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Abstract

Intraspecific genetic diversity is a key aspect of biodiversity. Quaternary climatic change and glaciation influenced intraspecific genetic
diversity by promoting range shifts and population size change. However, the extent to which glaciation affected genetic diversity
on a global scale is not well established. Here we quantify nucleotide diversity, a common metric of intraspecific genetic diversity, in
more than 38,000 plant and animal species using georeferenced DNA sequences from millions of samples. Results demonstrate that
tropical species contain significantly more intraspecific genetic diversity than nontropical species. To explore potential evolutionary
processes that may have contributed to this pattern, we calculated summary statistics that measure population demographic change
and detected significant correlations between these statistics and latitude. We find that nontropical species are more likely to deviate
from neutral expectations, indicating that they have historically experienced dramatic fluctuations in population size likely associ-
ated with Pleistocene glacial cycles. By analyzing the most comprehensive data set to date, our results imply that Quaternary climate
perturbations may be more important as a process driving the latitudinal gradient in species richness than previously appreciated.
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Lay Summary

It is well appreciated among biologists that species richness is higher near the equator than at temperate latitudes. Using data from
38,000 species, we demonstrate here that a similar gradient is present for intraspecific genetic diversity. Results indicate that non-
tropical species were more likely to have undergone significant changes in their historical population demography than were tropical
species. Decades of phylogeographic work have suggested that Quaternary glaciation forced temperate species into isolated glacial
refugia. Under this scenario, genetic diversity would be lost due to reduced population size, population bottlenecks, and genetic drift.
Our analyses represent the most comprehensive test of the Quaternary glaciation hypothesis to date and suggest that the latitudinal
gradient in intraspecific genetic diversity is at least partially a result of Pleistocene glaciation.

Introduction a latitudinal gradient in IGD may be present, mirroring the well-
known species richness latitudinal gradient (Gaston, 2000; Willig
et al,, 2003). Establishing that there is a latitudinal gradient in
intraspecific genetic diversity across disparate taxonomic groups
and discovering causal explanations for this gradient would rep-
resent an important step toward understanding the global distri-
bution of biodiversity.

Quaternary glaciation, which has long been recognized as a
prominent factor that influences IGD (Hewitt, 2004), is a poten-
tial cause of spatial variation in genetic diversity. During the
Quaternary, cyclical global cooling coupled with ice sheet
advance and retreat promoted considerable demographic change
and extinction (Hewitt, 2004; Nogués-Bravo et al., 2010). A recent
survey of >2,000 mammal species found that climatic stability,
both seasonally and over evolutionary time scales, covaried with
intraspecific genetic diversity (Theodoridis et al., 2020), a result
consistent with the findings of many early phylogeographic
investigations (e.g., summarized in Avise 2000). Since species at

Intraspecific genetic diversity (IGD) is an important component
of biodiversity because it provides adaptive potential (Frankham,
2005), facilitates species persistence (Frankham, 2005; Pereira et
al., 2012), and provides clues about the historical demography of
species (Avise, 2000). Although IGD is of pivotal importance to the
long-term maintenance of biodiversity (Hedrick & Kalinowski,
2000), spatial patterns of intraspecific genetic diversity and their
causes are not well documented globally. Existing surveys of IGD
are often limited in their geographic and/or taxonomic scope (e.g.,
Barrow et al., 2021) due to challenges associated with assembling
and analyzing large data sets. The most comprehensive surveys
to date, which sampled ~4,500 species of terrestrial vertebrates
(Miraldo et al., 2016) and ~5,400 fish (Manel et al., 2020), found
evidence that species in tropical areas contain higher levels of
IGD than nontropical species. While these investigations did not
include a wide range of taxonomic groups or explore the poten-
tial historical causes of the observed pattern, they suggest that
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high latitudes are more likely to inhabit regions affected by gla-
ciation, apparent patterns of latitudinal variation in IGD could
result from a loss of intraspecific genetic diversity via genetic drift
in response to these population bottlenecks at higher latitudes
(Avise, 2000; Hedrick & Kalinowski, 2000).

Historically, sequence data from large numbers of samples
have been collected by researchers in disciplines ranging from
landscape genetics (Holderegger & Wagner, 2008) and phylo-
geography (Avise, 2000) to taxonomic investigations using DNA
barcoding (Hebert & Gregory, 2005) on a species by species basis.
Collectively, these data represent a substantial resource that
could be used to document spatial patterns of IGD and identify
the processes responsible for these patterns. Here, we explore
both questions by collecting genetic data from more than 38,000
species across the tree of life using the phylogatR database
(Pelletier et al., 2021), which uses metadata records to associate
DNA sequence accessions from databases such as NCBI GenBank
and Barcode of Life Database (BOLD) to natural history and local-
ity data stored in Global Biodiversity Information Facility (GBIF).
An expansive quality control protocol was implemented because
repurposed data can contain a variety of errors including incor-
rect taxonomic assignment, incorrect alignment, or artifactual
insertions/deletions in the gene sequence (Miraldo et al., 2016;
Sidlauskas et al., 2010). After using a stringent set of filters (see
Supplementary Materials and Supplementary Figure S1), our data
set contained a total of 1,048,698 unique DNA sequences from
38,134 species (28,656 insects, 6,959 vertebrates, 1,559 arachnids,
and 960 plants: Supplementary Table S1). These data allowed us
to assess the impact that Pleistocene climate change and glacia-
tion had on intraspecific genetic diversity on a global scale.

Methods

Aggregating DNA sequence from open-source
repositories

We aggregated georeferenced mitochondrial DNA for animals
and chloroplast DNA for plants using phylogatR (Pelletier et al.,
2021; https://phylogatr.osc.edu), an open-source platform avail-
able through the Ohio Supercomputer Center (OSC). phylogatR
retrieves genetic and geographic data by integrating informa-
tion from the GBIF (https://www.gbif.org/), GenBank (https://
www.ncbinlm.nih.gov/genbank/), and the BOLD (http:/www.
boldsystems.org/index.php). To retrieve georeferenced DNA
sequences, phylogatR first accesses GBIF records and parses out
records with GenBank accession numbers. Only records flagged
as PreservedSpecimen, MaterialSample, HumanObservation, and
MachineObservation and that held AssociatedSequences are retrieved.
After that, the retrieved accession numbers are used to download
DNA sequences from GenBank. To minimize data loss and dupli-
cation when downloading data from GenBank, duplicate entries
with the same accession number, but different GBIF occurrence
numbers are checked for similarities in geographic coordinates,
basis of record, species names, and event dates. In addition to the
sequences from GenBank, sequence and geographic coordinate
data from BOLD are incorporated for records without GenBank or
GBIF accessions already in the database.

As part of the pipeline, phylogatR standardizes gene names.
For example, although the mitochondrial gene cytochrome-b has
multiple entries on GenBank such as cytochrome-b, cytb, cyt-
b, cytbl, and cyb, all these entries are coded under the unique
name of CYTB in phylogatR. Next, sequences from individual gene
names for each species are concatenated and multiple sequence
alignment (MSA) is performed using adjustdirection and inputorder

features in MAFFT v7 (Katoh & Standley, 2013). These features
enable the direction of sequences to be changed and preserve the
original input order of the sequences. In cases where data from
multiple genes were available in a single species, we used the
gene with the greatest number of sequences. Because the genetic
information available for arachnids were largely concentrated
in the Northern Hemisphere (~93.5%), we did not include these
data in all analyses. To clean the alignments, trimAl v1.2 (Capella-
Gutiérrez et al.,, 2009) is used by setting residue overlap (resoverlap),
sequence overlap (seqoverlap), and gap threshold (gt) parameters
to 0.85, 50, and 0.15, respectively. Multiple MSA parameters were
tested before reaching the final parameter settings.

Data description

We obtained data for 65,725 species, including amphibians (583),
birds (2,034), fish (6,817), mammals (903), reptiles (640), insects
(47,164), arachnids (2,093), and plants (5,491), totaling 1,158,261
unique DNA sequences. Mitochondrial DNA was used for verte-
brates, arachnids, and insects, while chloroplast DNA was used
for plants. Our analyses were limited to these data to avoid the
complications that would result from comparing genes with dif-
ferent ploidy levels and because they are by far the most avail-
able across species for these groups. We further processed the
data and removed species with less than five sequences for
downstream analyses. A recent study demonstrated that the var-
iance in m declines sharply with a sample size higher than five
sequences (Barrow et al., 2021). After processing and filtering the
data, our working data set consisted of a total of 38,134 species.
Specifically, we gathered genetic information for 368 amphibians,
1,091 birds, 4,511 fish, 642 mammals, 347 reptiles, 28,656 insects,
1,559 arachnids, and 960 plants, totaling 1,048,698 unique DNA
sequences. Next, we split our data into four sets: (a) vertebrates
(i.e., amphibians, birds, reptiles, mammals, and fish), (b) insects,
(c) arachnids, and (d) plants. Detailed information about the
genes used in each data set and their proportion is presented in
Supplementary Table S1. For vertebrates, the data are homoge-
neously distributed across the globe (Supplementary Figure S2).
In contrast, for insects and plants, the data are geographically
concentrated in temperate regions (Supplementary Figures S3-
S5), reflecting well-known biases inherent to molecular ecology
investigations (Beheregaray, 2008; Turchetto-Zolet et al., 2013).

Calculating genetic diversity

Nucleotide diversity (m) was calculated to describe patterns of
intraspecific genetic diversity. Although other statistics such as
the number of haplotypes and haplotype diversity are also used
to describe patterns of genetic diversity within species, they are
not suitable for many of the sequences retrieved from open-
source repositories because many sequences are uploaded to
GenBank as unique haplotypes per locality and/or have different
lengths, precluding a reliable estimation of those genetic diversity
measures (Miraldo et al., 2016). As a result, we choose to describe
the patterns of genetic diversity using m, defined as the average
number of polymorphic sites in pairwise sequence comparison

following Nei and Li (1979) and presented in Equation 1:

1 n-1 n
T=1m X2k

2) =1 j=it1 (1)
where (5) is number of pairwise sequence comparisons and
k; is the number of polymorphic sites between sequences i and j.
We implemented the slightly modified version of equation 1 that
was proposed by Miraldo et al. (2016) to allow for a comparison
of sequences of different lengths. In the modified version, k; is
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divided by the length of shared base pairs between sequences
(my), which contrasts with the overall length used in equation 1.
The equation of the modified version of nucletotide diversity is
presented below.

. 1 n-1 n kij
RO o
i=1j=i+1

We calculated nucleotide diversity based on equation 2 for
sequences with at least 50% of overlap in the comparison. In
preliminary analyses, we noticed some high values of sequence
divergence (>40%) between some of the sequences that were likely
related to mislabeling. We approached this caveat by assuming
that any comparisons where observed nucleotide diversity was
higher than 10% resulted from inclusion of a sequence with an
incorrect species label. These alignments were removed from
the analysis, a conservative approach that prevents inflation on
the calculation of genetic diversity within species. We used the
function nuc.div implemented in pegas R package (Paradis, 2010)
to calculate nucleotide diversity between pairs of sequences and
then averaged them to obtain a global estimation of nucleotide

diversity for each species.

Assessing demographic change

We used Tajima’s D (Tajima, 1989) and R, (Ramos-Onsins & Rozas,
2002), two statistics that have been widely used to detect depar-
ture from neutrality that potentially result from population size
change over time. Tajima’s D is composed of two other metrics:
the mean pairwise difference (m) and the number (S) of segre-
gating sites, both representing an estimator of 6 (theta). While
the first metric measures the observed genetic variation in the
sequences, the second metric quantifies the expected amount of
genetic variation under the null model. Thus, under a scenario
of constant population size, the observed amount of genetic var-
iation (m) should be approximately equal to the expected genetic
variation (S). For example, population expansions increase the
number of rare variants (i.e., a polymorphic site present in only
one—singletons—or in very few individuals) in the popula-
tion, which leads to an increase in the expected value of theta.
Conversely, rare polymorphisms lead to a lower value of m. The
distortion between m and S, which represents a departure from
mutation-drift equilibrium, is captured by Tajima’s D. Negative
values are interpreted as an evidence of population expansion
and positive values as population bottleneck. Note that while
some authors have argued that significant results could result
from positive or balancing selection, respectively, the demo-
graphic causes are the most common interpretation in phyloge-
ographic studies and likely to be the most relevant for a global
comparison. To calculate Tajima’s D and its associate p-value for
each species, we used the function tajima.test in pegas R package
(Paradis, 2010). Tajima’s D is mathematically defined by:

_ - S/ﬂl
6’15 + eZS (S — 1) (3)
n—1 n-1 2
. . 1 _ 2(n"+n+3)
where q; = Z 1/i, ap = Z 1/12y by = 3(nnt1)y by = onn—1) »
1=1 i=1
a=bi— g o=b -2 4 Fe =g ande = @iy

The R, is a statistic formulated on the patterns of segregating site
frequency like Tajima’s D. However, in the case of R, it tests specifi-
cally for population expansion by computing the difference between
the number of singletons and the average number of nucleotide dif-
ferences. An excess of singletons is expected in the sample under a
population growth scenario. R, ranges from 0 to 1 with values close

Evolution Letters (2023),Vol.7 | 333

to zero representing departures from neutrality. This is a robust sta-
tistic for studies dealing with small sample sizes (Ramos-Onsins &
Rozas, 2002). We calculated R, and its significance value (i.e., p-value)
using the function R2.test implemented pegas R package (Paradis,
2010). R, is calculated based on the following equation:

(o)
Bo= —%—— @)
where n is the number of samples, U, is the number of sin-
gletons in sequence i, k is the average number of nucleotide

difference between two sequences, and S the total number of seg-
regating sites.

Statistical analysis

We used linear regression to investigate whether genetic diversity
increases toward the Tropics. To summarize geographic location,
we extracted the centroid of the distribution of sampling localities
in each species based on coordinates associated with the genetic
data. We used absolute latitude as the predictor variable. Linear
regressions were performed separately for vertebrates, insects,
and plants in R using the function Im. We did not include arach-
nids because most of the data (>93.5%) were concentrated in the
Northern Hemisphere. We also performed logistic regression to
evaluate whether genetic diversity is inversely proportional to
latitude. First, we split our data set into tropical regions (regions
between the Tropic of Cancer [latitude —23.5°] and the Tropic of
Capricorn [latitude 23.5°]) and nontropical regions (regions with
latitude higher than 23.5° and lower than -23.5°). Then, we fit a
logistic regression in R using the function glm (family = binomial).
Finally, we create a null distribution of mean nucleotide diversity
for tropical and nontropical by using a randomization procedure.
We randomized the locations of species (i.e., tropical and non-
tropical regions) 1,000 times while keeping the size of the data
set constant. In each data set randomized by location, we calcu-
lated the mean nucleotide diversity to create a null distribution.
Next, the null distribution was compared to the observed value
(i.e., calculated from the empirical data set) and a pseudo p-value
was computed by counting the number of randomized values
of genetic diversity that fell above 95% or below 5% from the
observed value and then selecting the lowest value and dividing
it by the total number of comparisons (i.e., 1,000 comparisons).
We also asked if the magnitude of population size change was
higher in higher latitude. First, we calculated the proportion of
species with significant (p < .05) and nonsignificant (NS) values
of Tajima’s D and R, statistics between tropical and nontropical
regions in each group and compared them using Fisher's exact
test using the R function fisher.test. Next, we performed simple
linear regressions between absolute Tajima’s D (response vari-
able) and absolute latitude (predictor variable) for each group
separately. We used the absolute value of Tajima’s D because we
were interested in quantifying the magnitude of the population
size change and not the response itself (i.e., bottleneck or expan-
sion), since in many systems glacial advance and subsequent
retreat promoted a population bottleneck that was followed by
population expansion. However, most of the significant values of
Tajima’s D (>99.5%) suggested population expansion. Finally, we
also created a null distribution for Tajima’s D and R, through a
randomization procedure that mirrored that used for nucleotide
diversity and described above. Both linear regressions and rand-
omization were performed as described for nucleotide diversity.
For all analyses, we used a Bonferroni correction to account for
multiple comparison issues by using the R function p.adjust.
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Results and discussion

Results indicate that intraspecific genetic diversity increases as
the bands move toward the equator (Figure 1A-C; for arachnids
see Supplementary Figure S6). Although we included different
mitochondrial genes in our analyses, the vast majority (>0.98)
were COI and we did not observe major differences in average
genetic diversity among these markers (Supplementary Figure
S7). Next, to demonstrate that latitude is predictive of intraspe-
cific genetic diversity, we conducted a simple linear regression
of latitude versus m (after a log transformation). Results are sig-
nificant in vertebrates (p < .01; Figure 2A) and plants (p < .01;
Figure 2C), but not in insects (p > .01; Figure 2B). While we did
not conduct this regression in arachnids due to the underrep-
resentation of tropical species, the qualitative pattern is similar
(Supplementary Figure S6). Results indicate that a latitudinal gra-
dient in intraspecific genetic diversity is present across vertebrate
and plant species, but not in insects. Note that French et al. (2022)
have conducted an exploration of the determinants of genetic
diversity in insects.

To quantify the differences between tropical and nontropical
regions, we divided our data set into tropical regions and non-
tropical regions. A logistic regression of tropical versus nontrop-
ical species showed a higher concentration of IGD in tropical
regions in all data sets (p < .01 for all after Bonferroni correction
(Supplementary Figure S8a-c). We found similar results when
regressing absolute latitude against m (Figure 2A-C; all p < .01;
after Bonferroni correction), with increased nucleotide diver-
sity towards the equator. To assess the statistical significance
of the apparently different average levels of m between tropical
and nontropical regions, we built a null distribution of m using a
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randomizing procedure and showed that the IGD in tropical spe-
cies is higher than expected by chance (p < .01, Supplementary
Figure S9a—c) and IGD in nontropical species is lower than
expected by chance (p < .01, Supplementary Figure S9a—c). Taken
together, these tests demonstrate that apparent differences in IGD
between tropical and nontropical species are not artifacts of une-
ven sampling but represent a real pattern. Given the importance
of IGD to biodiversity conservation (Frankham, 2005; Hedrick &
Kalinowski, 2000; Pereira et al., 2012), identifying the causes of the
latitudinal gradient in IGD is of paramount concern.

Decades of phylogeographic research have argued that
Quaternary glaciation had a profound effect on IGD (Avise, 2000;
Hewitt, 2004; Hickerson et al., 2010; Theodoridis et al., 2020)
because glaciation reduced the available habitat and shifted spe-
cies ranges toward the equator such that species were forced to
persist in small glacial refugia, for example those that occurred in
the southern peninsulas in Europe (Hewitt, 2004) or on the Gulf of
Mexico coast in North America (Avise, 2000). This combination of
glacial advance and range compression would decrease the popu-
lation size of affected species and promote a loss of allelic diversity
due to genetic drift, leading to an overall reduction in intraspecific
genetic diversity for species in temperate regions (Hewitt, 2004).
In contrast, although some tropical species have shown clear
indications of demographic change in response to climatic oscil-
lations during the Quaternary (Gehara et al., 2017; Smith et al,,
2014), the lack of glaciers in tropical regions is expected to result
in a less severe demographic change in those species compared to
temperate species. Moreover, while species may have responded
to the retraction of glaciers by gradually increasing their popula-
tion sizes, in most cases too few generations have passed since

Plantae (n = 960)

=8 _

0.02 X 0.0075 0.0015
Nucleotide diversity

Figure 1. Mean nucleotide diversity across latitudinal bands for (A) vertebrates, (B) insects, and (C) plants. Nucleotide diversity was averaged across
species within latitudinal bands of 10°. Error bars represent the confidence intervals of nucleotide diversity across species. Red and blue bars
represent tropical and out of the Tropics species, respectively. Numbers close to the bars represent the number of species used to calculate nucleotide
diversity on that band. The amount of red and blue on species’ silhouettes represent the proportion of tropical and out of the Tropics species on the

data set.

20z Jequisidag gz uo 1senB AQ 49922 //1EE/S/./I0NIEMBIAS/W0D dNO"OIWSPEoR)/:SAY WO} POPEOJUMOQ


http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad030#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad030#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad030#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad030#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad030#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad030#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad030#supplementary-data
http://academic.oup.com/evlett/article-lookup/doi/10.1093/evlett/qrad030#supplementary-data

Evolution Letters (2023), Vol.7 | 335

60

40

ILatitudel
ILatitudel
ILatitudel

201"

04 2 PR e . N
0.00 0.01 0.02 0.03 0.04 0.0t
Nucleotide Diversity

0.04
Nucleotide Diversity

d)
Last Glacial Maximum
o [ Glaciation
i Permafrost
S
B o- Sample Count (log)
® 400
- 50
10
1
=3
n
L]
-100 0 100
Longitude
f) 9) !

ILatitudel
ILatitudel
ILatitudel

3
ITajima's DI ITajima's DI |Tajima's DI

Figure 2. The role of latitude on population demography and intraspecific genetic diversity. The top row shows latitude (absolute) regressed against
nontransformed nucleotide diversity (m) for vertebrates (A), insects (B), and plants (C). In the center row, a map showing sampling across the globe
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the last glacial maximum for genetic diversity to return to equi-
librium levels (Davis et al., 2018).

Our results support the hypothesis that Quaternary glaciations
are an important driver of global patterns of intraspecific genetic
diversity. While phylogeographic investigations have used many
methodological approaches to evaluate this model, most include
the calculation of summary statistics that assess whether the
proportion of rare alleles present in the population matches theo-
retical expectations under neutral models of constant population
size and no adaptive change. Here we use two common statistics,
Tajima’s D (Tajima, 1989) and R, (Ramos-Onsins & Rozas, 2002) to
test this hypothesis. The former is widely used in phylogeographic
investigations, with significant results usually attributed to pop-
ulation demographic change. While Tajima's D has also been
used to detect natural selection on coding sequences, in our data
most of the mutations (~66%) are associated with third codon
positions which do not change the amino acid sequences of the
resultant protein (i.e., silent substitutions), and as such are not
exposed to natural selection. Given this high proportion of silent
substitutions, population demographic change is a more likely
explanation than natural selection as the predominant process
responsible for patterns identified in Tajima’s D. The R, statistic is
typically used to test the hypothesis that species population sizes
have recently increased, with significant values indicative of an
excess of singleton alleles consistent with demographic expan-
sion of the type that would occur as species expanded from gla-
cial refugia. Since the Quaternary glaciation hypothesis predicts
both a bottleneck during the glacial period and a subsequent
expansion after the glacial period, significant values of either sta-
tistic are likely associated with demographic response predicted
by this hypothesis.

Proportionally more nontropical species had significant
Tajima’s D and R, scores than tropical species (Table 1). Using
a Fisher’s exact test (p < .05 after Bonferroni correction), we
could reject the null hypothesis that the proportion of signifi-
cant tests is the same in the tropical and nontropical regions
using Tajima’s D for vertebrates, insects, plants, and arachnids.
Similarly, for R, in insects, plants, and arachnids, our results
showed a higher proportion of significant tests in nontropi-
cal regions, but not in vertebrates. Additional evidence for the
effect of latitude on Tajima’s D is provided by linear regression,
where latitude is predictive of the magnitude of this statistic in
vertebrates p < .01; Figure 2E), insects (p < .01; Figure 2F), but
not plants (p = .106; Figure 2G). The randomization procedure
developed here also demonstrates that the results for both sta-
tistics are different in tropical and nontropical regions for all
groups (p < .05), except for Tajima’s D (both geographic regions)
and R, (tropical regions) in plants (p > .05; Supplementary Figure

59d-i). Although we did not find a higher magnitude of demo-
graphic changes in nontropical regions for vertebrates using R,
the proportion of significant versus nonsignificant values are
not statistically different as observed using Fisher’s exact test
(Table 1). Taken together, these results indicate that nontropical
species are more likely to deviate from the patterns of allelic
diversity expected under a neutral model, a clear indication of
historical population demographic change that likely represents
a response to Quaternary glaciation. While this pattern in IGD
represents a common finding in single-species phylogeographic
studies, as reviewed by Avise (2000), our results demonstrate for
the first time that this is a global phenomenon that is partially
explained by latitude.

Single-locus data from mitochondrial have been widely used
in phylogeographic investigations (Avise, 2000) because they are
easy to sequence and contain many variable sites. While levels
of variation are lower, similar data from chloroplast genes have
been used in plants. While these data have recognized shortcom-
ings (Edwards & Beerli, 2000; Felsenstein, 2006), they are suited
to global surveys such as this work because the number of spe-
cies with single-locus data available in public databases is orders
of magnitude greater than species with large genomic data sets.
Our inferences rely on establishing that there are real differences
in the IGD between tropical and nontropical species and explor-
ing causal factors and are not derived from estimates of popu-
lation parameters such as divergence time that are expected to
be inaccurate using single-locus data (Edwards & Beerli, 2000).
Furthermore, it seems unlikely that the correlations identified
here between latitude and either m or Tajima’s D are either a func-
tion of the data being from a single locus or from an organellar
genome. While some fraction of our significant results in Tajima’s
D may be attributable in part to natural selection, and while in
some cases natural selection may be correlated with latitude
(e.g., Zhang et al., 2019), our results demonstrate that most of the
variable sites in the data analyzed here are associated with silent
mutations that likely do not change protein structure. As a result,
it seems unlikely that minor latitudinal differences in natural
selection could explain the pattern observed here. Population
genetic structure can also bias estimates of Tajima’s D, but since
a recent survey demonstrated that latitude is an important pre-
dictor of population genetic structure with species at mid-lati-
tudes more likely to exhibit isolation by distance (Pelletier &
Carstens, 2018), the patterns identified here would likely be more
pronounced if we could remove any effects of population genetic
structure on estimates of Tajima’s D.

Our analyses demonstrate that tropical species contain
more IGD than nontropical species in plants and animals.
Nucleotide diversity is correlated with latitude (Figure 2A-C)

Table 1. Proportion of population demography. Species with significant (p < .05) and nonsignificant (NS) values of Tajima's D and R,
statistics between tropical and nontropical regions for Vertebrata, Insecta, Arachnida, and Plantae.

Clade Geographic region Tajima’s D R,
p<.05 NS p<.05 NS
Vertebrata Tropical 706 (10.1%) 2,792 (40.1%) 487 (7.0%) 3,011 (43.3%)
Nontropical 851 (12.2%) 2,610 (37.5%) 497 (7.1%) 2,964 (42.6%)
Insecta Tropical 1,687 (5.9%) 5,385 (18.8%) 1,044 (3.6%) 6,028 (21.0%)
Nontropical 6,152 (21.5%) 15,432 (53.9%) 4, 525 (15.8%) 17,059 (59.5%)
Arachnida Tropical 95 (9.9%) 219 (22.8%) 10 (1.0%) 304 (31.7%)
Nontropical 216 (22.5%) 430 (44.8%) 28 (2.9%) 618 (64.4%)
Plantae Tropical 22 (1.4%) 79 (5.1%) 16 (1.0%) 85 (5.5%)
Nontropical 377 (24.2%) 1,081 (69.3%) 370 (23.7%) 1,088 (69.8%)
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and results from population demographic changes associated
with Quaternary glaciation were less impactful in tropical spe-
cies. This finding has implications to the ongoing discussion
regarding the factors that produce the latitudinal biodiversity
gradient (Gaston, 2000; Willig et al., 2003). The latitudinal gradi-
ent in intraspecific genetic diversity is consistent with hypoth-
eses that attribute the latitudinal gradient in species richness
to historical climatic effects. For example, the climate stability
hypothesis predicts that tropical areas contain more species
because the stable climate in these regions (over evolutionary
time) enables species to adapt into highly partitioned ecological
niches (Klopfer, 1959). By forcing species in temperate regions
to persist in glacial refugia (Avise, 2000; Hewitt, 2004; Provan &
Bennett, 2008), the Quaternary climatic instability had a clear
impact on genetic diversity. In extant species, a reduction in
range size and genetic diversity put species at risk for extinc-
tion (Evans & Sheldon, 2008) and the deficit of genetic diver-
sity limits adaptive potential (Hoffmann & Sgro, 2011). Given
that extinction risk is inversely correlated with IGD (Evans &
Sheldon, 2008; Frankham, 2005), the loss of genetic diversity
in temperate regions during the Quaternary likely limited the
potential for adaptation in these species, potentially leading to
higher rates of extinction and/or lower rates of speciation in
nontropical species.

The recent emergence of macrogenetics (Leigh et al., 2021) has
provided insight into the factors that influence genetic diversity
on a global scale (Carstens et al., 2018; Manel et al., 2020; Miraldo
et al,, 2016). Here, by repurposing data (Sidlauskas et al., 2010)
that were originally collected for other uses, we document that a
latitudinal gradient in IGD is present and provide evidence that
this gradient is caused by Quaternary climate oscillations. Our
work demonstrates the potential for macrogenetic analysis to
address fundamental questions in ecology and evolutionary biol-
ogy and supports recent calls to develop databases and protocols
that enable additional integration of biodiversity data (Anderson
et al., 2020; Heberling et al., 2021; Marden et al., 2021).

Supplementary material

Supplementary material is available online at Evolution Letters.
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