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Abstract: The latitudinal gradient in species richness is one of ecology’s oldest observed
patterns, yet the mechanisms maintaining it remain debated. One prominent explanation links
seasonality to the evolution of broad physiological tolerances, creating evolutionary conditions
that impede population divergence and speciation. We tested whether seasonality leaves
detectable signatures in the genetic composition of natural populations by estimating genome-
wide diversity, genetic differentiation, and effective population size across 100 mammal species
at 1,426 local populations worldwide. Within species, genetic diversity was higher and genetic
differentiation lower in the most seasonal parts of the range. In wide-ranging species occurring at
higher latitudes, genetic diversity increased in populations toward the poleward range edge. Our
results suggest that the population genetic conditions generally associated with the promotion of
speciation vary systematically across latitudes in parallel with the latitudinal species diversity
gradient.



Main Text: The increase in species richness from the poles toward the equator, known as the
latitudinal diversity gradient, is one of the most pervasive patterns in the natural world (1).
Despite centuries of research interest, the mechanisms responsible for this pattern remain
actively debated (2-5). Though not originally developed for this question, the climate variability
hypothesis (6, 7) is often invoked to explain latitudinal diversity gradients because of the
intuitive mechanism it proposes (8, 9). It posits that poleward regions experiencing seasonal
fluctuations in climatic conditions should harbor species that can tolerate a broad range of
environmental conditions. This should promote connectivity and high gene flow between
populations across larger geographic ranges, in turn preventing population divergence and
ultimately, speciation. In contrast, lower gene flow should increase the likelihood of population
divergence and speciation at lower latitudes, which could contribute to the latitudinal diversity
gradient (8). However, the extensive theoretical and empirical attention devoted to evaluating
these processes has not extended to understanding whether population-level biogeographic
patterns in intraspecific genetic diversity align with these predictions. Here we revisit these
classical ecological ideas through a population genetic lens to test whether the evolutionary
conditions thought to promote population divergence and speciation covary with latitude and the
species richness gradient.

Population genetic theory suggests that populations occupying a narrow, consistent set of
conditions evolve more efficiently in response to the environment than generalists (10).
Beneficial mutations spread more quickly, local adaptation occurs more readily, and individuals
that mate and stay within their home habitat are favored, all of which accelerate divergence
between populations. In comparison, organisms in seasonal environments evolve broader
environmental niches, which leads to greater population cohesion, larger ranges, and fewer
opportunities for divergence and speciation (10). The connections between seasonality and
environmental niche breadth drawn by Janzen (6) and Stevens (7) can be logically extended to
the latitudinal diversity gradient through their proposed effects on dispersal (8). Janzen (6)
predicted that the absence of seasonality near the equator would produce organisms so narrowly
adapted to local conditions that even modest altitudinal environmental gradients could become
barriers to dispersal. Stevens (7) extended this reasoning, suggesting that greater seasonality at
higher latitudes should select for broader environmental niches and therefore relieve organisms
from the dispersal limitations imposed by climatic barriers, both of which would contribute to
species having wider geographic ranges in these regions (7, 11).

The population genetic theoretical framework and the predictions of Janzen and Stevens are thus
two descriptions of the same phenomenon from different disciplinary perspectives. Both predict
that seasonal environments should favor broader environmental tolerances, greater dispersal, and
stronger genetic connectivity among populations. Recognizing this connection suggests that the
evolutionary consequences of living in seasonal environments should be detectable in the genetic
composition of natural populations across latitude, and should produce corresponding
contemporary latitudinal gradients in genetic diversity. Within species, latitudinal genetic
diversity gradients should be most apparent in wide-ranging species whose distributions span
large latitudinal gradients in seasonality; among species, those with larger ranges positioned at
higher latitudes should have higher diversity and lower population structure than species with
smaller ranges near the equator. Leveraging a microsatellite database compiled from 59,587



individuals across 100 mammal species and 1,426 local populations (Fig. 1), we tested whether
the predicted effects of the climate variability hypothesis were borne out in the genetic
composition of populations and species. Access to genotype data enabled us to consistently
estimate metrics of genome-wide diversity, contemporary effective population size, and genetic
differentiation at population and species levels. We used spatially-explicit Bayesian hierarchical
regression models to quantify the effects of seasonality on local population genetic composition,
allowing model slopes and intercepts to vary by species. This model structure enabled us to test
the consistency and generality of relationships between genetic composition and seasonality
across species.
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Fig. 1. Map of sample locations. The data comprised 59587 individuals sampled across 100
mammal species at 1426 locations. Each point represents a site where multiple individuals were
genotyped. The median number of individuals sampled at each site was 23 (range 5 — 2444
individuals), and the median number of sample locations per species was 7 (range 1 — 82 sites).

Temperature seasonality is associated with latitudinal gradients in genetic diversity

In support of the climate variability hypothesis, we found seasonality, here measured as the
annual range in temperature at a sample site, was positively associated with the genetic diversity
and effective population size of local populations, and negatively associated with genetic
differentiation across populations (Fig. 2). Populations in more seasonal environments were
better connected with nearby populations, thus had lower levels of genetic differentiation, higher
genetic diversity, and larger effective population sizes than populations in less seasonal
environments. This relationship was consistent across most species (87-97%) in the dataset for
all genetic metrics (Fig. 2). The consistent effects of temperature seasonality contrasted with
other climatic variables including precipitation seasonality, the standard deviation of annual
precipitation at a sample site. A separate set of models demonstrated that population-level



relationships between genetic metrics and precipitation seasonality, mean annual temperature,
and mean annual precipitation were dependent on species’ latitudinal range position, with
variable effects on tropical populations and consistent effects in high-latitude populations (fig.
S3, table S2).
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Fig. 2. Coefficient plot showing the effect of annual temperature range on genetic metrics at
the site level. Open circles show the estimated overall effect of temperature range across all
species, with 90 and 95% credible intervals (bold and narrow lines, respectively). Colored circles
represent species-specific effects of temperature range (i.e. random slope estimates). Circle
diameter is proportional to the number of locations sampled for each species. Within species,
populations experiencing higher temperature seasonality show consistently higher gene diversity,
allelic richness, effective population sizes and lower genetic differentiation.



Because the relationship between temperature seasonality and population genetic metrics were
independent of latitudinal range position, we predicted that these patterns should be most
apparent in wide-ranging species whose distributions span large latitudinal gradients in
seasonality. Indeed, high-latitude species tended to have more well-connected, genetically
diverse populations toward the poleward edge of their range (Fig. 3a). This relationship also held
for species with larger geographic ranges (table S1, fig. S2). Our results suggest that species
distributed at high absolute latitudes with larger range areas have pronounced latitudinal
gradients in intraspecific genetic diversity. In contrast, no consistent latitudinal trends were
detectable for species with smaller ranges or species distributed nearer the equator.

Among species, we predicted that species with larger ranges positioned at higher latitudes should
have higher genome-wide diversity and lower population structure at the species level than
species with smaller ranges near the equator. However, while effective population size trended in
this direction, we did not detect strong latitudinal gradients across species for any genetic metric
(Fig. 3b).

Links between genetic diversity and species richness

The negative association between temperature seasonality and population differentiation, and
lower genetic diversity at the equatorward edge of species ranges, suggest that demographic
conditions for species formation are systematically less favorable in seasonal, high-latitude
environments. The contrasting relationship with temperature seasonality versus other climate
factors is informative, because precipitation regimes vary in ways that do not track the simple
latitudinal gradient in thermal seasonality (12). The consistent effect of temperature seasonality
across range positions, and the absence of an equivalent effect for precipitation, therefore
supports the specific mechanism invoked by the climate variability hypothesis rather than a more
general climatic complexity argument.

New species form most readily when populations are genetically isolated from one another,
allowing all evolutionary forces to contribute to population divergence over time (13-15). Our
results align with the patterns of genetic diversity predicted in high-seasonality environments, in
which seasonally varying selection pressures produce species with wider ecological niches and
greater dispersal capacity (10). In turn, populations remain genetically connected across large
areas, keeping differentiation low, maintaining genetic diversity, and slowing the accumulation
of genetic differences that can eventually lead to speciation. This interpretation rests on the
assumption that contemporary population genetic conditions reflect the long-term demographic
environment relevant to speciation. The extent to which population differentiation predicts
speciation remains debated (15-18), but our results do not require that differentiation
mechanistically drives speciation in all lineages, only that the demographic conditions
facilitating divergence are systematically more prevalent at low latitudes. In mammals, there is
mixed evidence that speciation rates are faster and extinction rates are lower in the tropics (19,
20). Intriguingly, a lighter drift load may suggest that specialist species should tend to persist
over longer evolutionary time than generalists (10). Our results reinforce general patterns
observed in mammals where geographic areas with higher species richness, and those exhibiting
rapid spatial turnover in species composition, coincide with more genetically differentiated
populations (21-23), highlighting an important role for spatial population demography in
speciation processes relevant for broad-scale biodiversity patterns (15).
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Fig. 3. Model results for intraspecific (A) and interspecific (B) genetic gradients. (A) Interactive relationships between
intraspecific latitudinal gradients and absolute species level mid-range latitude. Plots show predicted genetic metrics (y axes) based on
regressions including interaction terms between latitude and species level latitude. The probability of direction (the proportion of
posterior draws with effects in the estimated direction) for the interaction term in each model is shown at the bottom right of all plots.
Shaded regions represent 95% credible intervals. For gene diversity and allelic richness, relationships with latitude tended to become
more strongly positive for high latitude species. (B) Relationships between species’ absolute mid-range latitude and genetic metrics
estimated at the species level. Points represent the effect of latitude flanked by 90 (bold lines) and 95% (narrow lines) credible
intervals and posterior densities. Absolute latitude was not strongly related to any genetic metric at the species level, suggesting there
are no gradients in genetic diversity or differentiation across species.



Reduced genetic diversity in populations nearer the poles, particularly in the northern
hemisphere, is often a predicted outcome of glaciation as species expanded poleward following
glacial retreat (24-26). A purely historical account would therefore predict that genetic diversity
gradients should reflect expansion directionality rather than contemporary climate, be decoupled
from range size, and should vary with hemisphere in ways that track glacial history rather than
contemporary seasonality (24, 25). Instead, we find increasingly positive intraspecific genetic
diversity gradients towards the poles associated with temperature seasonality, likely reflecting
the fact that species with larger ranges span greater latitudinal variation in seasonality. This
pattern is more consistent with ongoing microevolutionary processes than with the residue of
past demographic events.

We note that our dataset is geographically biased toward North America and Europe, regions that
harbor a disproportionate number of wide-ranging species occupying highly seasonal
environments (Fig. 1, fig. S1). Because the strength and direction of intraspecific latitudinal
genetic gradients depend on species-level attributes such as range size and latitudinal range
position (Fig. 3a), estimates of global latitudinal patterns will reflect the species composition of
the dataset. Tropical and range-restricted species are comparatively underrepresented in our data
(Fig 1, fig S1.), meaning our results provide strongest support for positive intraspecific diversity
gradients in temperate, wide-ranging mammals. Additional sampling at low latitudes will be
required to determine the extent to which the relationship between population genetics and
seasonality generalizes across the full diversity of mammalian life histories and geographic
distributions.

We did not detect a latitudinal gradient in genetic diversity or population structure across species
(Fig. 3b). This likely reflects a limit on what contemporary intraspecific diversity can reveal
about macroevolutionary history, rather than evidence against a microevolutionary role in
shaping patterns of species richness. The relationship between population size and genetic
diversity is far shallower than neutral theory predicts across taxa (27, 28), so the range-size
advantage of high-latitude species may yield only modest diversity gains that are easily obscured
by variation in body size, generation time, and demographic history. In addition, anthropogenic
habitat loss and fragmentation reduce effective population sizes and interrupt gene flow, with
mammals showing particularly consistent declines in genetic diversity in disturbed landscapes
(29-31). Because this erosion is concentrated in heavily modified landscapes that are not
distributed uniformly across latitude, it can introduce spatial noise into contemporary diversity
patterns, further obscuring any underlying macroevolutionary signal.

Reconciling latitudinal genetic patterns across markers and metrics

The latitudinal gradients in genetic diversity we find contrast with known gradients in species
richness, endemic species richness, functional diversity, phylogenetic diversity, and with
previous descriptions of latitudinal gradients of genetic diversity. The literature on latitudinal
gradients in genetic diversity is small but growing, and there is no empirical consensus on
whether gradients in genetic diversity exist (32—34). Part of the reason for this is unclear
terminology surrounding the types of latitudinal genetic diversity gradients being quantified. For



instance, latitudinal gradients of genetic diversity may include latitudinal gradients in
intraspecific (35, 36) or interspecific mitochondrial genetic diversity (26), mitochondrial genetic
differentiation (37), multispecies averages of mitochondrial genetic diversity (38-41),
interspecific chloroplast genetic diversity (26), intraspecific nuclear genetic diversity (22, 23, 36,
42, 43), nuclear genetic differentiation (44), and gene-specific diversity (mitochondrial
cytochrome oxidase | and cytochrome b: 38-41, MHC: 45). Predictions differ for the genetic
diversity of local populations or genetic differentiation, and, as we demonstrate, depend on
whether such patterns are quantified at the population or species level. Our results are generally
consistent with previous work on intraspecific mitochondrial genetic differentiation, where
populations in low-latitude bins within species ranges were found to be more genetically
differentiated than those in high latitude bins (37), however our findings contrast with latitudinal
gradients in interspecific mitochondrial diversity (38). Importantly, however, different genetic
markers reflect distinct evolutionary processes that can be considered holistically, but not
interchangeably, in the broader context of understanding how latitudinal biodiversity gradients
are maintained (4).

Conclusions

The latitudinal diversity gradient is one of the oldest and most conspicuous patterns in ecology,
yet the mechanisms responsible for its persistence remain debated. Our results suggest that the
population genetic conditions associated with population divergence vary predictably with
seasonality and across latitude in ways consistent with the climate variability hypothesis. More
broadly, our results suggest that the population genetic conditions associated with population
divergence and species formation are unevenly distributed across latitude and continue to leave
detectable signatures in the genetics of contemporary populations. This adds a new contemporary
evolutionary perspective to ideas long invoked to explain the latitudinal diversity gradient.

Materials and Methods
Genetic data

We used a previously compiled database of publicly available microsatellite genotypes for
terrestrial mammals to test for latitudinal relationships (46). In brief, these data were compiled by
programmatically querying DataONE (https://www.dataone.org/) and the Dryad Digital
Repository (https://datadryad.org/) with a list of species names and the search term “microsat*”
(e.g., Tamias striatus microsat*). Because we were interested in generally describing
contemporary latitudinal patterns of genetic diversity, we applied the following filters to the
database: removing sites located outside species’ native ranges as identified by the authors of
original works; removing hybrid species as identified by the original authors; removing historical
samples where identified (pre-1900); and removing a cosmopolitan, human-associated species
(Mus musculus). Finally, we also excluded island sites due to specific processes that may cause
systematic downward biases in island genetic diversity relative to the mainland independent of
latitude (i.e., bottlenecks and reduced gene flow). The final database encompassed 100 mammal
species, 1426 sample locations (sites) and 59587 individuals (Fig. 1). The median number of
individuals sampled at each site was 23 (range 5 — 2444 individuals), and the median number of
sample locations per species was 7 (range 1 — 82 sites). We use dataset to refer to a single
genotype file for one species of a given study (a unique combination of species and study).
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To describe latitudinal patterns of genetic diversity and differentiation, we estimated four genetic
metrics at site and species levels using the adegenet and hierfstat packages in R (47, 48). First,
we used two alternative metrics of genetic diversity: gene diversity and allelic richness. Gene
diversity is the probability of sampling two different alleles in a non-random mating population
(49). We estimated gene diversity at each site, and at the species level we estimated the overall
gene diversity across all sites within each dataset. Allelic richness is a count of alleles in a
sample of individuals standardized using sample-based rarefaction to account for variation in
sample size across sites (50). The genetic database only retains sites with a minimum of 5
sampled individuals, thus we rarefied allelic richness to a minimum of 10 alleles across the entire
database to ensure comparability. To estimate allelic richness at the species level, we grouped all
individuals within a dataset into a single population and re-estimated allelic richness, retaining a
10-allele minimum for rarefaction because this was the smallest sample size across all datasets.

Next, we estimated contemporary effective population size, a measure of the strength of genetic
drift, using the linkage disequilibrium method implemented in NeEstimator v2 (51).
Contemporary effective population size measures signatures of genetic drift in the parental
generation of sampled individuals at each locality. The linkage disequilibrium method performs
well for small effective sizes, however returns estimates of infinity if too few individuals were
sampled and sampling error overwhelms the signal of genetic drift, or if effective population
sizes are very large (52). We set estimates of infinity to NA and removed them from the final
analysis. At the species level, we analyzed the average effective population size of local
populations within a hierarchical model using random intercepts for species. We used the
average effective population size of species rather than pooling all individuals within datasets
because this would estimate a metapopulation effective population size which is only appropriate
under high migration rates (53).

Finally, we estimated genetic differentiation per site and overall population structure at the
species level. At the site level we used population-specific Fst (54), which estimates how
genetically differentiated sites are from a single common ancestor of all sites in the sample.
Genetic differentiation is only estimable when at least two sites were sampled in original
datasets, thus datasets with single populations were omitted from all Fst analyses. We estimated
a species-level measure of population structure using G’st (55). G’st is a variant of Gst (49),
which estimates Fst for multiallelic markers. Maximum Gst values are determined by the genetic
diversity of subpopulations, and are thus not comparable across datasets or species. G’st
addresses this issue by rescaling Gst to remove its dependency on the average genetic diversity
of subpopulations.

Species attributes

We obtained spatial distribution data for terrestrial mammals from the International Union for
the Conservation of Nature (56). We filtered species range data to retain only regions where
species were recorded as extant, native, and resident. We identified the mid-range latitude for
each species by taking the latitude of the range centroid using the sf package (57, 58). We used
the function st_area() to calculate the size of each distribution range.

We obtained species body mass (g) data from PanTHERIA (59) using the traitdata package
version 0.0.1 (60). We manually added body masses for species with missing data (6 species)



using reference information from the Global Biodiversity Information Facility
(www.gbif.org/species).

Climate data

We downloaded raster maps of bioclimatic variables from the WorldClim database (61) at a
spatial resolution of 5 arc-minutes. We focused on four major climate variables: annual mean
temperature (BIO1), temperature annual range (BIO7), annual precipitation (B1012), and
precipitation seasonality (BIO15). We extracted the mean climate value within a 10 km buffer
around each sampling location using the terra package (62). Locations with missing climate data
were excluded from the climate model analyses (4 observations).

Analysis

We used hierarchical Bayesian generalized linear models to test our predictions related to
seasonality and inter- and intraspecific latitudinal gradients in genetic metrics. We fit all models
with brms (63) using normally distributed priors (mean 0, SD 1) for fixed effects, and default
priors for all other parameters. To retain the same directionality for latitudinal relationships
across hemispheres, we used absolute latitude in all models. We log-transformed effective
population size, body mass and range size, and scaled and centered all predictor and response
variables before analysis. All analyses were conducted in R Version 4.3.2 (64).

Intraspecific models. We modeled the effect of temperature seasonality on each genetic metric in
a series of hierarchical linear regressions incorporating random slopes and intercepts for species.
To account for spatial autocorrelation in model residuals, we used spatial simultaneous
autoregressive models implemented in brms. Our genetic response variables included site-level
measures of gene diversity, allelic richness, effective population size, and population-specific
Fst, resulting in a total of 4 models. In this model structure, random intercepts account for
variation in the means of each genetic metric across species, and random slopes allow the
relationship between genetic metrics and temperature seasonality to vary per species.

To test for latitudinal genetic gradients within species, we used the same model structure as
above with site-level latitude as a predictor. By using random slopes, relationships with latitude
are estimated for each species. This means we did not make assumptions about the strength or
direction of latitudinal genetic patterns of individual species; we instead asked the extent to
which latitudinal genetic relationships are consistently negative or positive across all species in
the sample. An overall effect size of zero for latitude may therefore indicate that genetic metrics
for all species do not vary with latitude (all species-specific slopes near zero), or alternatively
that the effect sizes for individual species relationships with latitude vary from negative to
positive, effectively balancing out to a zero overall effect size.

One species, Apodemus flavicollis, had a markedly large effect size for gene diversity due to a
study-level difference in this metric that was confounded with latitude. In our database, 31
species were represented in multiple studies. This means that using species as a random effect
does not fully account for study-specific variation across datasets. However, a majority (69%) of
species are from single studies, and some studies include multiple species, making it infeasible to
simultaneously account for species- and study-level variation with random effects in our models.
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We addressed this issue in two ways. First, because A. flavicollis was the only strong outlier, we
ran a parallel set of models coding these two studies as separate species (i.e.,
Apodemus_flavicollisl and Apodemus_flavicollis2). Second, we ran intraspecific models using
a dataset-specific grouping factor (genotype file name) for random slopes and intercepts instead
of species. Dataset as a random effect uniquely identifies each species-study combination. .
However, due to biases toward the study of temperate species in the database, they were
overrepresented in models with dataset as a random effect, pulling overall effect estimates closer
to those of temperate species. Because of this, we chose to present models with species as a
random effect with A. flavicollis coded as two species in the main text.

Interspecific models. We then tested for evidence of interspecific latitudinal gradients, which
may emerge if species’ genetic diversity, effective population size, or overall population
structure were related to the latitudinal positions of their range or gradients in range size. We fit a
series of models regressing species’ mid-range latitude on genetic metrics. We fit simple linear
regressions with species-level estimates of gene diversity, allelic richness, or population structure
as the response variable. We did not have enough replication of species across studies to account
for study-level variation with random effects, thus we took the median allelic richness and mean
gene diversity or population structure in cases where one species had estimates from multiple
studies. For effective population size, we fit a hierarchical model including random intercepts for
species with population-level effective population size as the response and species mid-range
latitude as predictor. In this model, species random intercepts estimate the average effective
population size of species.

Interaction models. We next tested the extent to which relationships between genetic metrics and
seasonality were consistent across latitude. To do this, we modeled each genetic metric as a
function of site-level temperature seasonality, species mid-range latitude, and their interaction.
We retained the same species-level random effects and spatial autoregressive terms as in the
intraspecific models described above. Here, the interaction term describes how estimated effects
of temperature seasonality vary depending on species range position.

We were primarily interested in the effects of temperature seasonality on populations, however
other climate factors may also affect population genetic diversity and differentiation. We
therefore ran parallel analyses using three other climate variables estimated at each sample
location: mean annual temperature, mean annual precipitation, and precipitation seasonality.
With this set of models, we were able to determine whether temperature seasonality had a unique
effect on population genetic metrics, or whether its effects were correlated with climatic
gradients in general.

Finally, we predicted that stronger seasonality gradients toward the poles should cause genetic
diversity gradients within species ranges to become increasingly steep with increasing range size
and latitudinal range position. We tested whether range size and latitudinal range position
(midrange latitude) moderated the strength and direction of latitudinal patterns across species for
each genetic metric. We additionally tested whether body size affected intraspecific genetic
diversity gradients because it is correlated with range size and also tends to increase with latitude
in mammals (Bergmann’s Rule). We included each species-level predictor (mid-range latitude,
range size, body mass) and their interactions with site-level latitude as additional predictors in
our intraspecific models. Interaction terms allowed the effect of site-level latitude to vary
conditional on each species-level variable. We modeled each species-level variable separately for
a series of three models per genetic metric. We log-transformed, scaled, and centered body mass
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and range size for comparability across models. We scaled and centered the absolute values of
midrange latitude.

To better describe the conditional effects of latitude dependent on interaction terms with species-
level variables, we assessed the probability that latitudinal relationships were negative or positive
conditional on low and high values for body size, range size, and mid-range latitude. We did this
using the hypothesis() function in brms to test whether the effect of latitude was greater or less
than O while conditioned on body size, range size, or mid-range latitude being large (+1 SD) or
small (-1 SD).

References and Notes

1. H. Hillebrand, On the Generality of the Latitudinal Diversity Gradient. The American Naturalist 163, 192-211
(2004).

2. M. R. Willig, D. M. Kaufman, R. D. Stevens, Latitudinal Gradients of Biodiversity: Pattern, Process, Scale,
and Synthesis. Annual Review of Ecology, Evolution, and Systematics 34, 273-309 (2003).

3. 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).

4.  E.J. Dowle, M. Morgan-Richards, S. A. Trewick, Molecular evolution and the latitudinal biodiversity
gradient. Heredity 110, 501-510 (2013).

5. M. Pontarp, L. Bunnefeld, J. S. Cabral, R. S. Etienne, S. A. Fritz, R. Gillespie, C. H. Graham, O. Hagen, F.
Hartig, S. Huang, R. Jansson, O. Maliet, T. Mlnkemdller, L. Pellissier, T. F. Rangel, D. Storch, T. Wiegand,
A. H. Hurlbert, The Latitudinal Diversity Gradient: Novel Understanding through Mechanistic Eco-
evolutionary Models. Trends in Ecology & Evolution 34, 211-223 (2019).

6. D. H. Janzen, Why Mountain Passes are Higher in the Tropics. The American Naturalist 101, 233-249 (1967).

7. G. C. Stevens, The Latitudinal Gradient in Geographical Range: How so Many Species Coexist in the Tropics.
The American Naturalist 133, 240-256 (1989).

8. C. K. Ghalambor, R. B. Huey, P. R. Martin, J. J. Tewksbury, G. Wang, Are mountain passes higher in the
tropics? Janzen’s hypothesis revisited. Integr Comp Biol 46, 5-17 (2006).

9.  T.Radomski, Revisiting Rapoport’s Rule: The History of an Idea and Alternative Explanations for Latitudinal
Variation in Geographic Range Size | The Quarterly Review of Biology: Vol 100, No 2. The Quarterly Review
of Biology (2025).

10. M. C. Whitlock, The Red Queen Beats the Jack-Of-All-Trades: The Limitations on the Evolution of
Phenotypic Plasticity and Niche Breadth. The American Naturalist 148, S65-S77 (1996).

11. E. H. Rapoport, Areography: Geographical Strategies of Species.

12.  Intergovernmental Panel on Climate Change (IPCC), Ed., “Linking Global to Regional Climate Change” in
Climate Change 2021 — The Physical Science Basis: Working Group | Contribution to the Sixth Assessment
Report of the Intergovernmental Panel on Climate Change (Cambridge University Press, Cambridge, 2023;
https://www.cambridge.org/core/books/climate-change-2021-the-physical-science-basis/linking-global-to-
regional-climate-change/B4B7897D2D79C374F3326F29FE04AB44), pp. 1363-1512.

12



13.

14,

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

217.

28.

29.

30.

E. Mayr, Animal Species and Evolution (Belknap Press, 1963).
J. A. Coyne, H. A. Orr, Speciation (Sinauer, 2004).

M. G. Harvey, S. Singhal, D. L. Rabosky, Beyond Reproductive Isolation: Demographic Controls on the
Speciation Process. Annual Review of Ecology, Evolution, and Systematics 50, 75-95 (2019).

D. L. Rabosky, D. R. Matute, Macroevolutionary speciation rates are decoupled from the evolution of
intrinsic reproductive isolation in Drosophila and birds. Proceedings of the National Academy of Sciences
110, 1535415359 (2013).

K. Singhal, Q. Feng, R. Ganeshan, N. R. Sanders, J. G. Shanthikumar, Introduction to the Special Issue on
Perspectives on Big Data. Production and Operations Management 27, 1639-1641 (2018).

S. Singhal, G. R. Colli, M. R. Grundler, G. C. Costa, |. Prates, D. L. Rabosky, No link between population
isolation and speciation rate in squamate reptiles. Proc. Natl. Acad. Sci. U.S.A. 119, €2113388119 (2022).

J. T. Weir, D. Schluter, The Latitudinal Gradient in Recent Speciation and Extinction Rates of Birds and
Mammals. Science 315, 1574-1576 (2007).

J. Rolland, F. L. Condamine, F. Jiguet, H. Morlon, Faster speciation and reduced extinction in the tropics
contribute to the Mammalian latitudinal diversity gradient. PLoS Biol 12, 1001775 (2014).

C. Schmidt, G. Mufioz, L. T. Lancaster, J.-P. Lessard, K. A. Marske, K. E. Marshall, C. J. Garroway,
Population demography maintains biogeographic boundaries. Ecology Letters 25, 1905-1913 (2022).

C. Schmidt, J. Munshi-South, S. Dray, C. J. Garroway, Determinants of genetic diversity and species richness
of North American amphibians. Journal of Biogeography 49, 2005-2015 (2022).

C. Schmidt, S. Dray, C. J. Garroway, Genetic and species-level biodiversity patterns are linked by
demography and ecological opportunity. Evolution 76, 86-100 (2022).

G. Hewitt, The genetic legacy of the Quaternary ice ages. Nature 405, 907-913 (2000).

G. M. Hewitt, Genetic consequences of climatic oscillations in the Quaternary. Philos Trans R Soc Lond B
Biol Sci 359, 183-195 (2004).

E. M. Fonseca, T. A. Pelletier, S. K. Decker, D. J. Parsons, B. C. Carstens, Pleistocene glaciations caused the
latitudinal gradient of within-species genetic diversity. Evolution Letters 7, 331-338 (2023).

R. C. Lewontin, J. L. Hubby, A MOLECULAR APPROACH TO THE STUDY OF GENIC
HETEROZYGOSITY IN NATURAL POPULATIONS. Il. AMOUNT OF VARIATION AND DEGREE OF
HETEROZYGOSITY IN NATURAL POPULATIONS OF DROSOPHILA PSEUDOOBSCURA. Genetics
54, 595-609 (1966).

V. Buffalo, Quantifying the relationship between genetic diversity and population size suggests natural
selection cannot explain Lewontin’s Paradox. eLife 10, 67509 (2021).

C. Schmidt, M. Domaratzki, R. P. Kinnunen, J. Bowman, C. J. Garroway, Continent-wide effects of
urbanization on bird and mammal genetic diversity. Proceedings of the Royal Society B: Biological Sciences
287, 20192497 (2020).

M. Exposito-Alonso, T. R. Booker, L. Czech, L. Gillespie, S. Hateley, C. C. Kyriazis, P. L. M. Lang, L.

Leventhal, D. Nogues-Bravo, V. Pagowski, M. Ruffley, J. P. Spence, S. E. Toro Arana, C. L. Weil, E. Zess,
Genetic diversity loss in the Anthropocene. Science 377, 1431-1435 (2022).

13



3L

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45,

R. E. Shaw, K. A. Farquharson, M. W. Bruford, D. J. Coates, C. P. Elliott, J. Mergeay, K. M. Ottewell, G.
Segelbacher, S. Hoban, C. Hvilsom, S. Pérez-Espona, D. Rungis, F. Aravanopoulos, L. D. Bertola, H. Cotrim,
K. Cox, V. Cubric-Curik, R. Ekblom, J. A. Godoy, M. K. Konopinski, L. Laikre, I.-R. M. Russo, N.
Veli¢kovié, P. Vergeer, C. Vila, V. Brajkovic, D. L. Field, W. P. Goodall-Copestake, F. Hailer, T. Hopley, F.
E. Zachos, P. C. Alves, A. Biedrzycka, R. M. Binks, J. Buiteveld, E. Buzan, M. Byrne, B. Huntley, L.
lacolina, N. L. P. Keehnen, P. Klinga, A. Kopatz, S. Kurland, J. A. Leonard, C. Manfrin, A. Marchesini, M.
A. Millar, P. Orozco-terWengel, J. Ottenburghs, D. Posledovich, P. B. Spencer, N. Tourvas, T. Unuk
Nahberger, P. van Hooft, R. Verbylaite, C. Vernesi, C. E. Grueber, Global meta-analysis shows action is
needed to halt genetic diversity loss. Nature, 1-7 (2025).

H. M. Pereira, A latitudinal gradient for genetic diversity. Science 353, 1494-1495 (2016).
D. Schluter, Speciation, Ecological Opportunity, and Latitude. The American Naturalist 187, 1-18 (2016).

P. Gratton, S. Marta, G. Bocksberger, M. Winter, P. Keil, E. Trucchi, H. Kiihl, Which Latitudinal Gradients
for Genetic Diversity? Trends in Ecology & Evolution 32, 724-726 (2017).

R. I. Adams, E. A. Hadly, Genetic diversity within vertebrate species is greater at lower latitudes. Evol Ecol
27, 133-143 (2013).

R. D. Clark, M. L. Pinsky, Global patterns of nuclear and mitochondrial genetic diversity in marine fishes.
Ecology and Evolution 14, e11365 (2024).

P. R. Martin, J. K. McKay, Latitudinal variation in genetic divergence of populations and the potential for
future speciation. Evolution 58, 938-945 (2004).

A. Miraldo, S. Li, M. K. Borregaard, A. Floérez-Rodriguez, S. Gopalakrishnan, M. Rizvanovic, Z. Wang, C.
Rahbek, K. A. Marske, D. Nogués-Bravo, An Anthropocene map of genetic diversity. Science 353, 1532—
1535 (2016).

S. Manel, P.-E. Guerin, D. Mouillot, S. Blanchet, L. Velez, C. Albouy, L. Pellissier, Global determinants of
freshwater and marine fish genetic diversity. Nat Commun 11, 692 (2020).

S. Theodoridis, D. A. Fordham, S. C. Brown, S. Li, C. Rahbek, D. Nogues-Bravo, Evolutionary history and
past climate change shape the distribution of genetic diversity in terrestrial mammals. Nat Commun 11, 2557
(2020).

C. M. French, L. D. Bertola, A. C. Carnaval, E. P. Economo, J. M. Kass, D. J. Lohman, K. A. Marske, R.
Meier, I. Overcast, A. J. Rominger, P. P. A. Staniczenko, M. J. Hickerson, Global determinants of insect
mitochondrial genetic diversity. Nat Commun 14, 5276 (2023).

H. De Kort, J. G. Prunier, S. Ducatez, O. Honnay, M. Baguette, V. M. Stevens, S. Blanchet, Life history,
climate and biogeography interactively affect worldwide genetic diversity of plant and animal populations.
Nat Commun 12, 516 (2021).

E. R. Lawrence, E. J. Pedersen, D. J. Fraser, Macrogenetics reveals multifaceted influences of environmental
variation on vertebrate population genetic diversity across the Americas. Molecular Ecology 32, 4557-4569
(2023).

S. H. Eo, J. P. Wares, J. P. Carroll, Population divergence in plant species reflects latitudinal biodiversity
gradients. Biol Lett 4, 382-384 (2008).

L. Yiming, W. Siqi, C. Chaoyuan, Z. Jiagi, W. Supen, H. Xianglei, L. Xuan, Y. Xuejiao, L. Xianping,

Latitudinal gradients in genetic diversity and natural selection at a highly adaptive gene in terrestrial
mammals. Ecography 44, 206-218 (2021).

14



46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

C. Schmidt, E. Karachaliou, A. G. Vandergast, E. D. Crandall, J. Falgout, M. E. Hunter, F. Kershaw, D. M.
Leigh, D. O’Brien, 1. Paz-Vinas, G. Segelbacher, C. J. Garroway, A Survey of Mammal and Fish Genetic
Diversity Across the Global Protected Area Network. Conservation Letters 18, e13092 (2025).

J. Goudet, hierfstat, a package for r to compute and test hierarchical F-statistics. Molecular Ecology Notes 5,
184-186 (2005).

T. Jombart, S. Devillard, F. Balloux, Discriminant analysis of principal components: a new method for the
analysis of genetically structured populations. BMC Genet 11, 94 (2010).

M. Nei, Analysis of Gene Diversity in Subdivided Populations. Proceedings of the National Academy of
Sciences 70, 3321-3323 (1973).

A. El Mousadik, R. J. Petit, High level of genetic differentiation for allelic richness among populations of the
argan tree [Argania spinosa (L.) Skeels] endemic to Morocco. Theoret. Appl. Genetics 92, 832839 (1996).

C. Do, R. S. Waples, D. Peel, G. M. Macbeth, B. J. Tillett, J. R. Ovenden, NeEstimator v2: re-implementation
of software for the estimation of contemporary effective population size (Ne) from genetic data. Molecular
Ecology Resources 14, 209-214 (2014).

R. S. Waples, C. Do, Linkage disequilibrium estimates of contemporary Ne using highly variable genetic
markers: a largely untapped resource for applied conservation and evolution. Evolutionary Applications 3,
244-262 (2010).

R. S. Waples, The Idiot’s Guide to Effective Population Size. Molecular Ecology n/a, e17670 (2025).

B. S. Weir, J. Goudet, A Unified Characterization of Population Structure and Relatedness. Genetics 206,
2085-2103 (2017).

P. W. Hedrick, A Standardized Genetic Differentiation Measure. Evolution 59, 1633-1638 (2005).

The IUCN Red List of Threatened Species, IUCN Red List of Threatened Species.
https://www.iucnredlist.org/en.

E. Pebesma, Simple Features for R: Standardized Support for Spatial Vector Data. The R Journal 10, 439-446
(2018).

E. Pebesma, R. Bivand, Spatial Data Science: With Applications in R (Chapman and Hall/CRC, New York,
2023).

K. E. Jones, J. Bielby, M. Cardillo, S. A. Fritz, J. O’Dell, C. D. L. Orme, K. Safi, W. Sechrest, E. H. Boakes,
C. Carbone, C. Connolly, M. J. Cutts, J. K. Foster, R. Grenyer, M. Habib, C. A. Plaster, S. A. Price, E. A.
Rigby, J. Rist, A. Teacher, O. R. P. Bininda-Emonds, J. L. Gittleman, G. M. Mace, A. Purvis, PanTHERIA: a
species-level database of life history, ecology, and geography of extant and recently extinct mammals.
Ecology 90, 2648-2648 (20009).

RS-eco, traitdata: Easy access to various ecological trait data version 0.0.1 from GitHub (2022).
https://rdrr.io/github/RS-eco/traitdata/.

S. E. Fick, R. J. Hijmans, WorldClim 2: new 1-km spatial resolution climate surfaces for global land areas.
Intl Journal of Climatology 37, 4302-4315 (2017).

R. J. Hijmans, A. Brown, M. Barbosa, terra: Spatial Data Analysis, (2020);
https://doi.org/10.32614/CRAN.package.terra.

15



63. P.-C. Birkner, brms: An R Package for Bayesian Multilevel Models Using Stan. Journal of Statistical
Software 80, 1-28 (2017).

64. R Core Team, R: a language and environment for statistical computing — ScienceOpen, R Foundation for
Statistical Computing (2023); https://www.scienceopen.com/book?vid=b164ea90-95d2-43bf-9710-
99753c479112.

Acknowledgments: We thank Benjamin Rosenbaum for statistical advice. ACG acknowledges
the support by iDiv Synthesis Centre (formerly sDiv) of the German Centre for Integrative
Biodiversity Research (iDiv) Halle-Jena-Leipzig.

Funding:
German Research Foundation DFG-FZT 118, 202548816 (ACG).
German Research Foundation DFG — 575389085 (ACG)

Natural Sciences and Engineering Research Council of Canada Discovery Grant (CS;
CJG).

German Research Foundation 497854142 (MG)

Author contributions:
Conceptualization: ACG, CS, MG, CJG, JPL
Data curation: ACG, CS
Methodology: ACG, CS, CJG
Investigation: ACG, CS, MG, JPL
Visualization: ACG, CS
Funding acquisition: ACG, CS, MG
Project administration: ACG, CS
Writing — original draft: ACG, CS, CJG, JPL
Writing — review & editing: ACG, CS, MG, CJG, JPL

Competing interests: Authors declare that they have no competing interests.
Data, code, and materials availability:
Data and code are privately available on Dryad for peer review, and will be made publicly
available upon acceptance
Supplementary Materials
Figs. S1to S3
Tables S1 to S2

16



Supplementary Materials for

Microevolutionary Responses to Seasonality Contribute to the Latitudinal
Biodiversity Gradient

Anne-Céline Granjon*, Michael Gerth, Jean-Philippe Lessard, Colin J. Garroway, Chloé
Schmidt*
Corresponding authors: anne-celine.granjon@idiv.de, chloe.schmidt@dal.ca

10
The PDF file includes:
Figs. S1to S3
Tables S1 to S2

15

17



)
9 ° °
50 g ' ° o %%, o
% o % V5% e00e; e
% ol ,g * %e o
o, : 7]
& 40 ] é ‘ o ) o ?
= ien hed 26 ° L4
o !‘ e $ @ ° -
a - ° 3 )
£ 30 of Sy P N S . oo »
2 o 9 “ ° & o5
o €0 %% BN >~ .l ° |
<« £ ®
20 4 o 0° ' h
2 4
e ", b A ) J
o “‘A ® ®
10 . °
3
0 20 40 60 80 0 20 40 60

absolute latitude absolute latitude

logyo(range size) L

4 56 i7 log(body mass)

5 10 15

Fig. S1. Raw data summary. (A.) Distribution of annual temperature range of populations in
our database across absolute latitudes and species range size. Each point represents one
population, color gradient represents the species’ range size (logl0 scale). (B.) Distribution of
species in our database across latitudinal range position (midrange latitude), range size, and body

mass. Each point represents one species, color gradient represents body mass (log scale) with
100 species sampled in total.
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Fig. S2. Interactive relationships between local population latitude and species-level
attributes: log range area (A) and log adult body mass (B). Plots show predicted genetic
metrics (y axes) based on regressions including interaction terms between scaled absolute
latitude and species-level attributes for different levels of each attribute. The probability of
direction (the proportion of posterior draws with effects in the estimated direction) for the
interaction term in each model is shown at the bottom right of all plots. Shaded regions represent
95% credible intervals. Populations of species with large body sizes and species with large
geographic range areas tended to have higher genetic diversity at the poleward edge of their
range (Table S1).
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Fig. S3. Interactive relationships between local climate variables and species mid-range
latitude, including: average temperature (A-D), temperature range (E-H), average
precipitation (I-L), and precipitation seasonality (M-P). Plots show predicted values of
genetic metrics (y axes) based on regressions including interactions between species mid-range
latitude and (scaled) population-level climate variables. Shaded regions represent 95% credible
intervals. The strength of the interaction was variable across all climate variables and genetic
metrics, but there was no evidence for a variable effect of temperature seasonality depending on
latitude (Table S2). Instead, temperature seasonality had a consistent relationship with genetic
metrics across all latitudes (Table S2).
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Table S1.

Results summary for models including latitude of local populations, species attributes (mid-
range latitude, range size, or body mass), and their interaction as predictors for each genetic
response variable (gene diversity, allelic richness, effective population size, and population-
specific Fst). Effect sizes (with 95% credible intervals), and sample size (number of species,
number of local populations) are reported for each model.

Gene Diversity Allelic Richness Effective Population-

Population Size specific Fst

Predictors Estimate Estimate Estimate Estimate
Cl (95%) Cl (95%) Cl (95%) Cl (95%)

Latitude 0.07 0.11 0.19 -0.11
-0.08 - 0.22 -0.04-0.26 0.34-0.35 -0.32-0.10

Mid-range Latitude 0.08 0.05 -0.04 -0.03
-0.17-0.31 -0.18-0.28 -0.20-0.13 -0.24-0.19

Latitude x Mid- 0.14 0.12 0.02 -0.05
range Latitude 0.02-0.25 0.01-0.24 -0.09-0.12 -0.20-0.09
Latitude 0.01 0.03 0.15 -0.11
-0.13-0.15 -0.10-0.17 0.03-0.27 -0.29 - 0.07

Body Mass -0.40 -0.39 -0.03 0.21
-0.63--0.18 -0.59 —-0.20 -0.16 — 0.09 0.03-0.40

Latitude x Body 0.10 0.07 0.09 -0.07
Mass -0.04-0.23 -0.06 - 0.20 -0.01-0.21 -0.25-0.10
Latitude 0.02 0.05 0.13 -0.06
-0.13-0.16 -0.10-0.19 0.00-0.26 -0.24-0.13

Range area 0.22 0.17 0.13 -0.14
0.06 — 0.37 0.03-0.32 0.03-0.23 -0.28 —-0.00

Latitude x Range 0.11 0.14 0.07 -0.03
area -0.04-0.26 -0.00-0.29 -0.06 - 0.21 -0.21-0.15
Nspecies 101 101 100 84
Nsites 1426 1426 1128 1387
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Table S2.

Results summary for models including local climate, species mid-range latitude, and their
interaction as predictors for each genetic response variable (gene diversity, allelic richness,
effective population size, and population-specific Fst). Effect sizes (with 95% credible intervals),
probabilities of direction, and sample size (number of species, number of local populations) are
reported for each model. The probability of direction is the probability that a given effect is
positive or negative, measured here as the proportion of posterior draws with the same sign as
the median.

Gene Diversity Allelic Richness Effective Population-

Population Size specific Fst

Predictors Estimate Estimate Estimate Estimate
Cl (95%) Cl (95%) Cl (95%) Cl (95%)

Latitude 0.02 0.06 -0.06 0.04
-0.20-0.24 -0.15-0.27 -0.22 -0.09 -0.14-0.22

Mean Temperature -0.08 -0.08 -0.23 0.22
-0.19-0.04 -0.22 - 0.06 -0.37 --0.09 0.07-0.37

Latitude x Mean -0.09 -0.10 -0.02 0.04
Temperature -0.20-0.01 -0.22-0.01 -0.12-0.09 -0.07 -0.16
Latitude -0.02 -0.02 0.05 0.03
-0.24-0.20 -0.22-0.18 -0.09-0.18 -0.19-0.24

Temperature 0.19 0.24 0.16 -0.34
seasonality 0.08 -0.30 0.14-0.33 0.03-0.29 -0.49--0.18
Latitude x Temp. 0.06 0.07 0.03 -0.04
seasonality -0.04 -0.16 -0.03-0.16 -0.08 -0.14 -0.18-0.10
Latitude 0.05 0.05 0.09 -0.10
-0.16 - 0.25 -0.12-0.22 -0.02-0.21 -0.28 - 0.09

Mean precipitation -0.09 -0.14 -0.05 0.16
-0.18-0.02 -0.25--0.04 -0.17 - 0.09 0.03-0.29

Latitude x Mean -0.13 -0.12 -0.06 0.14
precipitation -0.20--0.05 -0.19 --0.04 -0.16 — 0.06 0.04-0.24
Latitude -0.02 0.03 0.04 -0.06
-0.22-0.18 -0.14-0.19 -0.08 - 0.17 -0.23-0.12

Precipitation 0.09 0.11 -0.00 -0.08
seasonality 0.01-0.17 0.02-0.20 -0.10-0.11 -0.19-0.04
Latitude x Precip. 0.10 0.05 0.04 -0.07
seasonality 0.03-0.17 -0.02-0.13 -0.05-0.13 -0.16 — 0.02
nspecies 101 101 100 84
Nsites 1426 1426 1128 1387
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