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Today, species richness is highest in the tropics and
declines toward the poles. Although there are exceptions, this pattern is pervasive within both the terrestrial and marine realm and across taxonomic groups
(1). This latitudinal diversity gradient (LDG) was first
recognized by Alexander von Humboldt over two centuries ago. Despite this, understanding the mechanisms that underlie the LDG remains one of the
great challenges of biodiversity science (1). Whether
this is hyperbolic or not, this gradient is the first-order
macroecological pattern that needs to be explained if
we are to understand the broader question of what
determines the distribution of biodiversity. In turn, this
is critical to determining which geographical regions
of Earth’s biosphere are most vulnerable to the ongoing climate emergency. Dozens of hypotheses have
been proposed to explain the LDG, pertaining to a
broad suite of climatic, environmental, geographical, and historical variables (2), but the answer remains elusive, in part because the proposed drivers
covary in space today. However, the distribution
patterns we see among living organisms provide
only a snapshot of life: Earth’s geological record
presents a unique window into the past, during
which time these variables fluctuated substantially.
Critically, this record also reveals the response of
species to these changes. In PNAS, Song et al. (3)
evaluated the evolution of the LDG in the marine
realm from 254 to 201 Ma. Notably, this time span
includes the most devastating of all mass extinctions, at the Permian/Triassic boundary, 252 Ma. Although Song et al. (3) recovered an LDG that is
similar to the present-day pattern for much of their
study interval, the distribution of biodiversity in the
5 My after the mass extinction event was characterized by a flat gradient, with no tropical peak. Song
et al. (3) attributed this pattern to higher extinction
rates in the tropics as a result of extreme warming
and ocean anoxia, as well as increased origination
and immigration rates at higher latitudes.
Interestingly, this is not the first time a flat LDG has
been reconstructed in the immediate aftermath of a mass
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Fig. 1. Schematic representation of the evolution of the LDG throughout the last
500 My: (A) Late Ordovician (450 Ma), (B) late Permian (256 Ma), (C) Early Triassic
(249 Ma), (D) Late Cretaceous (77 Ma), (E) early Eocene (51 Ma), and (F) middle
Miocene (14 Ma). For simplicity, the LDG is shown as either a steep or flat
gradient, although its shape can be much more variable, with evidence for
bimodal gradients (i.e., a tropical “trough”). Marine and terrestrial LDGs are
shown in blue and green, respectively, whereas LDGs that are consistent between
these two realms are shown in gray (depicted LDGs based on refs. 3–13, 18, 20,
23). The pink band represents an approximation of the extent of the tropical belt.
Paleogeographic reconstructions modified from the Paleobiology Database
Navigator interface (https://www.paleobiodb.org/navigator/), which is licensed
under CC0 1.0.

extinction. Rose et al. (4) recovered a similar pattern
in North American terrestrial mammals following the
Cretaceous/Paleogene (K/Pg) mass extinction, 66 Ma.
However, subsequent work indicates that this is instead
part of a longer-term pattern: Many terrestrial groups do
not seem to have conformed to the present-day LDG either before or after the K/Pg event (Fig. 1), with flattened
gradients or biodiversity peaks at higher latitudes characterizing their evolutionary histories (e.g., refs. 5–8). This even
seems to be the case on land for most groups throughout
the Permian–Triassic (9, 10), contrasting with the pattern in
the marine realm recovered by Song et al. (3).
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This contrarian pattern is not restricted to the terrestrial realm
(Fig. 1). Numerous analyses of marine organisms also recover flattened gradients during intervals of the past 500 My (e.g., refs. 11–
14). Although the detailed analytical approaches vary between
many of these deep-time studies, all of them account for the effect
of sampling biases that can distort our reading of the fossil record
(e.g., ref. 15). This contrasts with earlier work that often took a
literal reading of the fossil record, leading to the perception that
a tropical peak and poleward decline in biodiversity had been a
largely consistent feature over the last 500 My (see reviews in refs.
5 and 6). As such, methodological issues are unlikely to be the
source of differences between the results of Song et al. (3) and
earlier studies that have failed to recover tropical biodiversity
peaks in the geological record. As such, this suggests that the
LDG was genuinely different at these times.

Work by Song et al. and others is starting to
shed light both on the patterns and the
underlying processes that have shaped the
distribution of biodiversity.
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Previous work noted that evidence for a steep, modern-type
gradient is largely restricted to “icehouse” worlds (Fig. 1), which are
characterized by steep environmental gradients (6, 12, 13, 16). By
contrast, “greenhouse” worlds are characterized by LDGs and environmental gradients that are flattened (Fig. 1), in which tropical conditions extended into much higher latitudes (5, 6, 17, 18). However,
the recovery of a modern-type gradient in the marine realm during
the greenhouse world of the Middle to Late Triassic complicates this
scenario. Song et al. (3) proposed a nuanced hypothesis, in which a
modern-type gradient can also be produced in stable greenhouse
worlds (see also ref. 19), whereas flattened LDGs might be restricted
to extreme and variable greenhouse climates. This still leaves the
question of why a modern-type gradient is not observed on land
for most groups during this time interval. Do LDGs in the terrestrial
and marine realms have different climatic constraints? Could variation
in relative strengths of niche conservatism (i.e., the tendency of
clades to retain their ecological niches over time) play a role in differences between environments? Do LDGs of taxonomic groups with
contrasting thermophysiologies (i.e., “cold”- versus “warm”-blooded
organisms) and/or body sizes respond differently to climatic
changes? How does variation in dispersal ability between groups
affect the evolution of LDGs (e.g., ref. 11)?
Returning to the present day, regardless of the underlying
mechanism, today’s LDG is the result of higher diversification rates
in the tropics, with the net rate of origination, extinction, and immigration exceeding that of higher latitudes (1, 20). As such, the

tropics are often regarded as either a “cradle” (higher origination
rates) or a “museum” (lower extinction rates) of biodiversity. Others
have argued that it is more likely that the tropics are both a cradle
and museum, and further complicated by dispersal, with species
originating in the tropics and dispersing poleward while retaining
their tropical presence (20). This paradigm has been assumed to
hold true in deep time, too (e.g., ref. 19), although Song et al.’s (3)
study demonstrates that severe latitudinal extinction selectivity has
the ability to invert these patterns. During greenhouse intervals, the
tropical belt expanded into higher latitudes (5): The flattened LDGs
in the terrestrial realm, at least, presumably reflect this, with diversification rates largely consistent across a broad latitudinal band
(18). Interestingly, the earliest known members of many of today’s
“tropical” clades are from high-latitude localities during the last
greenhouse world (e.g., ref. 17), which also suggests that the lowlatitude tropics were not always a biodiversity cradle in the past (11,
18). We currently lack an understanding of why LDGs in the marine
realm flattened after the Triassic (e.g., refs. 11 and 12), although the
effect of the Triassic/Jurassic mass extinction, 201 Ma, has yet to be
evaluated in this context. Notably, Song et al.’s (3) results indicate
an important role for latitudinal variation in extinction selectivity on
shaping gradients (see also refs. 21 and 22). The present-day LDG
likely only began to form, or at least only steepened (12, 20), in the
last 30 to 40 My in both the terrestrial and marine realms (6) and
might still have varied substantially during this time (e.g., refs. 7 and
14). The timing of its inception might correspond to heightened
extinction rates at high latitudes and increased dispersal into lower
latitudes, resulting from latitudinal contraction of the tropics during
the descent into the current icehouse world (18).
We are still at the formative stage of determining patterns of past
biodiversity distribution, with many taxonomic groups, environments,
and time intervals yet to be evaluated. However, work by Song et al.
(3) and others is starting to shed light both on the patterns and the
underlying processes (e.g., refs. 11, 17, 18, 23) that have shaped the
distribution of biodiversity. These contributions have the potential
to provide critical insights that supplement macroecological
efforts, providing a framework for testing hypotheses otherwise
based entirely on present-day data. The fossil record has a key
role to play in answering many macroevolutionary and macroecological questions, especially when present-day data alone
are consistent with a multitude of hypotheses (24).
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