1). The sites
are more diverse, numerous, and scattered over the globe and
include higher-latitude sites which became temperate only dur-
ing the mid-Cretaceous (e.g., Alaska, Siberia, and Greenland
localized around 60° N; Fig. 2 D and E, sites 6, 10, 11, and 18).
Although some fossil localities correspond to simulated tem-
perate climates that have replaced cold climates at high latitudes
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Fig. 1. Relationship between rainfall, temperatures, simulated biomes, and
angiosperm diversification during the Mesozoic. (A) Evolution of angio-
sperm diversity during the Mesozoic [from de Boer et al. (10)] showing the
rapid rise of diversity in the Early Cretaceous and the high values for the
Cenomanian (95 Ma). (B) Evolution of desert surfaces and temperate biome
fractions during the Mesozoic for the three pCO2 scenarios (560, 1,120, and
2,240 ppm) and five paleogeographies. Biomes were defined from the PFTs
defined in the LPJ scheme (Table S2). The temperate biome fraction is con-
sidered as the sum of the three LPJ temperate woody PFTs and the herbaceous
temperate PFT. Solid lines indicate the scenarios retained as the best-fitting
with paleoclimatic data (Supporting Information). (C) Global continental mean
air temperature (°C) and rainfall (mm/y) simulated by FOAM-LPJ with a pCO2

of 560 ppm (green), 1,120 ppm (yellow), and 2,240 ppm (orange). From the
Triassic (225 Ma) to the mid and Late Cretaceous, precipitations highly in-
crease. For all values of pCO2 the Triassic (225Ma) and Jurassic (180Ma) are the
driest simulations, and the Cenomanian (95 Ma) and Maastrichtian (70 Ma) are
the wettest. The Early Cretaceous (120 Ma) is pivotal with the onset of humid
and hot conditions.
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when the supercontinent gets fragmented, other angiosperms
colonize sites that were already temperate. In the southern
hemisphere, this might be explained by the persistence of de-
sertic areas that would have prevented full ecological expansion
of angiosperms during the Aptian. This hypothesis will need to
be confirmed by future studies because the discontinuous and
scattered nature of the continental sedimentary record is
a strong limitation to establish an accurate point-by-point corre-
lation between the angiosperms and the simulated biomes. In any
case, our modeling experiments demonstrate that the climate
simulated during the mid-Cretaceous favors the expansion of
temperate biomes (Fig. 1B) and, compared with the angiosperm
record, results in a 76% match between fossil sites and temperate
area. In addition, around 8% of the fossil sites correspond to
simulated boreal biomes for the three Cretaceous paleogeog-
raphies. A closer look at the geographical localities reveals that
most of these sites are localized at the border between boreal
and temperate biomes (Fig. 2, sites 14 and 15 for the Aptian;
sites 16 and 17 for the Cenomanian; and sites 9, 10, and 12 for
the Maastrichtian). The main region of disagreement is conti-
nental Siberia, a region for which a long-running discrepancy
between models and data does exist (28). Some mechanisms, not
explicitly represented in our climate model, may help to decrease
this discrepancy. The climate biological feedback (29) and the
chemistry climate feedback (30) are among those mechanisms
but are still not well understood, hampering our capacity to move
forward in this area. In any case, it is not the main purpose of this
paper to solve this long standing issue, but we note that those
processes (among others) may induce warmer and wetter con-
ditions, which in turn may amplify the latitudinal extension of
temperate biomes at the expense of boreal biomes and may
potentially improve the match between angiosperm sites and
temperate biomes.
Among fundamental questions regarding the angiosperm di-

versification, the timing of major lineages divergences remains
debated because of discrepancies between the earliest record of
fossil taxa and molecular-based phylogenetic inferences. The latter
suggest that the origin and the initial diversification of angio-
sperms have occurred between 180 Ma and 140 Ma (31), pre-
dating the oldest known angiosperm fossil record, dated ca. 125
Ma (32). A similar discrepancy occurs between the first appear-
ance of some current clades such as the diversification of Rosids
(33) in the fossil outcrops and the divergence time estimated with
molecular phylogenies. Here the dramatic ecological radiation of
angiosperms acknowledged in the second half of the Cretaceous
by numerous fossil outcrops (1) coincides with the Cenomanian
fragmented world and the development of temperate continental
islands. This observation supports the hypothesis of a major di-
versification at that time (Fig. 1 A and B, and Fig. 2D) and suggests
a slight overestimation of divergence time by current molecular
phylogeny dating.
For angiosperm evolution, the mid-Cretaceous is a key period

for both diversification and geographical settings. Global pa-
leogeographic changes throughout the Mesozoic involved major
climatic and paleoenvironmental evolution with the expansion of
temperate biomes that culminated during the Cenomanian at the
expense of desertic areas (Fig. 1B). The location of the fossil-rich

regions at this time under temperate biomes suggests that the
development of temperate humid conditions set the stage for
a major range expansion of angiosperm clades (Fig. 2D). The
Aptian–Cenomanian is also considered a key period for di-
versification (ref. 5 and Fig. 1A). In addition, a closer inspection
of the biome maps shows that continuous latitudinal desert belts
largely limited potential migration pathways of flowering plants
between the tropics and the temperate regions during Triassic
and Jurassic times. Breakup of these large latitudinal desert
belts begins during the Early Cretaceous but is not achieved
until the Cenomanian. These barriers might explain the shift of
the angiosperms from low latitudes to midlatitudes between the
beginning and the middle of the Cretaceous, although testing
such a hypothesis may requires more appropriate models and data
and is beyond the scope of this study. The progressive decrease of
arid zones building connectivity between humid tropical and
warm temperate zones ever since the Cenomanian (as presently
in southern China or between Florida and the Appalachians)
may add a facilitating factor for diversification and migration.
Allopatric speciation and radiation, usually enhanced by

orogeny processes and relief creation, rather involves here the
fragmentation of the supercontinent into many small land masses.
Additional overall long-term rise of global sea level, reaching
a maximum during the mid-Cretaceous (34), has enhanced iso-
lation phenomena leading to numerous archipelagos. By the
emergence of new bioclimatic continents we suggest that this
mechanism has set the stage for ecological expansion of angio-
sperms and could have ultimately led to the successful ecological
radiation and diversification of angiosperms (Fig. 1C). This may
involve the scenario inferred by Coiffard et al. (15), with a mi-
gration in most of the continental surfaces in three phases, being
globally relevant and not restricted to Europe. We favor an
abiotic first-order context allowing angiosperm radiation by
a global climate change driven by both a breakup of Pangea in
Gondwana and Laurasia and the drift of the smaller land masses.
It is in this new Cretaceous global context that novel functional
traits, such as biological innovation with interaction with polli-
nating insects (7), ecological adaptation (15), morphological
novelties with the symmetry of the flower (8), and ecophysio-
logical innovations with evolution of densely veined leaves (10,
35), have combined and collectively explain the evolutionary
success of the angiosperms. Still, none of the local or global scale
is exclusive, and both act in a pluralistic way because these biotic
interactions may have driven a local-scale success of several
radiations. In addition, angiosperm phenotypic innovation oc-
curred with repeated bursts (4), which is consistent with the
development of several new bioclimatic continents during the
Upper Cretaceous, as depicted here.

Materials and Methods
The model experiments were performed with the Fast Ocean-Atmosphere
model (FOAM) developed by Jacob (36). FOAM successfully simulates many
aspects of the present-day climate and compares well with other contem-
porary medium-resolution climate models; it has also been used previously
to investigate Cretaceous and Neoproterozoic climates (17, 37–39). This
model is a fully coupled ocean–atmosphere general circulation model. The
atmosphere component has a horizontal resolution of R15 (4.5° latitude × 7.5°
longitude, ∼499 km × 817 km) and 18 levels in the vertical. The ocean

Table 1. Percentage of angiosperm-rich fossil sites found in the tropical, desert, temperate, and
cold biomes for the Cretaceous period and LPJ methods

Biomes Aptian (120 Ma) LPJ, % Cenomanian (95 Ma) LPJ, % Maastrichtian (70 Ma) LPJ, %

Tropical 45 16 26.3
Desert 10 0 0
Temperate 40 76 63.2
Cold 5 8 10.5
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component has 24 vertical levels and a horizontal resolution of 1.4° latitude ×
2.8° longitude, ∼155 km × 305 km. A coupler links the ocean and atmo-
spheric models. The experiments were integrated for 2,000 y without any
flux corrections or deep ocean acceleration. During the last 50 y of model
integration, there is no apparent drift in the upper ocean (between the
surface and 300 m depth). The results discussed above correspond to the
mean climate averaged over the last 50 y. The climate–vegetation in-
teraction was accounted for in FOAM using the LPJ dynamic global vege-
tation model (40). The coupling procedure has been previously developed by
Donnadieu et al. (41). The thermal and evaporative characteristics of the
simulated vegetation are implemented back in FOAM boundary conditions
in terms of evaporative capacity; roughness length; and shortwave, longwave,
and visible albedos and is updated yearly [see Donnadieu et al. (41) for more
details on the coupling between FOAM and LPJ].

Numerical climate modeling is subject to uncertainties because sim-
ulations are highly dependent on the prescribed boundary conditions. We
ran FOAM for five distinct time periods ranging from the Late Triassic (225
Ma) to the Late Cretaceous (70 Ma). The land–ocean distributions for the
model experiments come from the global paleogeography of Sewall
et al. (42) for the Cretaceous, Dera et al. (43) for the Jurassic, and Don-
nadieu et al. (26) for the Triassic. Each paleogeography includes a re-
construction of the topography as well. The Earth’s orbit is fixed for
modern time values. Solar intensity is fixed to 1,367 W·m−2. All these
parameters were kept constant to isolate the influence of the evolving
land–ocean configurations.
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