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O C E A N O G R A P H Y

Truncated bimodal latitudinal diversity gradient 
in early Paleozoic phytoplankton
Axelle Zacaï1,2*, Claude Monnet1, Alexandre Pohl3,4, Grégory Beaugrand5, Gary Mullins6,  
David M. Kroeck1, Thomas Servais1

The latitudinal diversity gradient (LDG)—the decline in species richness from the equator to the poles—is classi-
cally considered as the most pervasive macroecological pattern on Earth, but the timing of its establishment, its 
ubiquity in the geological past, and explanatory mechanisms remain uncertain. By combining empirical and 
modeling approaches, we show that the first representatives of marine phytoplankton exhibited an LDG from the 
beginning of the Cambrian, when most major phyla appeared. However, this LDG showed a single peak of diversity 
centered on the Southern Hemisphere, in contrast to the equatorial peak classically observed for most modern 
taxa. We find that this LDG most likely corresponds to a truncated bimodal gradient, which probably results from 
an uneven sediment preservation, smaller sampling effort, and/or lower initial diversity in the Northern Hemisphere. 
Variation of the documented LDG through time resulted primarily from fluctuations in annual sea-surface tem-
perature and long-term climate changes.

INTRODUCTION
The latitudinal diversity gradient (LDG), classically described as the 
increase in taxonomic diversity from the poles to the equator, is 
probably the most striking and pervasive biogeographical pattern 
on Earth (1–5). Despite being a ubiquitous phenomenon docu-
mented for a large variety of functional and taxonomic groups, its 
origin, frequency among fossil groups, and its explanatory mecha-
nisms remain widely debated. Proposed explanations for this pat-
tern can be grouped into six categories: geographic area, geometric 
constraints, energy availability, habitat heterogeneity, evolutionary 
mechanisms [(6) and references therein], and niche theory (7). 
While some of these explanations can be tested through neontolog-
ical approaches, the effect of long-term phenomena such as climate 
changes and biological evolutionary events are inextricable using 
only extant taxa (8–12). The fossil record thus offers a unique and 
complementary perspective for studying the LDG, as it can provide 
insights into its appearance, stability through time, and long-term 
control mechanisms (13, 14). Studies of the LDG on fossil data have 
shown that it extends back to the Paleozoic (10, 15–17), but—
regardless of its shape—the strength of the gradient has varied 
through time (9, 11, 18, 19) and the pattern even disappeared during 
intervals of mass extinctions (14, 20, 21). For the early Paleozoic 
(i.e., Cambrian-Ordovician, ca. 541 to 444 Ma), the presence of an 
LDG has been documented for three marine groups—brachiopods 
(10, 22), bryozoans (22), and chitinozoans (23)—as well as for the 
whole marine diversity of the Paleobiology Database (24). Their 
LDGs consist of unimodal gradients (i.e., one diversity peak) 
centered on low to midlatitudes of the Southern Hemisphere (i.e., 
between 0° and 45°S), whereas, for most extant organisms, the LDG 
is either unimodal with a peak of diversity centered at the equator or 

bimodal with two peaks of diversity centered on the midlatitudes of 
each hemisphere (19, 25–30). In the present study, we expand our 
perspective on the LDG to the main representatives of phytoplank-
ton in the early Paleozoic, i.e., the acritarchs. Defined as organic 
walled microfossils of uncertain biological affinity, most of them 
are now considered to be cysts of marine, generally phytoplank-
tonic unicellular algae (31), and some may have a close biological 
affinity with dinoflagellates, as suggested by biomarkers and mor-
phological similarities (32). So far, acritarchs have been mainly used 
as tools for biostratigraphical, paleogeographical, and paleoenvi-
ronmental reconstructions, but only few studies considered them 
for the main source of information on phytoplankton in the early 
Paleozoic and studied them as such through, e.g., macroevolution-
ary and macroecological approaches (33, 34). Yet, acritarchs have 
one of the most densely and continuously sampled fossil record of 
any group at the global scale over the early Paleozoic and therefore 
constitute a unique material to study deep-time macroecological 
dynamics during this crucial period of the history of life. Our ap-
proach was to (i) determine the potential timing of establishment of 
an LDG for early Paleozoic acritarchs and its evolution through 
time according to long-term climate changes, (ii) analyze the rela-
tionship between the latitudinal distribution of acritarch diversity 
and abiotic factors whose values were reconstructed using paleocli-
mate simulations, and (iii) compare the observed shape of acritarch 
LDGs to the patterns predicted by a modeling approach based on 
the same paleoclimatic and paleogeographic context to estimate the 
portion of the empirical LGDs that could be due to preservation/
sampling bias and distinguish it from the biological signal.

We conducted our analyses over 11 time bins covering the 
Cambrian-Ordovician interval with a new database of more than 
9000 occurrences of acritarch genera from localities with known 
paleogeographic coordinates (table S1). Latitudinal paleobiodi-
versity curves were reconstructed by means of “range-through” 
indices and rarefaction methods. The relationships between 
acritarch diversity and abiotic factors [i.e., continental shelf area 
(CSA), sea-surface temperature (SST), and sea-surface salinity (SSS)] 
were tested for three key stages, i.e., the Cambrian stage 4, the 
Darriwilian, and the Hirnantian, by means of (i) a generalized linear 
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model (GLM) with a response variable (i.e., diversity) following a 
Poisson distribution and (ii) the nonparametric Kendall’s rank cor-
relation coefficient applied between the LDG and each abiotic factor 
separately. These three stages are representative of both the major 
macroevolutionary events recorded for the early Paleozoic—the 
Cambrian Explosion (35), the Great Ordovician Biodiversification 
Event (GOBE) (36), and the onset of the Late Ordovician mass 
extinction (37), respectively—and the great climate variation that char-
acterize this interval, i.e., greenhouse for the Cambrian, modern-like 
temperatures for the Middle Ordovician, and a glaciation for the end 
Ordovician (37–39). Last, we modeled species diversity for these 
three intervals using a model based on the MacroEcological Theory 
on the Arrangement of Life [METAL; (7, 40, 41)] forced with the SST 
values simulated using the climate model on available paleogeo-
graphical reconstructions (42).

RESULTS AND DISCUSSION
We find a unimodal latitudinal gradient of acritarch genus diversity 
for each time bin (Fig. 1 and fig. S1). The shallow gradient observed 
at the beginning of the Cambrian (i.e., Terreneuvian, ca. 531 Ma) 
may be explained not only by a poor sampling effort or preservation 
bias (fig. S2) but also by the end-Ediacaran mass extinction of 
acritarchs (14, 43). Contrary to the classical unimodal LDG ob-
served for many modern taxa (28, 44), the acritarch LDG does not 

exhibit a diversity maximum at the equator or near the tropics but 
rather over mid- to high latitudes of the Southern Hemisphere 
throughout the early Paleozoic. Starting at 35°S to 40°S during the 
Cambrian series 2 (ca. 515 Ma; Fig. 1 and fig. S1), the diversity peak 
then slowly drifts southward. It reaches 45°S during the Furongian 
(ca. 491.2 Ma) and its highest latitudinal position (i.e., 50°S to 60°S) 
during the Tremadocian-Dapingian interval (ca. 485.4 to 467.3 Ma), 
before splitting in two peaks corresponding to the drift of highly 
diverse areas (i.e., Baltica and the Armorican Terrane Assemblage; 
Fig. 2) during the Middle Ordovician (Fig. 1 and fig. S1) [see (45, 46) 
for links between biodiversity and plate tectonics]. Only the peak 
located at the lowest latitude and corresponding to Baltica persists 
until the end of the Ordovician (Fig. 1 and fig. S1). Similar LDGs are 
also recovered from subsampled diversity when using the method 
of Marcot et al. (18) (except for the Miaolingian; figs. S3 and S4), 
although their latitudinal extent is often reduced compared to the 
nonrarefied diversity curves because of the small sample size of 
some latitudinal bands (fig. S1).

In addition to the position of peak diversity, the steepness of the 
LDG also changes through time. It markedly increases during the 
Floian in the Southern Hemisphere (ca. 473.85 Ma), paralleling an 
increase in diversity in the equatorial and low latitudes of the 
Northern Hemisphere (Fig. 1 and fig. S1). A similar tropical diver-
sification is known for marine organisms considered as a whole 
(24). This transition from a poor Cambrian to a highly diverse 
Ordovician intertropical zone is probably related to a global climate 
change (23, 39, 47). While the Cambrian corresponded to a green-
house climate with equatorial SST probably too high to sustain 
highly diverse communities (fig. S6) (38), a steady cooling trend 
occurred through the Early Ordovician to reach the range of mod-
ern equatorial SST by the Middle Ordovician (fig. S6) (39), allowing 
all major marine groups to colonize low latitudes (24), before 
ending in a glaciation associated to a massive extinction during the 
Hirnantian (37). Temporal variations in the position of the LDG 
diversity peak of early Paleozoic acritarchs and the general shape of 
this LDG thus appear to have been related to the climatic regimes of 
the Cambrian-Ordovician interval and, to a lesser extent, to the po-
sition of continental masses. Brayard et al. (6) have shown that the 
position of peak diversity and steepness of LDGs in marine envi-
ronments depend on the shape and magnitude of the latitudinal 
SST gradient: Sigmoid-like SST gradients generate a bimodal LDG 
with peaks of diversity located at midlatitudes, while a reduced 
steepness of the SST gradient leads to a weakened unimodal LDG 
with a plateau of equal diversity between the tropics. This implies 
that bimodal LDGs with diversity peaks at intermediate latitudes 
are a characteristic feature of icehouse periods, whereas unimodal 
LDGs with an equatorial peak or a plateau of equal diversity are 
characteristic of greenhouse periods (9, 14). Alternatively, support-
ing the observations of Mannion et  al. (9), Beaugrand et  al. (41) 
have shown that, in case of a global cooling, the LDG steepness 
increases because of the movement of species toward the equator, 
leading to a unimodal gradient centered at the equator, whereas, in 
case of global warming, it is attenuated because of the poleward 
shift of species, leading to a bimodal gradient with peaks of diver-
sity at intermediate latitudes (19, 48). The LDG of early Paleozoic 
acritarchs is steeper, and its peak of diversity is closer to the equator 
during the colder Middle-Late Ordovician than during the Cambrian, 
and no equatorial peak or plateau of equal diversity is observed 
under the Cambrian greenhouse climatic conditions (fig. S1). This 
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Fig. 1. Interpolation map of acritarch genus diversity calculated per 5° latitu-
dinal bands. Diversity was calculated with the standard range-through approach 
excluding single-interval taxa [RTexS; see (48)] for each series of the Cambrian and 
each stage of the Ordovician. Note the slight southward drift of peak diversity 
through the Cambrian, the colonization of intertropical latitudes during the Early 
Ordovician, and the subsequent duplication of the diversity peak. The null diversity 
observed above ~30°N is a consequence of the particular paleogeography of the 
early Paleozoic, with a Northern Hemisphere mainly constituted by the Panthalassa 
Ocean. Data are lacking for this large area, because the vast majority of its oceanic 
crust has long been recycled in subduction zones.
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corresponds more to the model of Beaugrand et al. (41) and its 
deviation from the model of Brayard et al. (6) might be explained by 
a threshold temperature effect: Peak diversity could not occur at the 
equator during the Cambrian, because equatorial temperatures 
were too high to allow most organisms to survive, and this peak 
slowly shifted toward more equatorial latitudes during the Ordovician 
cooling, with a rapid first step of diversification at equatorial 
latitudes during the Early Ordovician (i.e., Floian; fig. S1). Hence, it 
seems that—as for the majority of marine groups of organisms—
long-term climate trends had an important influence on the distri-
bution of diversity of early Paleozoic phytoplankton.

The results of our analyses of correlation between SST and 
acritarch diversity support this hypothesis. For the Cambrian stage 
4, seasonal variation in SST (SSTdiff; i.e., the difference between 
summer and winter SST) appears as a positive predictor of acritarch 
diversity in the three best GLMs [163 < AICc (corrected Akaike informa-
tion criterion) < 164, coefficient of determination (R2) = 0.66; Table 1]. 
For the Darriwilian, which corresponds to the major diversity peak 
of the GOBE and during which global climate was cooler than during 
the Cambrian (fig. S6) (24), SSTdiff is also significantly correlated 
to diversity as revealed by Kendall’s test ( = 0.61, P < 0.001; table 
S2), and mean annual SST (SSTan) and squared SSTan (SST2) appear 
alternatively as negative predictors of diversity in the two best GLMs 
(125 < AICc < 126, R2 = 0.96; Table 1). Such negative relationships 
between temperature and diversity may arise when temperatures 
are beyond thermal niches of most taxa under study (19, 25, 49, 50) 
or when taxa are more diverse at cooler temperatures (51). Eventu-
ally, during the colder Hirnantian stage (fig. S6), the best GLM 
shows that SSTan and SSTdiff are both predictors of acritarch diver-
sity (121 < AICc < 123, 0.91 < R2 < 0.92; Table 1), a result supported 
by Kendall’s test (−0.45 <  < −0.40, P < 0.05; table S2). Together, 
these results clearly show the existence of a relationship between 
SST, especially its seasonal variations, and the spatial distribution of 
acritarch diversity throughout the early Paleozoic. Temperature has 
often been cited as one of the main explanatory factors for large-
scale distribution patterns of organisms (7, 27, 28, 52–54). Many 

studies, in both marine and terrestrial environments, have shown 
that present-day temperature, along with some other environ-
mental factors such as precipitation on land and productivity in 
the sea, is a powerful first-order predictor of LDG patterns [(32) 
and references therein]. In the marine realm, Tittensor et al. (28) 
have shown that SST was the only environmental predictor highly 
correlated with diversity across 13 taxonomic groups, a finding con-
firmed for phytoplankton in particular (50). This positive relation-
ship has been observed for a large variety of environments, scales, 
and taxa [e.g., (7, 27, 54, 55)]. Our results show that acritarchs are 
no exception to this rule and that, as far back as the early Paleozoic, 
the spatial distribution of phytoplankton diversity was controlled, at 
least in part, by this abiotic variable.

Salinity is known to affect the distribution patterns of marine 
organisms at local and sometimes at regional scales, but its influ-
ence on global distribution patterns of diversity seems to be weak 
(52, 56). Regarding early Paleozoic acritarchs, GLMs reveal a posi-
tive correlation between diversity and either mean annual SSS 
(SSSan) or squared SSSan (SSS2) during the Cambrian stage 4 
(163 < AICc <164, R2 = 0.66; Table 1; supported by Kendall’s test, 
 = 0.52, P < 0.001; table S2). For the Darriwilian, SSSan and SSS2 
appear as positive and negative predictors of diversity, respectively, 
using a GLM (125 < AICc < 126, R2 = 0.96; Table 1), while SSSdiff is 
negatively correlated to diversity using Kendall’s test,  = −0.33, 
P < 0.05; table S2). For the Hirnantian, GLM shows that SSSan and 
SSS2 both positively predict the latitudinal distribution of acritarch 
diversity (121 < AICc < 123, 0.91 < R2 < 0.92; Table 1; not supported 
by Kendall’s test; table S2). A relationship thus seems to exist be-
tween the early Paleozoic acritarch diversity and salinity, although 
not very stable according to the GLM results (i.e., the same salinity 
variable is not systematically found as a predictor of diversity in the 
best models; Table 1). In addition, given that SSS values remain 
quite stable in the intertropical zone from the Cambrian stage 4 to 
the Hirnantian (fig. S6D) while a major shift of diversity is recorded 
in this area during the Early Ordovician, we argue that temperature 
was a more limiting factor of acritarch diversity, because the 
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colonization of the intertropical zone by acritarchs during the 
Floian is not associated with a change in SSS but much more likely 
with a decline in SST (24).

The third abiotic factor investigated here, i.e., CSA, has often 
been found to be related to marine diversity (57–58), but it should 
not be considered a priori as a bias. Indeed, during transgression events, 
flooded continental areas increase, offering more niche space and 
opportunities for diversification and affecting the production of 
sediments, which provides a general explanation for the covariation 
between fossil marine biodiversity and the amount of marine sedi-
mentary rocks (59). However, this signal varies among groups 
of organisms, spatial scales, and time intervals (60). Regarding 
acritarchs, CSA appears as a positive predictor of diversity for 
the Hirnantian when analyzed through GLM (121 < AICc < 123; 
0.91 < R2 < 0.92; Table 1) and for the Cambrian stage 4 when using 
Kendall’s test ( = 0.454, P < 0.001; table S2). We interpret this 
result as evidence that, although present, the sampling/preservation 
bias (fig. S2) is probably sufficiently evenly distributed in latitude 
so as not to have an impact on the relationship between the diversity 
of acritarchs and the surface area of their living environment.

Assuming that the diversity of early Paleozoic acritarchs is 
concentrated on continental shelves, we compared their empirical 
LDGs with the LDGs obtained by modeling species distribution on 
continental shelves only using the METAL model (7, 40, 41) to esti-
mate the magnitude of the preservation/sampling bias and separate 
its effects from the biological signal. Validated for modern plank-
ton, fish, and cetaceans (41), this model shows that the primary 
cause of LDGs in the oceans lies in the interaction between species 
thermal tolerance and both seasonal and year-to-year fluctuations 
in temperature, together with the generation of a mid-domain 
effect. For the Cambrian stage 4 and the Darriwilian, modeled 
LDGs are bimodal with two peaks of diversity located respectively 
at 37.5°S and 42.5°N, and 32.5°S and 32.5°N, when averaged by 5° 
latitudinal bands (Fig. 3). The Northern peak of diversity is smaller 
than the Southern one for both stages (Fig. 3). For the Hirnantian, 
the gradient is steeper and unimodal with a plateau of maximum 
diversity ranging from ~22.5°S to 27.5°N (Fig. 3). The three mod-
eled LDGs end around 30°N for each stage, because no continental 

shelf existed above this latitude during the early Paleozoic, the 
Northern Hemisphere being essentially covered by the Panthalassa 
Ocean. Modeled and empirical LDGs are significantly correlated 
for the Darriwilian (Kendall’s  = 0.40, P < 0.05) but not for the 
Cambrian stage 4 and the Hirnantian ( = 0.05, P = 0.72 and 
 = 0.04, P = 0.83, respectively). Although the Southern Hemisphere 
peaks of diversity of the modeled and empirical LDGs are located at 
close latitudes during the first two stages, some important differ-
ences can be observed: Modeled LDGs are bimodal during the first 
two stages while empirical LDGs are unimodal, and the Hirnantian 
modeled LDG shows a plateau of equal diversity centered at the 
equator, while the empirical LDG shows a diversity peak located 
around 27.5°S. This change from a bimodal to a unimodal modeled 
LDG between the Darriwilian and the Hirnantian does not match 
our observations, but the fact that the peak of diversity moves to-
ward lower latitudes during this interval in both cases (i.e., modeled 
and empirical; Fig. 3) shows the influence of the climate cooling on 
the latitudinal distribution of diversity, allowing taxa to colonize 
lower latitudes. The greater divergence in diversity patterns be-
tween modeled and empirical data for the Hirnantian (Fig. 3) may 
also be related to the rapid and intense climate changes that charac-
terize this time interval. The Hirnantian is marked by cold tempera-
tures, a major glaciation, and a severe drop in sea level that drained 
epicontinental seaways, producing harsh climate in low and midlati-
tudes (37). Considered responsible for the mass extinction that oc-
curred during this time interval (37), these abrupt changes probably 
make the spatial dynamics of biodiversity less easily modelable than 
that of other early Paleozoic stages.

Bimodal gradients are very common for extant marine organ-
isms (25–29). They have been documented for marine taxa as varied 
as bivalves (61, 62), brachiopods (63), bryozoans (64), foraminifers 
(7, 19, 25), seaweeds (65), crustaceans (66), and copepods (7, 52). 
The LDG of modern phytoplankton is not homogeneous and varies 
among groups. The diversity of dinoflagellates—probably the 
closest relatives of acritarchs—peaks at both mid-southern (~30°S) 
and mid-northern latitudes (~20° and 45°N) [(67), appendix S2], and 
coccolithophores show a bimodal gradient with highest diversity 
at ~35°N and 35°S [(67), app. S2]. The only other phytoplankton 

Table 1. GLM results for acritarch genus diversity per 5° latitudinal band for the Cambrian stage 4, the Darriwilian, and the Hirnantian. Only the two or 
three best models (i.e., with the lowest AICc value and highest Akaike weight) from all possible combination of the variables considered are shown here for each 
time interval. Empty cells indicate a variable not included in the corresponding model (i.e., a variable that does not increase the predictability of taxonomic 
richness). Neg. bin., negative binomial; CSA, continental shelf area (106 km2); SSTan, mean annual SST; SST2, squared SST; SSTdiff, difference between summer and 
winter SST; SSSan, mean annual SSS; SSS2, squared SSS; SSSdiff, difference between summer and winter SSS; and ∅, not applicable (AICc not being computable 
for negative binomial GLMs). Dispersion = residual deviance/degrees of freedom, overdispersion when >1. 

Temporal 
interval Family Dispersion R2 CSA SSTan SST2 SSTdiff SSSan SSS2 SSSdiff AICc Akaike 

weight

Cambrian 
stage 4

Poisson 1.477 0.66 0.056 0.003 163 0.114

Poisson 1.489 0.66 0.055 0.236 163 0.101

Neg. bin. 1.092 0.66 0.053 0.003 164 ∅

Darriwilian
Poisson 0.301 0.96 −0.071 16.815 −0.242 125 0.31

Poisson 0.322 0.96 −0.001 12.758 −0.184 126 0.262

Hirnantian
Poisson 2.276 0.91 0.172 −0.244 0.271 0.017 123 0.303

Poisson 2.279 0.91 0.175 −0.244 0.268 1.139 123 0.297

Neg. bin. 1.202 0.92 0.199 −0.264 0.286 0.018 121 ∅
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groups that were subject to such analyses, i.e., calcareous nanno-
plankton and diatoms, show respectively a classical unimodal gra-
dient centered on the equator (68) and various patterns depending 
on the data and method chosen (67–69). Although very classic in 
the modern oceans, bimodal LDGs have never been observed for 
Paleozoic organisms (10, 22, 23). This marked difference may result 
either from the fact that modern LDGs are controlled by different 

factors than early Paleozoic LDGs or that the early Paleozoic fossil 
record is biased and the LDGs one reconstructs are distorted images 
of the original ones. The fact that LDGs modeled here are bimodal 
and that empirical unimodal LDGs centered on the midlatitudes of 
the Southern Hemisphere are characteristic of Paleozoic organisms 
support the second hypothesis. This seems all the more likely for 
acritarchs, because the LDGs of extant pelagic organisms (17) and 
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dinoflagellates in particular (67), as well as modeled LDGs of virtual 
planktonic species (6, 7, 70), are also bimodal. Therefore, we argue 
that rather than being an atypical unimodal gradient centered on 
the midlatitudes of the Southern Hemisphere, the early Paleozoic 
acritarch LDG probably corresponds to a truncated bimodal gradi-
ent whose Northern peak of diversity cannot be recovered or never 
existed. Either it cannot be recovered because of a reduced sediment 
and/or specimen preservation, and/or a smaller sampling effort in 
the Northern Hemisphere; or it never existed, because some habitat-
related factors essential for survival of acritarchs but not accounted 
for in the model were lacking in most of the Northern Hemisphere 
because of the small extent of landmasses.

This first quantitative analysis of the latitudinal distribution of 
early Paleozoic acritarch diversity shows that (i) the earliest repre-
sentatives of marine phytoplankton were characterized by an LDG 
already since the Cambrian Explosion; (ii) this LDG most likely cor-
responded to a truncated bimodal rather than a unimodal gradient; 
(iii) variation in the shape of this LDG through the early Paleozoic 
can be attributed to both long-term climate cooling and plate tec-
tonics; and (iv) at the shorter temporal scale of the stage, the latitu-
dinal distribution of acritarch diversity was influenced by SST and 
its seasonal fluctuations and also, to a lesser extent, by salinity and 
the available area of continental shelf. These results strongly con-
trast with the unimodal nature of other LDGs found for Paleozoic 
organisms, such as brachiopods and bryozoans (5, 11). It seems that 
no single model of LDG prevails, but rather that several models, 
which vary in amplitude and shape in space and time, as well as ac-
cording to the ecological characteristics and life traits of organisms 
[such as size; (71–73)], have coexisted at least since the early Paleozoic.

MATERIALS AND METHODS
Fossil occurrence data
The dataset that we used, initially created as part of the PhytoPal 
project by Mullins et al. (74, 75), consists of 1503 species of acritarchs 
belonging to 287 genera and distributed among 328 fossil localities, 
at the global scale (Fig. 2 and table S1). It is a compilation of all 
occurrence data of Paleozoic organic walled microphytoplankton 
published before 2007: It synthesizes the presence of a species in a 
locality during a time interval (i.e., chronostratigraphic unit) as re-
ported by a reference (table S1). The data were filtered and cleaned 
by removing or reassigning illegitimate, questionable, and synony-
mous taxa and converting local to global chronostratigraphic units. 
Temporal resolution is at the series level for the Cambrian and at 
the stage level for the Ordovician. Geographic coordinates of fossil 
localities were recovered from the literature or using fossil locality 
names, and their paleocoordinates were calculated by rotating their 
present-day coordinates with the software GPlates (76) version 2.0.0, 
using the rotation file supplied by Scotese (77) for each Cambrian 
series and Ordovician stage (table S3). Fossil localities with only one 
taxon per time interval were discarded from the analyses. A curve 
illustrating the variations through time of the global diversity of 
acritarch genera is available in the Supplementary Materials (fig. S7).

Latitudinal diversity gradient
We tested for the existence of an LDG by calculating the paleobio-
diversity of acritarchs by 5° latitudinal bands at the genus level, 
because it is considered more robust than the species level for such 
analyses (see Supplementary Text). We estimated the taxonomic 

richness by means of two range-through indices [see review of 
Alroy (78)] including or excluding single-interval taxa: RTinS and 
RTexS, respectively, but we focused on the RTexS values for the di-
versity (Figs. 1 and 3, fig. S1, and table S4) and correlation analyses 
(Table  1 and table S2). Range-through indices account for every 
taxon known to occur in a latitudinal band (i.e., real occurrence) as 
well as every taxon inferred to be present (i.e., recorded south and 
north of the considered latitudinal band). This range-through ap-
proach assumes that studied organisms tend to fill the latitudinal 
extent between their range end points, and it ignores minor with-
in-range absences that could be the result of geographically and 
temporally biased sampling (79), a common practice for LDG stud-
ies in the past (10, 80–83). All time intervals considered, the average 
extent of this filled latitudinal range between two real occurrences 
corresponds to two latitudinal bands (i.e., 10°). Because of uneven 
sampling in the fossil record, we additionally calculated rarefied 
genus richness through shareholder quorum subsampling (78, 84). 
However, as this standard method appears not well adapted to our 
dataset (see Supplementary Text), we also used the less stringent 
rarefaction method proposed by Marcot et al. (18) (see Supplemen-
tary Text), which offers the advantage of not distorting the pattern 
of genus diversity. The number of occurrences randomly drawn 
(without replacement) in each latitudinal band corresponds to the 
maximum genus diversity observed within any single band of the 
time interval to maintain the possibility of recovering the face-value 
richness, which would not be possible with any smaller quota. We 
conducted the diversity analyses at the series level for the Cambrian 
and at the stage level for the Ordovician.

Correlation with abiotic factors
We tested the relationships between acritarch diversity and abiotic 
factors (CSA, SST, and SSS) for three key stages, i.e., the Cambrian 
stage 4, the Darriwilian, and the Hirnantian. These three time inter-
vals are among the best sampled (see fig. S2); therefore, more likely 
to produce reliable diversity estimates. We simulated paleoenvi-
ronmental conditions using the Fast Ocean Atmosphere Model 
(FOAM) version 1.5 (85) (see Supplementary Text) with the same 
continental reconstructions than that used for the analyses of 
acritarch LDG (42). CSA was derived from the paleogeographical 
reconstructions, and values of SST and SSS were extracted from 
the climatic simulations (see Supplementary Text). We tested 
the relationships between these abiotic factors (i.e., mean values per 
latitudinal band for SST and SSS) and the latitudinal distribution of 
acritarch diversity (RTexS; i.e., range-through diversity without 
single-interval taxa) using two approaches (see Supplementary Text 
for details): (i) A GLM (see Supplementary Text) with a response 
variable (i.e., diversity) following a Poisson distribution by means of 
a log link function, applied to all abiotic factors together, using the 
R environment (86) and the packages “MuMIn” (87) and “MASS” 
(88), and (ii) the nonparametric Kendall’s rank correlation coefficient 
applied between the LDG and each abiotic factor separately.

Species distribution model
We modeled theoretical species diversity for the Cambrian stage 4, 
the Darriwilian, and the Hirnantian using a model based on the 
METAL [see Supplementary Text and (7, 40, 41)] forced with the 
SST values simulated using the climate model on the paleogeo-
graphical reconstructions of Scotese and Wright (42). METAL uses 
a number of models that are specifically designed to be used at the 
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species or community organizational level (7, 40, 41, 89). Here, 
the model implements a set of basic ecological/climatic principles to 
consider the interaction between the thermal niches of species and 
spatiotemporal fluctuations in temperature at an annual time scale. 
The model has been fully described and tested in Beaugrand et al. 
(7, 41, 90). The principle of the model is simple: It starts by creating 
a large number of niches on the basis of temperature (here, all 
possible niches between −1.8° and 44°C) (7). We therefore created 
pseudospecies having each a unique thermal niche with distinct de-
grees of eurythermy and thermophily (7, 40). We allowed pseudo-
species to colonize any given region of the global ocean, provided 
that they could withstand the local annual thermal regime. In a giv-
en area, each pseudospecies has a unique niche after the principle of 
competitive exclusion of Gause (91) while considering niche over-
lapping (7). By reconstructing pseudocommunities, the model re-
produces the spatial arrangement of biodiversity. METAL models 
have been tested at annual to millennial time scales for different 
marine plankton groups and fishes for which changes in commu-
nity composition and biodiversity are the result of the (realized) 
niche-environment interaction. Correlations between observed 
community reorganization/biodiversity at these time scales and 
changes assessed from METAL were highly significant (92, 93). To 
estimate pseudospecies diversity, we randomly selected 10,000 
among 101,397 possible pseudospecies and repeated the procedure 
1000 times. Because our main goal was to examine large-scale diver-
sity patterns, we increased the number of pseudospecies to improve 
our estimations of diversity. However, large-scale diversity patterns 
using the maximum number of genera of the acritarch dataset (i.e., 
188, 654, and 410 for the Cambrian stage 4, the Darriwilian, and the 
Hirnantian, respectively) and 10,000 gave almost identical patterns.

We integrated the number of pseudospecies for each 5° latitudi-
nal bands and compared this modeled species diversity to the 
empirical genus acritarch diversity that we observed. Our model 
cannot realistically implement biotic interactions in the construc-
tion of pseudocommunities on a global scale, although multiple ex-
amples suggest that they can be quite important in some ecosystems 
(94, 95). There are currently insufficient data to include these po-
tentially important top-down and competitive interactions over the 
scales needed. Therefore, our overall approach was to consider the 
fundamental niche-temperature interaction to reconstruct global 
diversity patterns, leaving scope for future refinement. We are aware, 
however, that, at a more local scale, biotic interactions may precipitate 
or alleviate the climatic effects on pseudocommunities (96).

We assume here that genus diversity is directly proportional to 
species diversity. Some studies have shown that this assumption 
holds at least for contemporary large-scale diversity patterns of 
some plankton protists [e.g., diatoms; (97, 98)].

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/15/eabd6709/DC1

REFERENCES AND NOTES
	 1.	 S. L. Chown, K. J. Gaston, Areas, cradles and museums: The latitudinal gradient in species 

richness. Trends Ecol. Evol. 15, 311–315 (2000).
	 2.	 H. Hillebrand, On the generality of the latitudinal diversity gradient. Am. Nat. 163, 

192–211 (2004).
	 3.	 J. H. Brown, Why are there so many species in the tropics? J. Biogeogr. 41, 8–22 (2014).
	 4.	 M. R. Willig, D. M. Kaufman, R. D. Stevens, Latitudinal gradients of biodiversity: Pattern, 

process, scale, and synthesis. Annu. Rev. Ecol. Evol. Syst. 34, 273–309 (2003).

	 5.	 G. G. Mittelbach, D. W. Schemske, H. V. Cornell, A. P. Allen, J. M. Brown, M. B. Bush, 
S. P. Harrison, A. H. Hurlbert, N. Knowlton, H. A. Lessios, C. M. McCain, A. R. McCune, 
L. A. McDade, M. A. McPeek, T. J. Near, T. D. Price, R. E. Ricklefs, K. Roy, D. F. Sax, 
D. Schluter, J. M. Sobel, M. Turelli, Evolution and the latitudinal diversity gradient: 
Speciation, extinction and biogeography. Ecol. Lett. 10, 315–331 (2007).

	 6.	 A. Brayard, G. Escarguel, H. Bucher, Latitudinal gradient of taxonomic richness: Combined 
outcome of temperature and geographic mid-domains effects? J. Zoolog. Syst. Evol. Res. 
43, 178–188 (2005).

	 7.	 G. Beaugrand, I. Rombouts, R. R. Kirby, Towards an understanding of the pattern 
of biodiversity in the oceans: The pattern of biodiversity in the oceans. Glob. Ecol. 
Biogeogr. 22, 440–449 (2013).

	 8.	 A. Z. Krug, D. Jablonski, J. W. Valentine, K. Roy, Generation of Earth’s first-order 
biodiversity pattern. Astrobiology 9, 113–124 (2009).

	 9.	 P. D. Mannion, P. Upchurch, R. B. J. Benson, A. Goswami, The latitudinal biodiversity 
gradient through deep time. Trends Ecol. Evol. 29, 42–50 (2014).

	 10.	 M. G. Powell, The latitudinal diversity gradient of brachiopods over the past 530 million 
years. J. Geol. 117, 585–594 (2009).

	 11.	 M. Yasuhara, G. Hunt, H. J. Dowsett, M. M. Robinson, D. K. Stoll, Latitudinal species 
diversity gradient of marine zooplankton for the last three million years. Ecol. Lett. 15, 
1174–1179 (2012).

	 12.	 A. S. Meseguer, F. L. Condamine, Ancient tropical extinctions at high latitudes 
contributed to the latitudinal diversity gradient. Evolution 74, 1966–1987 (2020).

	 13.	 M. Yasuhara, D. P. Tittensor, H. Hillebrand, B. Worm, Combining marine macroecology 
and palaeoecology in understanding biodiversity: Microfossils as a model: Marine 
macroecology-palaeoecology integration. Biol. Rev. 92, 199–215 (2017).

	 14.	 P. D. Mannion, A deep-time perspective on the latitudinal diversity gradient. Proc. Natl. 
Acad. Sci. U.S.A. 117, 17479–17481 (2020).

	 15.	 M. L. Rosenzweig, Species Diversity in Space and Time (Cambridge Univ. Press, 1995).
	 16.	 J. Alroy, M. Aberhan, D. J. Bottjer, M. Foote, F. T. Fürsich, P. J. Harries, A. J. W. Hendy, 

S. M. Holland, L. C. Ivany, W. Kiessling, M. A. Kosnik, C. R. Marshall, A. J. McGowan, 
A. I. Miller, T. D. Olszewski, M. E. Patzkowsky, S. E. Peters, L. Villier, P. J. Wagner, N. Bonuso, 
P. S. Borkow, B. Brenneis, M. E. Clapham, L. M. Fall, C. A. Ferguson, V. L. Hanson, A. Z. Krug, 
K. M. Layou, E. H. Leckey, S. Nürnberg, C. M. Powers, J. A. Sessa, C. Simpson, 
A. Tomašových, C. C. Visaggi, Phanerozoic trends in the global diversity of marine 
invertebrates. Science 321, 97–100 (2008).

	 17.	 M. G. Powell, V. P. Beresford, B. A. Colaianne, The latitudinal position of peak marine 
diversity in living and fossil biotas. J. Biogeogr. 39, 1687–1694 (2012).

	 18.	 J. D. Marcot, D. L. Fox, S. R. Niebuhr, Late Cenozoic onset of the latitudinal diversity 
gradient of North American mammals. Proc. Natl. Acad. Sci. U.S.A. 113, 7189–7194 
(2016).

	 19.	 M. Yasuhara, C.-L. Wei, M. Kucera, M. J. Costello, D. P. Tittensor, W. Kiessling, 
T. C. Bonebrake, C. R. Tabor, R. Feng, A. Baselga, K. Kretschmer, B. Kusumoto, Y. Kubota, 
Past and future decline of tropical pelagic biodiversity. Proc. Natl. Acad. Sci. U.S.A. 117, 
12891–12896 (2020).

	 20.	 D. Jablonski, K. Roy, J. W. Valentine, Out of the tropics: Evolutionary dynamics 
of the latitudinal diversity gradient. Science 314, 102–106 (2006).

	 21.	 H. Song, S. Huang, E. Jia, X. Dai, P. B. Wignall, A. M. Dunhill, Flat latitudinal diversity 
gradient caused by the Permian–Triassic mass extinction. Proc. Natl. Acad. Sci. U.S.A. 117, 
17578–17583 (2020).

	 22.	 E. B. Naimark, A. V. Markov, Northward shift in faunal diversity: A general pattern 
of evolution of Phanerozoic marine biota. Biol. Bull. Rev. 1, 71–81 (2011).

	 23.	 T. R. A. Vandenbroucke, H. A. Armstrong, M. Williams, F. Paris, K. Sabbe, J. A. Zalasiewicz, 
J. Nõlvak, J. Verniers, Epipelagic chitinozoan biotopes map a steep latitudinal 
temperature gradient for earliest Late Ordovician seas: Implications for a cooling Late 
Ordovician climate. Palaeogeogr. Palaeoclimatol. Palaeoecol. 294, 202–219 (2010).

	 24.	 B. Kröger, Changes in the latitudinal diversity gradient during the Great Ordovician 
Biodiversification Event. Geology 46, 127–130 (2018).

	 25.	 S. Rutherford, S. D’Hondt, P. Warren, Environmental controls on the geographic 
distribution of zooplankton diversity. Nature 400, 749–753 (1999).

	 26.	 K. J. Gaston, Global patterns in biodiversity. Nature 405, 220–227 (2000).
	 27.	 A. Clarke, in Marine Macroecology, J. D. Witman, K. Roy, Eds. (University of Chicago Press, 

2009), pp. 250–278.
	 28.	 D. P. Tittensor, C. Mora, W. Jetz, H. K. Lotze, D. Ricard, E. V. Berghe, B. Worm, Global 

patterns and predictors of marine biodiversity across taxa. Nature 466, 1098–1101 (2010).
	 29.	 C. Chaudhary, H. Saeedi, M. J. Costello, Bimodality of latitudinal gradients in marine 

species richness. Trends Ecol. Evol. 31, 670–676 (2016).
	 30.	 A. D. Rogers, O. Aburto-Oropeza, W. Appeltans, J. Assis, L. Ballance, P. Cury, C. Duarte, 

F. Favoretto, J. Kumagai, C. Lovelock, P. Miloslavich, A. Niamir, D. Obura, B. C. O’Leary, 
G. Reygondeau, C. M. Roberts, Y. Sadovy, T. Sutton, D. Tittensor, E. Velarde, Critical 
Habitats and Biodiversity: Inventory, Thresholds and Governance (High Level Panel for a 
Sustainable Ocean Economy, World Resources Institute, Washington, DC, 2020).

 on A
pril 7, 2021

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/cgi/content/full/7/15/eabd6709/DC1
http://advances.sciencemag.org/cgi/content/full/7/15/eabd6709/DC1
http://advances.sciencemag.org/


Zacaï et al., Sci. Adv. 2021; 7 : eabd6709     7 April 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

8 of 9

	 31.	 F. Martin, Acritarchs: A review. Biol. Rev. 68, 475–537 (1993).
	 32.	 J. M. Moldowan, N. M. Talyzina, Biogeochemical evidence for dinoflagellate ancestors 

in the Early Cambrian. Science 281, 1168–1170 (1998).
	 33.	 S. G. Molyneux, A. Delabroye, R. Wicander, T. Servais, Chapter 23 Biogeography of early 

to mid Palaeozoic (Cambrian-Devonian) marine phytoplankton. Geol. Soc. Lond. Mem. 38, 
365–397 (2013).

	 34.	 L. Stricanne, A. Munnecke, J. Pross, T. Servais, Acritarch distribution along an inshore–
offshore transect in the Gorstian (lower Ludlow) of Gotland, Sweden. Rev. Palaeobot. 
Palynol. 130, 195–216 (2004).

	 35.	 D. H. Erwin, M. Laflamme, S. M. Tweedt, E. A. Sperling, D. Pisani, K. J. Peterson, The 
Cambrian conundrum: Early divergence and later ecological success in the early history 
of animals. Science 334, 1091–1097 (2011).

	 36.	 B. D. Webby, F. Paris, M. L. Droser, I. G. Percival, The Great Ordovician Biodiversification 
Event (Columbia Univ. Press, 2004).

	 37.	 P. M. Sheehan, The Late Ordovician mass extinction. Annu. Rev. Earth Planet. Sci. 29, 
331–364 (2001).

	 38.	 B. D. Webby, R. J. Elias, G. A. Young, B. E. E. Neumann, D. Kaljo, in The Great Ordovician 
Biodiversification Event (Columbia Univ. Press, 2002), pp. 124–146.

	 39.	 J. A. Trotter, I. S. Williams, C. R. Barnes, C. Lecuyer, R. S. Nicoll, Did cooling oceans trigger 
Ordovician biodiversification? Evidence from conodont thermometry. Science 321, 
550–554 (2008).

	 40.	 G. Beaugrand, E. Goberville, C. Luczak, R. R. Kirby, Marine biological shifts and climate. 
Proc. R. Soc. B 281, 20133350 (2014).

	 41.	 G. Beaugrand, C. Luczak, E. Goberville, R. R. Kirby, Marine biodiversity and the chessboard 
of life. PLOS ONE 13, e0194006 (2018).

	 42.	 C. R. Scotese, N. Wright, PALEOMAP Paleodigital Elevation Models (PaleoDEMS) for the 
Phanerozoic (2018).

	 43.	 G. Vidal, A. H. Knoll, Radiations and extinctions of plankton in the late Proterozoic 
and early Cambrian. Nature 297, 57–60 (1982).

	 44.	 M. V. Lomolino, B. R. Riddle, R. J. Whittaker, J. H. Brown, Biogeography, 4th edition 
(Sinauer Associates, Sunderland, Massachusetts, USA, 2010).

	 45.	 W. Renema, D. R. Bellwood, J. C. Braga, K. Bromfield, R. Hall, K. G. Johnson, P. Lunt, 
C. P. Meyer, L. B. McMonagle, R. J. Morley, A. O’Dea, J. A. Todd, F. P. Wesselingh, 
M. E. J. Wilson, J. M. Pandolfi, Hopping hotspots: Global shifts in marine biodiversity. 
Science 321, 654–657 (2008).

	 46.	 M. Yasuhara, H. Iwatani, G. Hunt, H. Okahashi, T. Kase, H. Hayashi, T. Irizuki, Y. M. Aguilar, 
A. G. S. Fernando, W. Renema, Cenozoic dynamics of shallow-marine biodiversity 
in the Western Pacific. J. Biogeogr. 44, 567–578 (2017).

	 47.	 A. Pohl, Y. Donnadieu, G. Le Hir, J.-B. Ladant, C. Dumas, J. Alvarez-Solas, 
T. R. A. Vandenbroucke, Glacial onset predated Late Ordovician climate cooling. 
Paleoceanography 31, 800–821 (2016).

	 48.	 W. Kiessling, C. Simpson, B. Beck, H. Mewis, J. M. Pandolfi, Equatorial decline of reef corals 
during the last Pleistocene interglacial. Proc. Natl. Acad. Sci. U.S.A. 109, 21378–21383 
(2012).

	 49.	 W. Jetz, C. Rahbek, Geographic range size and determinants of avian species richness. 
Science 297, 1548–1551 (2002).

	 50.	 D. Righetti, M. Vogt, N. Gruber, A. Psomas, N. E. Zimmermann, Global pattern 
of phytoplankton diversity driven by temperature and environmental variability. Sci. Adv. 
5, eaau6253 (2019).

	 51.	 L. B. Buckley, T. J. Davies, D. D. Ackerly, N. J. B. Kraft, S. P. Harrison, B. L. Anacker, 
H. V. Cornell, E. I. Damschen, J. A. Grytnes, B. A. Hawkins, C. M. McCain, P. R. Stephens, 
J. J. Wiens, Phylogeny, niche conservatism and the latitudinal diversity gradient 
in mammals. Proc. R. Soc. B 277, 2131–2138 (2010).

	 52.	 I. Rombouts, G. Beaugrand, F. Ibaňez, S. Gasparini, S. Chiba, L. Legendre, Global 
latitudinal variations in marine copepod diversity and environmental factors. Proc. R. Soc. 
B 276, 3053–3062 (2009).

	 53.	 N. J. Sanders, J.-P. Lessard, M. C. Fitzpatrick, R. R. Dunn, Temperature, but not productivity 
or geometry, predicts elevational diversity gradients in ants across spatial grains. Glob. 
Ecol. Biogeogr. 16, 640–649 (2007).

	 54.	 Z. Wang, J. H. Brown, Z. Tang, J. Fang, Temperature dependence, spatial scale, and tree species 
diversity in eastern Asia and North America. Proc. Natl. Acad. Sci. 106, 13388–13392 (2009).

	 55.	 M. Yasuhara, R. Danovaro, Temperature impacts on deep-sea biodiversity. Biol. Rev. 91, 
275–287 (2016).

	 56.	 J. A. Fuhrman, J. A. Steele, I. Hewson, M. S. Schwalbach, M. V. Brown, J. L. Green, 
J. H. Brown, A latitudinal diversity gradient in planktonic marine bacteria. Proc. Natl. Acad. 
Sci. 105, 7774–7778 (2008).

	 57.	 A. M. Dunhill, M. J. Benton, R. J. Twitchett, A. J. Newell, Testing the fossil record: sampling 
proxies and scaling in the British Triassic-Jurassic. Palaeogeogr. Palaeoclimatol. Palaeoecol. 
404, 1–11 (2014).

	 58.	 A. Zaffos, S. Finnegan, S. E. Peters, Plate tectonic regulation of global marine animal 
diversity. Proc. Natl. Acad. Sci. U.S.A. 114, 5653–5658 (2017).

	 59.	 B. Hannisdal, S. E. Peters, Phanerozoic earth system evolution and marine biodiversity. 
Science 334, 1121–1124 (2011).

	 60.	 A. B. Smith, R. B. J. Benson, Marine diversity in the geological record and its relationship 
to surviving bedrock area, lithofacies diversity, and original marine shelf area. Geology 41, 
171–174 (2013).

	 61.	 J. A. Crame, The nature and origin of taxonomic diversity gradients in marine bivalves. 
Geol. Soc. Lond. Spec. Publ. 177, 347–360 (2000).

	 62.	 H. Saeedi, T. E. Dennis, M. J. Costello, Bimodal latitudinal species richness and high 
endemicity of razor clams (Mollusca). J. Biogeogr. 44, 592–604 (2017).

	 63.	 S.-Z. Shen, G. R. Shi, Capitanian (Late Guadalupian, Permian) global brachiopod 
palaeobiogeography and latitudinal diversity pattern. Palaeogeogr. Palaeoclimatol. 
Palaeoecol. 208, 235–262 (2004).

	 64.	 A. Clarke, S. Lidgard, Spatial patterns of diversity in the sea: Bryozoan species richness 
in the North Atlantic. J. Anim. Ecol. 69, 799–814 (2000).

	 65.	 J. J. Bolton, Global seaweed diversity: Patterns and anomalies. Botanica Marina 37, 
241–245 (1994).

	 66.	 M. M. Rivadeneira, G. C. B. Poore, in The Natural History of the Crustacea: Evolution and 
Biogeography of the Crustacea. 8 (Oxford Univ. Press, 2020), pp. 389–412.

	 67.	 G. Chust, X. Irigoien, J. Chave, R. P. Harris, Latitudinal phytoplankton distribution 
and the neutral theory of biodiversity. Glob. Ecol. Biogeogr. 22, 531–543 (2013).

	 68.	 M. G. Powell, D. S. Glazier, Asymmetric geographic range expansion explains 
the latitudinal diversity gradients of four major taxa of marine plankton. Paleobiology 43, 
196–208 (2017).

	 69.	 G. Busseni, L. Caputi, R. Piredda, P. Fremont, B. H. Mele, L. Campese, E. Scalco, 
C. de Vargas, C. Bowler, F. d’Ovidio, A. Zingone, M. R. d’Alcalà, D. Iudicone, Large scale 
patterns of marine diatom richness: Drivers and trends in a changing ocean. Glob. Ecol. 
Biogeogr. 29, 1915–1928 (2020).

	 70.	 A. D. Barton, S. Dutkiewicz, G. Flierl, J. Bragg, M. J. Follows, Patterns of diversity in marine 
phytoplankton. Science 327, 1509–1511 (2010).

	 71.	 H. Hillebrand, A. I. Azovsky, Body size determines the strength of the latitudinal diversity 
gradient. Ecography 24, 251–256 (2001).

	 72.	 H. Hillebrand, Strength, slope and variability of marine latitudinal gradients. Mar. Ecol. 
Prog. Ser. 273, 251–267 (2004).

	 73.	 W.-T. R. Chiu, M. Yasuhara, T. M. Cronin, G. Hunt, L. Gemery, C.-L. Wei, Marine latitudinal 
diversity gradients, niche conservatism and out of the tropics and Arctic: Climatic 
sensitivity of small organisms. J. Biogeogr. 47, 817–828 (2020).

	 74.	 G. Mullins, R. Aldridge, K. Dorning, A. Le Herisse, M. Moczydlowska-Vidal, S. G. Molyneux, 
T. Servais, R. Wicander, in Palaeozoic Palynology in Space and Time, J. Bek, R. Brocke, 
J. Daškova, O. Fatka, Eds. (Institute of Geology, Academy of Science, 2006), pp. 38–39.

	 75.	 G. Mullins, R. Aldridge, K. Dorning, A. Le Hérissé, M. Moczydlowska-Vidal, S. G. Molyneux, 
T. Servais, R. Wicander, The diversity of the Lower Paleozoic phytoplankton: The PhytoPal 
project. Palynology 30, 224 (2006).

	 76.	 R. D. Müller, J. Cannon, X. Qin, R. J. Watson, M. Gurnis, S. Williams, T. Pfaffelmoser, 
M. Seton, S. H. J. Russell, S. Zahirovic, GPlates: Building a virtual Earth through deep time. 
Geochem. Geophys. Geosyst. 19, 2243–2261 (2018).

	 77.	 C. R. Scotese, PALEOMAP PaleoAtlas for GPlates and the PaleoData Plotter Program (2016).
	 78.	 J. Alroy, Fair sampling of taxonomic richness and unbiased estimation of origination 

and extinction rates. Paleontol. Soc. Papers 16, 55–80 (2010).
	 79.	 P. B. Fenberg, B. A. Menge, P. T. Raimondi, M. M. Rivadeneira, Biogeographic structure 

of the northeastern Pacific rocky intertidal: The role of upwelling and dispersal to drive 
patterns. Ecography 38, 83–95 (2015).

	 80.	 K. Roy, D. Jablonski, J. W. Valentine, Eastern Pacific molluscan provinces and latitudinal 
diversity gradient: No evidence for “Rapoport’s rule.”. Proc. Natl. Acad. Sci. U.S.A. 91, 
8871–8874 (1994).

	 81.	 K. Roy, D. Jablonski, J. W. Valentine, G. Rosenberg, Marine latitudinal diversity gradients: 
Tests of causal hypotheses. Proc. Natl. Acad. Sci. U.S.A. 95, 3699–3702 (1998).

	 82.	 C. L. Belanger, D. Jablonski, K. Roy, S. K. Berke, A. Z. Krug, J. W. Valentine, Global 
environmental predictors of benthic marine biogeographic structure. Proc. Natl. Acad. Sci. 
U.S.A. 109, 14046–14051 (2012).

	 83.	 D. Jablonski, C. L. Belanger, S. K. Berke, S. Huang, A. Z. Krug, K. Roy, A. Tomasovych, 
J. W. Valentine, Out of the tropics, but how? Fossils, bridge species, and thermal ranges 
in the dynamics of the marine latitudinal diversity gradient. Proc. Natl. Acad. Sci. U.S.A. 
110, 10487–10494 (2013).

	 84.	 J. Alroy, The shifting balance of diversity among major marine animal groups. Science 
329, 1191–1194 (2019).

	 85.	 R. L. Jacob, “Low frequency variability in a simulated atmosphere ocean system,” thesis, 
Madison University of Wisconsin-Madison, Madison, WI (1997).

	 86.	 R Development Core Team, R: A Language and Environment for Statistical Computing  
(R Foundation for Statistical Computing, 2019).

	 87.	 K. Barton, M. K. Barton, Package “MuMIn,” Multi-model inference. version 1 (2019); https://
CRAN.R-project.org/package=MuMIn.

 on A
pril 7, 2021

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

https://CRAN.R-project.org/package=MuMIn
https://CRAN.R-project.org/package=MuMIn
http://advances.sciencemag.org/


Zacaï et al., Sci. Adv. 2021; 7 : eabd6709     7 April 2021

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

9 of 9

	 88.	 B. Ripley, B. Venables, D. M. Bates, K. Hornik, A. Gebhardt, D. Firth, M. B. Ripley, Package 
“mass,” Cran R (2019); https://CRAN.R-project.org/package=MASS.

	 89.	 G. Beaugrand, R. R. Kirby, How do marine pelagic species respond to climate change? 
Theories and observations. Ann. Rev. Mar. Sci. 10, 169–197 (2018).

	 90.	 G. Beaugrand, R. Kirby, E. Goberville, The mathematical influence on global patterns 
of biodiversity. Ecol. Evol. 10, 6494–6511 (2020).

	 91.	 G. F. Gause, The Struggle for Coexistence (Lippincott Williams & Wilkins, 1934).
	 92.	 G. Beaugrand, M. Edwards, V. Raybaud, E. Goberville, R. R. Kirby, Future vulnerability 

of marine biodiversity compared with contemporary and past changes. Nat. Clim. Change 
5, 695–701 (2015).

	 93.	 G. Beaugrand, A. Conversi, A. Atkinson, J. Cloern, S. Chiba, S. Fonda-Umani, R. R. Kirby, 
C. H. Greene, E. Goberville, S. A. Otto, P. C. Reid, L. Stemmann, M. Edwards, Prediction 
of unprecedented biological shifts in the global ocean. Nat. Clim. Change 9, 237–243 (2019).

	 94.	 J. A. Estes, J. Terborgh, J. S. Brashares, M. E. Power, J. Berger, W. J. Bond, S. R. Carpenter, 
T. E. Essington, R. D. Holt, J. B. C. Jackson, R. J. Marquis, L. Oksanen, T. Oksanen, R. T. Paine, 
E. K. Pikitch, W. J. Ripple, S. A. Sandin, M. Scheffer, T. W. Schoener, J. B. Shurin, 
A. R. E. Sinclair, M. E. Soulé, R. Virtanen, D. A. Wardle, Trophic downgrading of planet 
Earth. Science 333, 301–306 (2011).

	 95.	 R. R. Kirby, G. Beaugrand, Trophic amplification of climate warming. Proc. R. Soc. B 276, 
4095–4103 (2009).

	 96.	 G. Beaugrand, K. M. Brander, J. Alistair Lindley, S. Souissi, P. C. Reid, Plankton effect on cod 
recruitment in the North Sea. Nature 426, 661–664 (2003).

	 97.	 G. Beaugrand, M. Edwards, L. Legendre, Marine biodiversity, ecosystem functioning, 
and carbon cycles. Proc. Natl. Acad. Sci. U.S.A. 107, 10120–10124 (2010).

	 98.	 G. Beaugrand, M. Edwards, P. Hélaouët, An ecological partition of the Atlantic Ocean 
and its adjacent seas. Prog. Oceanogr. 173, 86–102 (2019).

	 99.	 H. Nowak, T. Servais, C. Monnet, S. G. Molyneux, T. R. A. Vandenbroucke, Phytoplankton 
dynamics from the Cambrian Explosion to the onset of the Great Ordovician 
Biodiversification Event: A review of Cambrian acritarch diversity. Earth Sci. Rev. 151, 
117–131 (2015).

	100.	 T. Servais, L. Stricanne, M. Montenari, J. Pross, Population dynamics of galeate acritarchs at the 
Cambrian-Ordovician transition in the Algerian Sahara. Palaeontology 47, 395–414 (2004).

	101.	 J. Oksanen, F.G. Blanchet, R. Kindt, P. Legendre, P.R. Minchin, R.B. O’Hara, G. L. Simpson, 
P. Solymos, M. Henry, H. Stevens, E. Szoecs, H. Wagner, The vegan package, Community 
ecology package, R package version 2.3–2 (2015); http://CRAN.R-project.org/
package=vegan.

	102.	 J. T. Kiehl, J. J. Hack, G. B. Bonan, B. A. Boville, D. L. Williamson, P. J. Rasch, The National 
Center for Atmospheric Research Community Climate Model: CCM3. J. Climate 11, 
1131–1149 (1998).

	103.	 A. J. Semtner Jr., A model for the thermodynamic growth of sea ice in numerical 
investigations of climate. J. Phys. Oceanogr. 6, 379–389 (1976).

	104.	 A. Pohl, Y. Donnadieu, G. Le Hir, J.-F. Buoncristiani, E. Vennin, Effect of the Ordovician 
paleogeography on the (in)stability of the climate. Clim. Past. 10, 2053–2066 (2014).

	105.	 E. Nardin, Y. Godderis, Y. Donnadieu, G. L. Hir, R. C. Blakey, E. Puceat, M. Aretz, Modeling 
the early Paleozoic long-term climatic trend. Geol. Soc. Am. Bull. 123, 1181–1192 (2011).

	106.	 D. O. Gough, in Physics of Solar Variations (Springer, 1981), pp. 21–34.
	107.	 T. W. Hearing, T. H. P. Harvey, M. Williams, M. J. Leng, A. L. Lamb, P. R. Wilby, S. E. Gabbott, 

A. Pohl, Y. Donnadieu, An early Cambrian greenhouse climate. Sci. Adv. 4, eaar5690 
(2018).

	108.	 R. A. Berner, Inclusion of the weathering of volcanic rocks in the GEOCARBSULF model. 
Am. J. Sci. 306, 295–302 (2006).

	109.	 C. M. Ø. Rasmussen, C. V. Ullmann, K. G. Jakobsen, A. Lindskog, J. Hansen, T. Hansen, 
M. E. Eriksson, A. Dronov, R. Frei, C. Korte, A. T. Nielsen, D. A. T. Harper, Onset of main 
Phanerozoic marine radiation sparked by emerging Mid Ordovician icehouse. Sci. Rep. 6, 
18884 (2016).

	110.	 R. D. Pancost, K. H. Freeman, A. D. Herrmann, M. E. Patzkowsky, L. Ainsaar, T. Martma, 
Reconstructing Late Ordovician carbon cycle variations. Geochim. Cosmochim. Acta 105, 
433–454 (2013).

	111.	 T. R. A. Vandenbroucke, H. A. Armstrong, M. Williams, F. Paris, J. A. Zalasiewicz, K. Sabbe, 
J. Nolvak, T. J. Challands, J. Verniers, T. Servais, Polar front shift and atmospheric CO2 
during the glacial maximum of the Early Paleozoic Icehouse. Proc. Natl. Acad. Sci. U.S.A. 
107, 14983–14986 (2010).

	112.	 C. V. Rubinstein, P. Gerrienne, G. S. de la Puente, R. A. Astini, P. Steemans, Early Middle 
Ordovician evidence for land plants in Argentina (eastern Gondwana): Rapid report. New 
Phytol. 188, 365–369 (2010).

	113.	 P. Steemans, A. Le Hérissé, J. Melvin, M. A. Miller, F. Paris, J. Verniers, C. H. Wellman, Origin 
and radiation of the earliest vascular land plants. Science 324, 353 (2009).

	114.	 D. Edwards, L. Cherns, J. A. Raven, Could land-based early photosynthesizing ecosystems 
have bioengineered the planet in mid-Palaeozoic times? Palaeontology 58, 803–837 (2015).

	115.	 M. J. Brewer, A. Butler, S. L. Cooksley, The relative performance of AIC, AICC and BIC 
in the presence of unobserved heterogeneity. Methods Ecol. Evol. 7, 679–692 (2016).

Acknowledgments: We thank A. Duputié (University of Lille) for help with the GLM 
computation and B. Van Bocxlaer (University of Lille) for constructive and helpful comments 
on a preliminary version of the manuscript. The three anonymous reviewers are acknowledged 
for their constructive comments. G.M. thanks M. Moczydlowska-Vidal for her guidance on 
Cambrian taxa when establishing the database. This paper is a contribution to the 
International Geoscience Programme (IGCP) Project 653—The onset of the Great Ordovician 
Biodiversification Event. Funding: We thank the Région Hauts-de-France, the Ministère de 
l’Enseignement Supérieur et de la Recherche (CPER Climibio), the European Regional 
Development Fund, and the Leverhulme Trust for their financial support. A.P. thanks the CEA/
CCRT for providing access to the HPC resources of TGCC under the allocation 2014-012212 
made by GENCI. The research leading to these results was supported by a Marie Skłodowska-
Curie International Fellowship under grant agreement no. 838373. Author contributions: 
A.Z., C.M., and T.S. designed the research project. A.Z. and C.M. performed the research and 
data analyses. G.M. constructed the original dataset. A.Z. and D.M.K. cleaned and completed 
the dataset. A.P. conducted paleoclimate simulations. G.B. performed the species distribution 
simulations. A.Z., C.M., T.S., A.P., and G.B. wrote the paper. Competing interests: The authors 
declare that they have no competing interests. Data and materials availability: All data 
needed to evaluate the conclusions in the paper are present in the paper and/or the 
Supplementary Materials. The fossil occurrence data used in this study are available in table 
S1, and the R code under request to C.M. (claude.monnet@univ-lille.fr). Additional data related 
to this paper may be requested from the authors.

Submitted 4 July 2020
Accepted 19 February 2021
Published 7 April 2021
10.1126/sciadv.abd6709

Citation: A. Zacaï, C. Monnet, A. Pohl, G. Beaugrand, G. Mullins, D. M. Kroeck, T. Servais, 
Truncated bimodal latitudinal diversity gradient in early Paleozoic phytoplankton. Sci. Adv. 7, 
eabd6709 (2021).

 on A
pril 7, 2021

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

https://CRAN.R-project.org/package=MASS
http://CRAN.R-project.org/package=vegan
http://CRAN.R-project.org/package=vegan
http://advances.sciencemag.org/


Truncated bimodal latitudinal diversity gradient in early Paleozoic phytoplankton
Axelle Zacaï, Claude Monnet, Alexandre Pohl, Grégory Beaugrand, Gary Mullins, David M. Kroeck and Thomas Servais

DOI: 10.1126/sciadv.abd6709
 (15), eabd6709.7Sci Adv 

ARTICLE TOOLS http://advances.sciencemag.org/content/7/15/eabd6709

MATERIALS
SUPPLEMENTARY http://advances.sciencemag.org/content/suppl/2021/04/05/7.15.eabd6709.DC1

REFERENCES

http://advances.sciencemag.org/content/7/15/eabd6709#BIBL
This article cites 98 articles, 31 of which you can access for free

PERMISSIONS http://www.sciencemag.org/help/reprints-and-permissions

Terms of ServiceUse of this article is subject to the 

 is a registered trademark of AAAS.Science AdvancesYork Avenue NW, Washington, DC 20005. The title 
(ISSN 2375-2548) is published by the American Association for the Advancement of Science, 1200 NewScience Advances 

License 4.0 (CC BY-NC).
Science. No claim to original U.S. Government Works. Distributed under a Creative Commons Attribution NonCommercial 
Copyright © 2021 The Authors, some rights reserved; exclusive licensee American Association for the Advancement of

 on A
pril 7, 2021

http://advances.sciencem
ag.org/

D
ow

nloaded from
 

http://advances.sciencemag.org/content/7/15/eabd6709
http://advances.sciencemag.org/content/suppl/2021/04/05/7.15.eabd6709.DC1
http://advances.sciencemag.org/content/7/15/eabd6709#BIBL
http://www.sciencemag.org/help/reprints-and-permissions
http://www.sciencemag.org/about/terms-service
http://advances.sciencemag.org/

