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1 | INTRODUCTION

| John Wrath! | Daniel L. Rabosky??®

Abstract

For many species, both local abundance and regional occupancy are highest near the
centre of their geographic distributions. One hypothesis for this pattern is that niche
suitability declines with increasing distance from a species geographic centre, such
that populations near range margins are characterized by reduced density and in-
creased patchiness. In these smaller edge populations, genetic drift is more powerful,
leading to the loss of genetic diversity. This simple verbal model has been formalized
as the central-marginal hypothesis, which predicts that core populations should have
greater genetic diversity than edge populations. Here, we tested the central-marginal
hypothesis using a genomic data set of 25 species-level taxa of Australian scincid
lizards in the genera Ctenotus and Lerista. A majority of taxa in our data set showed
range-wide patterns of genetic variation consistent with central-marginal hypothesis,
and eight of 25 taxa showed significantly greater genetic diversity in the centre of
their range. We then explored biological, historical, and methodological factors that
might predict which taxa support the central-marginal hypothesis. We found that taxa
with the strongest evidence for range expansion were the least likely to follow predic-
tions of the central-marginal hypothesis. The majority of these taxa had range expan-
sions that originated at the range edge, which led to a gradient of decreasing genetic

diversity from the range edge to the core, contrary to the central-marginal hypothesis.
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At the centre of their range, species are hypothesized to be op-

Whether they are big or small, species geographic ranges can be
divided into core and edge populations. Verbal models from mac-
roecology and population genetics predict that patterns of popu-
lation abundance, individual fitness, and genetic diversity should
differ across core and edge populations (Brown, 1984; Sagarin
& Gaines, 2002), which can then contribute to the formation of
range limits (Garcia-Ramos & Kirkpatrick, 1997; Gaston, 2003).

timally adapted for the habitat, allowing them to maintain large,
interconnected populations characterized by high local abun-
dance (Brown, 1984; Sagarin & Gaines, 2002). Moving away
from the centre, the habitat becomes more marginal, leading to
decreased reproductive output (Angert, 2006; Gaston, 2009;
Pigott & Huntley, 1981). Or, favourable habitat may become in-
creasingly patchy towards the range edge, leading to depression of

regional abundance relative to range centres. Populations towards
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the edge thus become smaller and more disconnected. Further,
because these smaller populations are likely more subject to ge-
netic drift and the swamping effects of gene flow from the range
centre (Hoffmann & Blows, 1994; Kirkpatrick & Barton, 1997),
they are less able to adapt to local, marginal conditions (Bridle &
Vines, 2007; Emery et al., 2011; Lenormand, 2002). Thus, in the
range centre, where populations are large and connected, popula-
tions will show high levels of genetic diversity and low levels of ge-
netic differentiation (Eckert et al., 2008; Mayr, 1970). Conversely,
small and isolated edge populations will exhibit low levels of ge-
netic diversity and high levels of genetic differentiation. These
expectations for how population abundance and genetic diversity
vary across the range have been formalized as the abundant-centre
and central-marginal hypotheses, respectively (Brown, 1995;
Eckert et al., 2008).

Despite their intuitive appeal, both the abundant-centre and
central-marginal hypotheses have mixed support in the literature
(as reviewed in Dallas et al., 2017; Lira-Noriega & Manthey, 2014;
Pennington et al., 2021; Pironon et al., 2017). This mixed support
has a few potential explanations. First and foremost, the biological
assumptions underpinning these hypotheses might be wrong—for
example, perhaps niche suitability does not decline towards a range
edge (Helmuth et al., 2002), perhaps population abundance does
not vary predictably with niche suitability (Dallas et al., 2017; Dallas
& Hastings, 2018), perhaps gene flow is not asymmetric between
central and marginal populations (Kottler et al., 2021). Additionally,
some have argued that geographic definitions of range core versus
edges are irrelevant (Martinez-Meyer et al., 2013). Rather, core ver-
sus edge populations should be defined by how well they reflect the
idealized environmental conditions for a species (Weber et al., 2017).
Ecological distance from core environmental conditions might then
better predict patterns of abundance and genetic diversity than geo-
graphic distance. Further, methodological issues—such as testing
core-edge transects that span latitudinal and elevational gradients
(Guo, 2012) or defining core versus edge populations for complex
range geometries—can also complicate studies of the abundant-
centre and central-marginal hypotheses.

Another possible confounding factor is demographic history, be-
cause it can also affect how genetic diversity is distributed across a
range (Hewitt, 1999). One notable example is range expansions. As
a species range expands, individuals disperse out of founding popu-
lations and establish new populations through repeated population
bottlenecks (DeGiorgio et al., 2009; Excoffier et al., 2009). These
serial founder effects lead to reduced levels of genetic diversity
along the expanding range edge, high structure among populations,
and clines in allele frequency centred on the origin of the expan-
sion (Peter & Slatkin, 2013; Slatkin & Excoffier, 2012). Thus, both
the central-marginal hypothesis and range expansions should lead
to reduced genetic diversity and increased genetic differentiation
in edge populations. These shared expectations can make it diffi-
cult to disentangle the effects of historical versus current demogra-
phy on patterns of genetic diversity across a species range (Duncan
etal,, 2015).

In this study, we address this challenge by combining inference
of historical demography and estimation of current genetic patterns
to test the central-marginal hypothesis across 25 species-level taxa
of Australian scincid lizards in the genera Ctenotus and Lerista. These
taxa are largely codistributed (Figure 1, Appendix S1) and thus ex-
perienced the same biogeographic dynamics. Further, range limits in
Australia generally do not correspond to sharp physical barriers or
steep environmental gradients but rather seem to track subtler fea-
tures of a relatively flat and gradually changing physiography (James
& Shine, 2000; Pianka, 1972). Because of this, Australian taxa are
somewhat of a “best case” scenario for detecting central-marginal
structure. Here, using a final data set of 457 individuals and an av-
erage of 17K loci, we tested the predictions of the central-marginal
hypothesis by determining if genetic diversity declines with distance
from the range centre. Then, we fit demographic models of popu-
lation growth and range expansion to our data to determine which
historical demographic processes might be structuring genetic di-
versity. Finally, given the equivocal support for the central-marginal
hypothesis in our data set, we determine which biological, histor-
ical, or methodological factors—if any—predict whether or not we
recover support for the central-marginal hypothesis. To our knowl-
edge, our study is the largest test yet of the central-marginal hypoth-
esis using original data. Thus, our study represents an opportunity to
determine the generality of this hypothesis.

2 | MATERIALS AND METHODS

21 |
analysis

Sampling and genetic data collection and

To determine how genetic diversity varies across geographic ranges,
we initially analysed genetic data from 923 individuals from 142
nominal species across two species-rich genera of Australian scincid
lizards: Ctenotus and Lerista. Samples were selected to span the geo-
graphic range of species (Figure S2); more individuals were sampled
from broad-ranging than narrow-ranging species (r of sample and
range size: 0.78, p-value = 1.29e-28).

Genetic data from these individuals were previously published
in Singhal, Huang, et al. (2018) and Singhal et al. (2017). Full de-
tails on data collection and analysis are available in these studies;
we briefly summarize the approach here. We first collected genetic
data using double digest restriction-site associated DNA sequenc-
ing (ddRADseq; Peterson et al., 2012). Then, we assembled reads
using raiNBow version 2.04 (Chong et al., 2012). Like many squamate
species (Leaché & Fujita, 2010; Singhal, Hoskin, et al., 2018), nom-
inal species in Ctenotus and Lerista often comprise multiple, cryptic
lineages (Prates et al., 2022; Rabosky et al., 2014; Singhal, Huang,
et al., 2018). Accordingly, we first delimited putative operational
taxonomic units (OTUs) across these genera. For each genera, we
first identified homologous loci across all individuals by using vseArcH
version 1.11.1 with a 80% clustering (Rognes et al., 2016). Then, we
concatenated homologous loci with <40% missing data and used
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FIGURE 1 Range maps and sample localities (circles) for the 25 taxa included in this study; taxa are ordered by the magnitude of

the correlation between distance to range centre and genetic diversity. Correlations are reported next to taxa names. Colour of range
indicates if a taxa shows a decline in genetic diversity with increased distance from the range centre, as expected by the central-marginal
hypothesis (green: yes; magenta: no). Opacity indicates if the correlation between distance and diversity is significant (dark: significant, light:
nonsignificant). While these taxa are found throughout Australia, the majority (76%) are found primarily in Australia's desert biome. We were
thus able to test the central-marginal hypothesis across a set of somewhat codistributed taxa.

the concatenated alignment to infer a phylogeny using raxmL ver-
sion 8.2.0 (Stamatakis, 2014). We inferred an ultrametric tree from
this phylogeny using the penalized likelihood approach implemented
in TReerL with A = 0.1 (Smith & O'Meara, 2012). Finally, we delim-
ited OTUs using GMYC, which is a coalescent-based method that
infers where coalescent branching switches from within-species to
between-species patterns. We applied the single-threshold model

in aMmyc to this ultrametric tree (Fujisawa & Barraclough, 2013), thus
delimiting putative OTUs. We confirmed OTU identity by determin-
ing (1) if the OTU spans a cohesive geographic range, (2) if OTUs
form monophyletic mitochondrial groups, and (3) if patterns of ge-
netic divergence across geographic space approximated a contin-
uous isolation-by-distance pattern. Of the 151 resulting OTUs, we
only retained OTUs sampled for 210 individuals. Our final data set
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consisted of 25 OTUs and an average of 18.3 individuals sampled
per OTU (Table S1).

For each OTU, we created a reference genome by selecting ho-
mologous loci across all individuals within that OTU using VvsEARcH
with a 295% similarity search. We then aligned reads to the refer-
ence genome using Bwa version 0.7.12 (Li, 2013) and called variant
and invariant sites using samtooLs version 1.2.1 (Li et al., 2009). All
resulting variant sets were filtered to only include sites with 210x
coverage and 220 quality.

Using these filtered variant sets, we first determined how the
number of sampled loci affected the stability of genetic diversity
estimates. To do so, we subsampled 100, 500, 1000, 2000, 5000,
and 10,000 loci, creating five bootstraps per subsample (Holmes &
Grundler, 2022). For each variant set, we estimated genetic diversity
per individual (z; Tajima, 1983). These bootstrap analyses suggest
that a minimum of 1000 loci are required for stable estimates of ge-
netic diversity (Figure S2). Accordingly, we removed all individuals
for which we sampled fewer than 1000 loci and then calculated ge-
netic diversity. Our estimates of genetic diversity were measured
for an average of 2.6 Mb sites across 17 K independent loci per in-
dividual; sites had an average coverage of 43x and 99% of sites had
quality >100. Thus, although we only sampled one individual at most
geographic localities, each individual provided an estimate of deme-
level patterns of variation (Nazareno et al., 2017).

2.2 | Testing for diversity and distance correlations
Testing the central-marginal hypothesis requires estimates of geo-
graphic ranges for a species. For most Australian squamate species,
accurate ranges do not exist. Thus, we constructed species ranges
based on occurrence data from museum databases based on an ap-
proach outlined by Rabosky et al. (2016). We inferred these ranges
in previous studies (Singhal et al., 2017; Singhal, Huang, et al., 2018);
we briefly summarize the approach here. First, using occurrence
data per species, we defined an alpha-hull polygon across all the
points. Then, using 22 environmental variables (19 BioClim vari-
ables, an aridity index, elevation, and actual evapotranspiration;
Fick & Hijmans, 2017; Title & Bemmels, 2018), we inferred environ-
mental niche models (ENM) per species. The geographic range was
then defined as the intersection between the alpha-hull polygon and
the ENM. To generate geographic ranges per OTU, nominal spe-
cies ranges were then either combined or split, reflective of OTU
delimitations.

For each individual in an OTU, we measured their location rel-
ative to the range centre using both geographic and climatic mea-
sures of distance. Climatic distance is a crude proxy for ecological
distance, because it neglects important sources of environmental
variation—such as substrate and vegetation composition—that prob-
ably influence range structure. For geographic distance, we mea-
sured distance from the range centroid (rceos version 0.5-3; Bivand
& Rundel, 2017). We additionally measured distance from edge
and the ratio of the centre distance to the range radius (geosphere

version 1.5-10; Hijmans et al., 2017). For climatic distance, we used
two approaches. First, per OTU, we randomly sampled 1000 points
within each range. We then extracted climatic data at each point
across the 19 BioClim variables and summarized the data using a
scaled and centred principal component (PC) analysis. We defined
the climatic centroid as the mean value of the first six PC axes and
calculated Euclidean distances of each individual to this centroid
(Lira-Noriega & Manthey, 2014). Second, we used an approach
based on identifying the niche centroid through nTBOX Version 0.6.0
(Osorio-Olvera, Lira-Noriega, et al., 2020; Osorio-Olvera, Yanez-
Arenas, et al., 2020). For each OTU, we randomly sampled 70% of
the occurrence records to train the model and retained the remain-
ing 30% to test model fit. We extracted climatic data across the 19
BioClim variables for the training data set, calculated correlations
across variables, and dropped variables with correlations >0.80.
We then fit a niche model to the training data set, testing whether
including the top two, three or four climatic variables in the final
model fit the data best. The resulting niche model is defined as a
minimum volume ellipsoid, and its centre is the climatic centroid of
the range (Osorio-Olvera, Lira-Noriega, et al., 2020; Osorio-Olvera,
Yanez-Arenas, et al., 2020). We then calculated individual distances
to the centroid using Mahalanobis distances.

The central-marginal hypothesis predicts that genetic diversity
should decline with greater distance from the range centre. We
tested this prediction by calculating the strength and significance of
the correlation between genetic diversity and each given measure
of geographic and climatic distance using a Spearman's correlation
(Figure 1). Additionally, we explored the possible joint effects of ge-
netic and climatic distance on genetic diversity. Per OTU, we built
linear models in which we modelled genetic diversity as a function
of both geographic distance (as measured by distance to range cen-
tre) and climatic distance (as measured by distance to PC climatic

centroid).

2.3 | Demographic modelling

Demographic processes—most notably, range and population
expansion—can also lead to a pattern of declining genetic distance
across space. To determine if these processes affect patterns of
genetic variation across the range, we conducted two separate
analyses. First, we used papi version 2.1.1 to fit three possible de-
mographic models to the allele frequency spectrum for each OTU
(Gutenkunst et al., 2009): a model with no population change, a
model with exponential population growth, and a model with an
instantaneous population change (Figure S3). Per OTU, we filtered
all variant sites to retain only those sites with >60% complete data
across individuals, randomly sampled one variant site per locus, and
then inferred the unfolded allele frequency spectrum by polarizing
variants with outgroup sequence. We used the most closely-related
OTU for a given OTU as the outgroup. We then down-projected the
allele frequency spectrum to the median number of chromosomes
sampled across all sites. Model fitting was done across multiple
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rounds, following an approach implemented by Portik et al. (2017).
We identified the best fitting model using the likelihood ratio test
implemented in pabl. Second, we tested for range expansion using
RANGEEXPANSION version 0.9 (Peter & Slatkin, 2013). As a species ex-
pands, new populations will harbour a fraction of the diversity of the
original source population, resulting in a gradient of genetic diver-
sity across the range (DeGiorgio et al., 2009; Peter & Slatkin, 2013,
2015). Further, variants in these new populations should be at a
higher frequency than in the source populations. The RANGEEXPANSION
approach uses the clines in variant frequency to infer the strength
of the range expansion event and its likely origin. We used the same
variant set and outgroup polarization used for pabi as input files for
RANGEEXPANSION. The RANGEEXPANSION approach allows individuals to be
assigned to multiple regions of expansion; here, we assigned all indi-

viduals to the same region.

2.4 | Comparative analyses

Our test of the central-marginal hypothesis returned mixed results
across OTUs (see Section 3). Accordingly, we used a multipredictor
model-averaging approach (Burnham & Anderson, 2003) to explore
three possible types of factors (and nine variables in total) that might
determine whether or not an OTU meets the predictions of the
central-marginal hypothesis. Here, as a response variable, we use
the correlation between geographic distance to range centre and
genetic diversity. First, we included biological factors: isolation-by-
distance (IBD) slope and biome. How species diverge across geo-
graphic distance might affect the diversity-divergence correlation,
with species that exhibit greater isolation over geographic space
showing a stronger correlation. Accordingly, we included IBD slopes
per OTU (previously estimated in Singhal, Huang, et al., 2018). Also,
the different biomes of Australia have experienced dynamic histo-
ries that might differentially affect patterns of genetic diversity. In
particular, species endemic to the deserts likely experienced rapid
population growth and range expansion as the deserts expanded
in the late Miocene-early Pliocene (Pepper & Keogh, 2021). We in-
cluded biome as a factor by determining which biome the majority
of an OTU's geographic range spanned (Olson et al., 2001). Second,
we included historical factors given that historical demography can
restructure genetic diversity across a range. We included the rela-
tive change in population size as inferred by papi and the strength
of the correlation between allele frequency clines and distance as
estimated by rRanGEExPANSION. Third, we included methodological fac-
tors: range eccentricity, number of individuals sampled and sampling
coverage, range size, and mean genetic diversity. The more eccentric
a range is, the harder it is to comparably define distance from the
range centre. We measured range eccentricity as the coefficient of
variation of the distance of the range centre to a random sample of
100 points on the range edge. Further, better sampling might result
in more power. Thus, we included the number of individuals sampled
and sampling coverage as factors. We measured sampling coverage
as the fraction of the range covered by sampling points buffered by

a 100km radius. Similarly, we might have greater power to identify
correlations in species with larger geographic range areas or higher
overall genetic diversity. Thus, we included both range size and
mean genetic diversity as variables.

Across these nine factors, we created the full set of linear models
and fit them to the data using phylogenetic linear models using NLME
version 3.1 in R (Pinheiro, 2009). To control for phylogeny, we used
an ultrametric tree previously published in Singhal et al. (2017). We
calculated the relative importance of variables by summing the rel-
ative Akaike information criteria weights for all the models in which
the variable appeared.

2.5 | Data analysis and visualization

All scripts for data analysis and visualization were written in R and
Python3 and are available at https://github.com/singhal/central_
marginal. Data visualization used the R packages cGrLoT2 and cow-
pLoT (Wickham, 2016; Wilke et al., 2021).

3 | RESULTS

Of the 25 OTUs we tested, 16 (or 64%) recovered the expected neg-
ative correlation between distance from range centre and genetic
diversity (Figures 1 and 2). Eight of these 16 correlations were signif-
icant (Figure 3a, Table S2). Using climatic estimates of distance, 16 of
the 25 OTUs had negative distance-diversity correlations, of which
six were significant (Figure 3b, Table S2). Unexpectedly, OTU Lerista
desertorum showed a significant positive correlation between geo-
graphic distance-diversity and Ctenotus atlas showed a significant
positive correlation between climatic distance-diversity (Table S2).
On average, for those taxa showing a significant central-marginal
pattern, genetic diversity at the range edge was 11% less than at the
core. For comparison, across any given taxon, minimum and maxi-
mum genetic diversity varied an average of 2.4-fold.

Results varied depending on how geographic distance and cli-
matic distance were measured. Although alternate measures of geo-
graphic and climatic distance were correlated with our focal distance
estimators (r =.094-.627; Figure S4), the proportion of tests recov-
ering a significant correlation in the expected direction varied from
16%-20% across these alternate measures (Figure 4, Table S2).

Models that included both geographic and climatic distance as
factors influencing genetic diversity had adjusted r? values ranging
from .0-.8 (mean adjusted r? =.2). For only two OTUs were both
geographic and climatic distance included as significant predictors
(Figure S5).

Demographic analysis found that the two-epoch model best fit
all 25 OTUs, in which population size instantly changed some time
in the past (Figure S3). Current population size was inferred to be an
average of 4.3x greater than ancestral population sizes (Figure 5a).
Fourteen of the 25 OTUs showed significant evidence for range
expansion (Figure 5b). The origins of the range expansion were


https://github.com/singhal/central_marginal
https://github.com/singhal/central_marginal

VYIRS 0 CULAR FCOLOGY)

SINGHAL ET AL.

Ctenotus aff. spaldingi (1)

Ctenotus aff. inornatus (1)

C. aff. taeniatus

°
o, °
@
O 0o '. o * °
°° o0 @
©
oS9 °%e o
e°J o og
3 ° 000
b4 °
0.006 1 0.004
0.004 0.005 1
° " L] L ] o‘. ° [
0.004 ° o° 0.003
& 0.003 . . R . . . g . . .
o 0.003 1 . ‘ . o
[ ] 4
0.002 S . ° 0.002 . ° - . . e 0.002
L]
. . . S 0.001 - . . —° . , . . . S
400 600 800 1000 500 1000 1500 200 300 400 500 600 700

distance from center (km)

distance from center (km)

distance from center (km)

FIGURE 2 The relationship between genetic diversity and distance to range centre for three exemplar operational taxonomic units
(OTUs). Two taxa showed a significant negative correlation (Ctenotus aff. spaldingi 1 and C. aff. inornatus 1), and one showed a nonsignificant
negative correlation (C. aff. taeniatus). Our species delimitation approach occasionally split and lumped nominal species; for example,
nominal species C. taeniatus and C. euclae have been lumped into the OTU C. aff. taeniatus. Shaded areas on maps indicate OTU geographic
range and point colours vary based on genetic diversity. Drawing of C. aff. spaldingi 1 courtesy of M. Grundler (reused with permission from

the University of Chicago Press).
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FIGURE 3 Spearman rank correlations (p) between genetic diversity and (a) geographic distance, as measured by the distance to
range centre and (b) climatic distance, as measured by the distance to the principal component (PC) climatic centroid of the range (n = 25
operational taxonomic units [OTUs]). Fill colour indicates significance of correlation (p <.05). As expected under the central-marginal
hypothesis, most correlations are negative though not all were significant.

generally inferred to be towards the edge of range; on average, the
centre-edge distance ratio of origins was 0.81 (Figure Sé).

We tested three sets of biological, historical, and methodological
factors that might affect our ability to recover the central-marginal
hypothesis. We found that a historical factor—the strength of the
range expansion—was the best predictor of whether or not we re-
covered the central-marginal hypothesis (relative importance: 0.73;
Figure 6a). Taxa with stronger evidence for a range expansion had
more positive diversity-distance correlations and thus more strongly
contradicted the predictions of the central-marginal hypothesis

(Figure 6b). The best overall model included strength of range ex-
pansion as the sole predictor of diversity-distance correlations and
had an adjusted r?=.2.

4 | DISCUSSION
For the 25 species-level taxa for which we were able to test the
central-marginal hypothesis, we found the expected negative cor-

relation between genetic diversity and distance from range centre in
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marginal hypothesis in a given taxon: (1) biological factors: Isolation-by-distance (IBD) slope, biome; (2) historical factors: strength of range
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16 taxa. This pattern was significant for eight taxa. Only one taxon
provided significant evidence against the central-marginal hypoth-
esis. As seen in other comparative tests of the central-marginal hy-

pothesis and on the underlying abundant-centre hypothesis (Dallas

et al., 2017; Lira-Noriega & Manthey, 2014; Pennington et al., 2021;
Pironon et al., 2017), we recovered support for the central-marginal
hypothesis but with numerous exceptions and significant unex-

plained variability.
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Explanations for mixed support

All the empirical data collected thus far—including the present
study—suggest that the central-marginal hypothesis is unlikely
to hold uniformly across taxa (Eckert et al., 2008; Lira-Noriega
& Manthey, 2014). Given this, the better question might be to
explore which factors determine if a species shows patterns of
genetic diversity congruent with the central-marginal hypoth-
esis. Because of our comparative approach, we had the power to
explore a set of three primary factors: biological, historical, and
methodological.

First, the central-marginal hypothesis derives from the abundant-
centre hypothesis. Both of these hypotheses make a number of bio-
logical assumptions, which while seemingly intuitive, might not hold
in nature, thus leading to the rejection of these hypotheses. For ex-
ample, the central-marginal hypothesis derives from the assumption
that abundance is highest in the range core, but empirical data are
equivocal (Gilman, 2005; Helmuth et al., 2002; Pironon et al., 2015;
Santini et al., 2019). Unfortunately, we could not test this assumption
by measuring how lizard abundance varies across the range. There
are no shortcuts to estimating range-wide patterns of abundance in
Australian desert lizards (Grundler et al., 2019), and obtaining abun-
dance information for even single localities requires considerable
time and resources (Pianka, 2014; Thompson et al., 2003).

Another assumption made by the central-marginal hypothesis is
that the geographic and ecological core of the range are the same.
But, ecological gradients do not necessarily follow simple patterns
that correspond to a geographic range centre (Duncan et al., 2015;
Pironon et al., 2015, 2017; Trumbo et al., 2016). We attempted to
address this assumption by using climatic suitability as a proxy for
niche suitability; we found weaker support for the central-marginal
hypothesis using climatic versus geographic distance (Figure 3b).
However, we estimated ecological distance solely using climatic
variables, and many of the taxa (~70%) included in this study span
arid biomes that are relatively climatically homogenous (James &
Shine, 2000). For these taxa, climate might not define the margin-
ality of habitats. Rather, broadscale aspects of vegetation structure
and substrate might be more important determinants of geographic
range limits in arid Australian lizards and might better define niche
suitability (Pianka, 1972).

Our study thus shows the limitations of testing the central-
marginal hypothesis without collecting detailed demographic and
ecological data. In order to test the central-marginal hypothesis and
the underlying abundant-centre hypothesis properly, an ideal study
would directly measure the key variables of interest—for exam-
ple, niche suitability, individual fitness, population abundance and
density, genetic diversity, and genetic differentiation—across the
geographic range. Only through such a holistic approach can prop-
erly test the generality of these hypotheses (compare with Dixon
et al., 2013; Helmuth et al., 2002; Sexton et al., 2016; Yakimowski
& Eckert, 2008).

Second, historical demographic shifts often redistribute genetic
diversity across the range, either mimicking or obscuring a pattern of

declining genetic diversity from the range centre as expected under
the central-marginal hypothesis (Eckert et al., 2008). In a nonequi-
librium scenario, during range expansions, repeated serial founder
events create gradients of allele frequencies and genetic diversity
(DeGiorgio et al., 2009; Pierce et al., 2014; Provan & Maggs, 2012).
If the origin of the expansion occurs near the centre of the range,
then genetic diversity will decline from the centre to the edges of
the range (DeGiorgio et al., 2009; Slatkin & Excoffier, 2012 but see
Peter & Slatkin, 2013 which shows this can also occur due to edge
effects).

Most of our focal taxa are arid distributed (Figure 1, Appendix S1),
and the Australian arid zone has expanded dramatically since the
Miocene (Pepper & Keogh, 2021). Given this biogeographic history, it
is perhaps unsurprising that all of our taxa showed evidence for pop-
ulation expansion, and 14 of our 25 taxa showed evidence of range
expansions (Figure 5b). Typically, range expansions are expected to
generate patterns that mimic the expectations of the central-marginal
hypothesis (Eckert et al., 2008). However, we found the opposite.
Taxa that experienced range expansion more strongly contradicted
the expectations of the central-marginal hypothesis (Figure 6b).
Because these taxa mostly expanded from the range edge (Figure S6),
these taxa exhibited a declining gradient in genetic diversity from the
edge rather than the centre. Our study shows that the importance of
considering historical demographic shifts when investigating current
patterns of range-wide genetic diversity (Duncan et al., 2015; Moeller
et al., 2011; Pironon et al., 2015; Wei et al., 2016).

Third, methodological issues—such as how geographic distance is
measured, how centre-to-edge transects are constructed, and sam-
pling effort—can affect support for the central-marginal hypothesis.
The less round and more eccentric a range is, the harder it can be to
determine which populations are core versus edge. Accordingly, how
geographic distance is measured often matters (Sagarin et al., 2006;
Santini et al., 2019; Yancovitch Shalom et al., 2020), though we find
no strong evidence for its impact in our study. The three different
metrics of geographical distance were only modestly correlated
across our taxa (r=.1-.62, Figure S4), but most taxa still showed qual-
itatively consistent correlations across distance metrics (Table S2).
Further, we found no evidence that more eccentric ranges were less
likely to support the central-marginal hypothesis (Figure 6a).

Similarly, treating all range edges equivalently can confound
tests of the central-marginal hypothesis (Sagarin et al., 2006), par-
ticularly if there are multiple peaks of population abundance (Dixon
et al., 2013) or if ranges span elevational or latitudinal gradients
(Connallon & Sgro, 2018; Freeman & Beehler, 2018; Halbritter
et al., 2015; Hampe & Petit, 2005). If the nature of the central-
marginal hypothesis changes depending what range edge is consid-
ered, then collapsing range edges into a single transect—as we did
in our study—could increase noise and decrease power to identify
support for the hypothesis. Thus, although this represents a massive
and perhaps unrealistic sampling effort, researchers would ideally
test the central-marginal hypothesis across multiple linear transects
from the range centre to the edge (Kennedy et al., 2020; Trumbo
etal., 2016).
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Finally, greater sampling can increase power, thus making it more
likely the central-marginal hypothesis will be confirmed (Blackburn
et al.,, 1999; Eckert et al., 2008; Lira-Noriega & Manthey, 2014).
We found no evidence that sampling effort or sampling coverage
affected support for the central-marginal hypothesis (Figure 6a).
However, because we collected thousands of loci, we could treat
each individual as a population (Nazareno et al., 2017), and we
were thus able to measure distance as a continuous variable. In
contrast, many studies compare patterns of genetic diversity after
binning populations as either core or peripheral populations (Eckert
et al., 2008; Yakimowski & Eckert, 2008). Had we binned popula-
tions, only four taxa would have supported the central-marginal
hypothesis due to the corresponding reduction in effective sample

size.

4.2 | Implications and future directions

Even though the abundant-centre and central-marginal hypotheses
might not be as general as they were originally envisioned, these hy-
potheses remain compelling because they have clear implications for
range limits and speciation. One hypothesis for why species have
range limits is that boundaries form where species are no longer able
to adapt to edge conditions (Hoffmann & Blows, 1994; Kirkpatrick
& Barton, 1997; Polechova, 2018). In a world where ranges are
shifting as a result of climate change, edge populations are perhaps
most likely to be extirpated or swamped by gene flow (Hampe &
Petit, 2005). Further, although edge populations are expected to
have lower levels of genetic diversity overall, they are often geneti-
cally and phenotypically distinct from populations at the range core
(Eckert et al., 2008), making their loss of particular concern for con-
servation aims. Thus, edge populations both help determine range
limits and are particularly threatened as range limits shift.

Here, we find that many taxa have reduced genetic diversity at
their edges, which supports the idea that limited variation hinders
local adaptation in edge populations (Hoffmann & Blows, 1994).
However, we measure an only modest reduction in genetic diver-
sity (11%) between central and marginal populations. In other animal
taxa (Eckert et al., 2008), 15 out of 18 taxa supported the central-
marginal hypothesis, with a ~45% reduction in genetic diversity as
measured by expected heterozygosity. Thus, relative to the spread
in genetic diversity within taxon ranges (2.4-fold difference), reduc-
tion in genetic diversity in core populations seen in other species,
and reduction in abundance expected in core populations, we see
only a minor decline in genetic diversity. What consequence this de-
crease has for the potential of edge populations to adapt to changing
environmental conditions—if any—is unclear.

Further, we only measured putatively neutral genetic variation,
which may not correlate with genetic variation underpinning key
adaptive traits (Pauls et al., 2013; Teixeira & Huber, 2021). To better
explore the links between the central-marginal hypothesis and range

limits, we should ideally sample quantitative trait loci and the traits

themselves (compare with Clark et al., 2021; Kennedy et al., 2020;
Pennington et al., 2021; Pujol & Pannell, 2008).

In verbal models of species formation, edge or peripheral pop-
ulations are often seen as engines of new species (Brown, 1957;
Levin, 1970; Mayr, 1970). Peripheral populations are thought to be
subject to different biogeographical and ecological conditions from
the core populations. Thus, they might be more likely to split to
form isolates that then evolve into new species (Bush, 1975). The
central-marginal hypothesis predicts that peripheral populations
should show greater genetic divergence than core populations
(Dixon et al., 2013), which could further spur species formation at
the edges. We could not robustly test these predictions because of
sparse sampling, although we found some evidence that genetic di-
vergence is greater between core-edge and edge-edge populations
than core-core populations (Figure S7). Denser sampling would
allow us to properly explore how the central-marginal hypothesis
connects to speciation.

AUTHOR CONTRIBUTIONS

Sonal Singhal and Daniel L. Rabosky designed research, Sonal Singhal
and John Wrath performed research, Sonal Singhal and John Wrath
analysed data, Sonal Singhal and John Wrath wrote the manuscript,
and all authors reviewed and finalized the final text.

ACKNOWLEDGEMENTS

Funding for this project was provided by NSF DEB-1754398 to
Daniel L. Rabosky and Sonal Singhal. Additional funding was pro-
vided by a CSUDH Research, Scholarship and Creative Activity
Grant to Sonal Singhal and a CSUDH Graduate Writing Institute for
Excellence Fellowship to Sonal Singhal and John Wrath. We thank

Pascal Title for helping devise the metric for range eccentricity.

DATA AVAILABILITY STATEMENT

All data used in this study have been previously published in NCBI
BioProjects PRJNA382545 and PRINA476569; see Table S1 for
NCBI SRA codes for each individual. Code used for data analysis
and visualization is available at https://github.com/singhal/centr

al_marginal.

ORCID

Sonal Singhal " https://orcid.org/0000-0001-5407-5567

REFERENCES

Angert, A. L. (2006). Demography of central and marginal populations
of monkeyflowers (Mimulus cardinalis and M. lewisii). Ecology, 87(8),
2014-2025.

Bivand, R., & Rundel, C. (2017). rgeos: Interface to geometry engine-open
source (GEOS). R Package Version 0. 3-26.

Blackburn, T. M., Gaston, K. J., Quinn, R. M., & Gregory, R. D. (1999). Do
local abundances of British birds change with proximity to range
edge? Journal of Biogeography, 26(3), 493-505.

Bridle, J. R., & Vines, T. H. (2007). Limits to evolution at range margins:
When and why does adaptation fail? Trends in Ecology & Evolution,
22(3), 140-147.


https://github.com/singhal/central_marginal
https://github.com/singhal/central_marginal
https://orcid.org/0000-0001-5407-5567
https://orcid.org/0000-0001-5407-5567

SINGHAL ET AL.

10
—I—W] LE Y-2Y(e]#:Xel8) ¥N:§:{ele) Xo €)%

Brown, J. H. (1984). On the relationship between abundance and distri-
bution of species. The American Naturalist, 124(2), 255-279.

Brown, J. H. (1995). Macroecology. University of Chicago Press.

Brown, W. L. (1957). Centrifugal speciation. The Quarterly Review of
Biology, 32(3), 247-277.

Burnham, K. P, & Anderson, D. R. (2003). Model selection and multi-
model inference: A practical information-theoretic approach. Springer
Science & Business Media.

Bush, G. L. (1975). Modes of animal speciation. Annual Review of Ecology
and Systematics, 6(1), 339-364.

Chong, Z., Ruan, J., & Wu, C.-1. (2012). Rainbow: An integrated tool for
efficient clustering and assembling RAD-seq reads. Bioinformatics,
28(21), 2732-2737.

Clark, R. D., Aardema, M. L., Andolfatto, P., Barber, P. H., Hattori, A,
Hoey, J. A., Montes, H. R., Jr., & Pinsky, M. L. (2021). Genomic sig-
natures of spatially divergent selection at clownfish range margins.
Proceedings of the Royal Society B, 288(1952), 20210407.

Connallon, T., & Sgro, C. M. (2018). In search of a general theory of spe-
cies' range evolution. PLoS Biology, 16(6), e2006735.

Dallas, T. A., Decker, R. R., & Hastings, A. (2017). Species are not most
abundant in the centre of their geographic range or climatic niche.
Ecology Letters, 20(12), 1526-1533.

Dallas, T. A., & Hastings, A. (2018). Habitat suitability estimated by
niche models is largely unrelated to species abundance. Global
Ecology and Biogeography: A Journal of Macroecology, 27(12),
1448-1456.

DeGiorgio, M., Jakobsson, M., & Rosenberg, N. A. (2009). Explaining
worldwide patterns of human genetic variation using a coalescent-
based serial founder model of migration outward from Africa.
Proceedings of the National Academy of Sciences of the United States
of America, 106(38), 16057-16062.

Dixon, A. L., Herlihy, C. R., & Busch, J. W. (2013). Demographic and
population-genetic tests provide mixed support for the abundant
centre hypothesis in the endemic plant Leavenworthia stylosa.
Molecular Ecology, 22(7), 1777-1791.

Duncan, S. I., Crespi, E. J., Mattheus, N. M., & Rissler, L. J. (2015). History
matters more when explaining genetic diversity within the con-
text of the core-periphery hypothesis. Molecular Ecology, 24(16),
4323-4336.

Eckert, C. G., Samis, K. E., & Lougheed, S. C. (2008). Genetic variation
across species’ geographical ranges: the central-marginal hypothe-
sis and beyond. Molecular Ecology, 17(5), 1170-1188.

Emery, N. C,, Rice, K. J., & Stanton, M. L. (2011). Fitness variation and
local distribution limits in an annual plant population. Evolution,
65(4), 1011-1020.

Excoffier, L., Foll, M., & Petit, R. J. (2009). Genetic consequences of range
expansions. Annual Review of Ecology, Evolution, and Systematics,
40(1), 481-501.

Fick, S. E., & Hijmans, R. J. (2017). WorldClim 2: New 1-km spatial reso-
lution climate surfaces for global land areas. International Journal of
Climatology, 37(12), 4302-4315.

Freeman, B. G., & Beehler, B. M. (2018). Limited support for the “abun-
dant centre” hypothesis in birds along a tropical elevational gradi-
ent: Implications for the fate of lowland tropical species in a warmer
future. Journal of Biogeography, 45(8), 1884-1895.

Fujisawa, T., & Barraclough, T. G. (2013). Delimiting species using single-
locus data and the generalized mixed Yule coalescent approach: A
revised method and evaluation on simulated data sets. Systematic
Biology, 62(5), 707-724.

Garcia-Ramos, G., & Kirkpatrick, M. (1997). Genetic models of adaptation
and gene flow in peripheral populations. Evolution, 51(1), 21-28.

Gaston, K. J. (2003). The structure and dynamics of geographic ranges.
Oxford Series in Ecology and Evolution.

Gaston, K. J. (2009). Geographic range limits: Achieving synthesis.
Proceedings of the Royal Society B, 276(1661), 1395-1406.

Gilman, S. (2005). A test of Brown's principle in the intertidal limpet
Collisella scabra (Gould, 1846). Journal of Biogeography, 32(9),
1583-1589.

Grundler, M. R,, Singhal, S., Cowan, M. A, & Rabosky, D. L. (2019). Is ge-
nomic diversity a useful proxy for census population size? Evidence
from a species-rich community of desert lizards. Molecular Ecology,
28(7), 1664-1674.

Guo, Q. (2012). Incorporating latitudinal and central-marginal trends
in assessing genetic variation across species ranges. Molecular
Ecology, 21(22), 5396-5403.

Gutenkunst, R. N., Hernandez, R. D., Williamson, S. H., & Bustamante, C.
D. (2009). Inferring the joint demographic history of multiple pop-
ulations from multidimensional SNP frequency data. PLoS Genetics,
5(10), e1000695.

Halbritter, A. H., Billeter, R., Edwards, P. J., & Alexander, J. M. (2015).
Local adaptation at range edges: Comparing elevation and latitu-
dinal gradients. Journal of Evolutionary Biology, 28(10), 1849-1860.

Hampe, A., & Petit, R. J. (2005). Conserving biodiversity under climate
change: The rear edge matters. Ecology Letters, 8(5), 461-467.

Helmuth, B., Harley, C. D. G., Halpin, P. M., O'Donnell, M., Hofmann, G.
E., & Blanchette, C. A. (2002). Climate change and latitudinal pat-
terns of intertidal thermal stress. Science, 298(5595), 1015-1017.

Hewitt, G. M. (1999). Post-glacial re-colonization of European biota.
Biological Journal of the Linnean Society, 68(1-2), 87-112.

Hijmans, R. J., Williams, E., Vennes, C., & Hijmans, M. R. J. (2017).
Package “geosphere.” Spherical trigonometry, 1(7). ftp://sun-
site2.icm.edu.pl/site/cran/web/packages/geosphere/geosphere.
pdf.

Hoffmann, A. A., & Blows, M. W. (1994). Species borders: Ecological
and evolutionary perspectives. Trends in Ecology & Evolution, 9(6),
223-227.

Holmes, I. A., & Grundler, M. C. (2022). Phylogenetically under-dispersed
gut microbiomes are structured by conserved host genes in a ge-
netically diverse reptile community. Review.

James, C. D., & Shine, R. (2000). Why are there so many coexisting spe-
cies of lizards in Australian deserts? Oecologia, 125(1), 127-141.

Kennedy, J. P., Preziosi, R. F., Rowntree, J. K., & Feller, I. C. (2020). Is the
central-marginal hypothesis a general rule? Evidence from three
distributions of an expanding mangrove species, Avicennia germi-
nans (L.). Molecular Ecology, 29(4), 704-719.

Kirkpatrick, M., & Barton, N. H. (1997). Evolution of a species' range. The
American Naturalist, 150(1), 1-23.

Kottler, E. J., Dickman, E. E., Sexton, J. P., Emery, N. C., & Franks, S. J.
(2021). Draining the swamping hypothesis: Little evidence that
gene flow reduces fitness at range edges. Trends in Ecology &
Evolution, 36(6), 533-544.

Leaché, A. D., & Fujita, M. K. (2010). Bayesian species delimitation in
west African forest geckos (Hemidactylus fasciatus). Proceedings of
the Royal Society B, 277(1697), 3071-3077.

Lenormand, T. (2002). Gene flow and the limits to natural selection.
Trends in Ecology & Evolution, 17(4), 183-189.

Levin, D. A. (1970). Developmental instability and evolution in peripheral
isolates. The American Naturalist, 104(938), 343-353.

Li, H. (2013). Aligning sequence reads, clone sequences and assembly
contigs with BWA-MEM. arXiv. http://arxiv.org/abs/1303.3997

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J.,, Homer, N,
Marth, G., Abecasis, G., Durbin, R., & 1000 Genome Project Data
Processing Subgroup. (2009). The sequence alignment/map format
and SAMtools. Bioinformatics, 25(16), 2078-2079.

Lira-Noriega, A., & Manthey, J. D. (2014). Relationship of genetic diver-
sity and niche centrality: A survey and analysis. Evolution, 68(4),
1082-1093.

Martinez-Meyer, E., Diaz-Porras, D., Peterson, A. T., & Yanez-Arenas, C.
(2013). Ecological niche structure and rangewide abundance pat-
terns of species. Biology Letters, 9(1), 20120637.


http://arxiv.org/abs/1303.3997

SINGHAL €T AL.

Mayr, E. (1970). Populations, species, and evolution: An abridgment of ani-
mal species and evolution. Harvard University Press.

Moeller, D. A., Geber, M. A., & Tiffin, P. (2011). Population genetics and
the evolution of geographic range limits in an annual plant. The
American Naturalist, 178(Suppl 1), S44-S57.

Nazareno, A. G., Bemmels, J. B, Dick, C. W., & Lohmann, L. G. (2017).
Minimum sample sizes for population genomics: An empirical study
from an Amazonian plant species. Molecular Ecology Resources,
17(6), 1136-1147.

Olson, D. M., Dinerstein, E., Wikramanayake, E. D., Burgess, N. D., Powell,
G. V. N, Underwood, E. C,, ... Kassem, K. R. (2001). Terrestrial
ecoregions of the world: A new map of life on earth: A new global
map of terrestrial ecoregions provides an innovative tool for con-
serving biodiversity. Bioscience, 51(11), 933-938.

Osorio-Olvera, L., Lira-Noriega, A., Soberon, J., Peterson, A. T., Falconi,
M., Contreras-Diaz, R. G, ... Barve, N. (2020). ntbox: An R package
with graphical user interface for modelling and evaluating multi-
dimensional ecological niches. Methods in Ecology and Evolution,
11(10), 1199-1206.

Osorio-Olvera, L., Yafiez-Arenas, C., Martinez-Meyer, E., & Peterson, A.
T. (2020). Relationships between population densities and niche-
centroid distances in north American birds. Ecology Letters, 23(3),
555-564.

Pauls, S. U., Nowak, C., Balint, M., & Pfenninger, M. (2013). The impact of
global climate change on genetic diversity within populations and
species. Molecular Ecology, 22(4), 925-946.

Pennington, L. K., Slatyer, R. A., Ruiz-Ramos, D. V., Veloz, S. D., & Sexton,
J. P. (2021). How is adaptive potential distributed within species
ranges? Evolution, 75(9), 2152-2166.

Pepper, M., & Keogh, J. S. (2021). Life in the “dead heart” of Australia:
The geohistory of the Australian deserts and its impact on ge-
netic diversity of arid zone lizards. Journal of Biogeography, 48(4),
716-746.

Peter, B. M., & Slatkin, M. (2013). Detecting range expansions from ge-
netic data. Evolution, 67(11), 3274-3289.

Peter, B. M., & Slatkin, M. (2015). The effective founder effect in a spa-
tially expanding population. Evolution, 69(3), 721-734.

Peterson, B. K., Weber, J. N., Kay, E. H., Fisher, H. S., & Hoekstra, H. E.
(2012). Double digest RADseq: An inexpensive method for de novo
SNP discovery and genotyping in model and non-model species.
PLoS One, 7(5), e37135.

Pianka, E. R. (1972). Zoogeography and speciation of Australian Desert
lizards: An ecological perspective. Copeia, 1972(1), 127-145.

Pianka, E. R. (2014). Rarity in Australian desert lizards. Austral Ecology,
39(2), 214-224.

Pierce, A. A., Zalucki, M. P,, Bangura, M., Udawatta, M., Kronforst, M. R.,
Altizer, S., ... de Roode, J. C. (2014). Serial founder effects and ge-
netic differentiation during worldwide range expansion of monarch
butterflies. Proceedings of the Royal Society B, 281(1797), 20142230.
https://doi.org/10.1098/rspbh.2014.2230

Pigott, C. D., & Huntley, J. P. (1981). Factors controlling the distribution of
Tilia cordata at the northern limits of its geographical range. . Nature
and causes of seed sterility. The New Phytologist, 87(4), 817-839.

Pinheiro, J. (2009). nlme: Linear and nonlinear mixed effects models.
http://cran.r-Project.org/web/packages/nlme/. https://ci.nii.ac.jp/
naid/10029283579/

Pironon, S., Papuga, G., Villellas, J., Angert, A. L., Garcia, M. B.,, &
Thompson, J. D. (2017). Geographic variation in genetic and de-
mographic performance: New insights from an old biogeographical
paradigm. Biological Reviews, 92(4), 1877-1909.

Pironon, S., Villellas, J., Morris, W. F., Doak, D. F., & Garcia, M. B. (2015).
Do geographic, climatic or historical ranges differentiate the per-
formance of central versus peripheral populations? Global Ecology
and Biogeography, 24(6), 611-620.

Polechova, J. (2018). Is the sky the limit? On the expansion threshold of
a species' range. PLoS Biology, 16(6), e2005372.

11
MOLECULAR ECOLOGY V4| LEYJ—

Portik, D. M., Leaché, A. D., Rivera, D., Barej, M. F., Burger, M., Hirschfeld,
M., ... Fujita, M. K. (2017). Evaluating mechanisms of diversifica-
tion in a Guineo-Congolian tropical forest frog using demographic
model selection. Molecular Ecology, 29(19), 5245-5263.

Prates, I., Singhal, S., Marchan-Rivadeneira, M. R., Grundler, M. R,,
Moritz, C. C., Donnellan, S., & Rabosky, D. L. (2022). Genetic and
ecogeographic controls on species cohesion in Australia's most di-
verse lizard radiation. The American Naturalist, 199(2), E57-E75.

Provan, J., & Maggs, C. A. (2012). Unique genetic variation at a species'
rear edge is under threat from global climate change. Proceedings of
the Royal Society B, 279(1726), 39-47.

Pujol, B., & Pannell, J. R. (2008). Reduced responses to selection after
species range expansion. Science, 321(5885), 96.

Rabosky, A. R. D., Cox, C. L., Rabosky, D. L., Title, P. O., Holmes, I. A,,
Feldman, A., & McGuire, J. A.(2016). Coral snakes predict the evolu-
tion of mimicry across New World snakes. Nature Communications,
7(1), 1-9.

Rabosky, D. L., Hutchinson, M. N., Donnellan, S. C., Talaba, A. L., &
Lovette, I. J. (2014). Phylogenetic disassembly of species boundar-
ies in a widespread group of Australian skinks (Scincidae: Ctenotus).
Molecular Phylogenetics and Evolution, 77, 71-82.

Rognes, T., Flouri, T., Nichols, B., Quince, C., & Mahé, F. (2016). VSEARCH:
A versatile open source tool for metagenomics. PeerJ, 4, e2584.

Sagarin, R. D., & Gaines, S. D. (2002). The “abundant Centre” distribu-
tion: To what extent is it a biogeographical rule? Ecology Letters,
5(1), 137-147.

Sagarin, R. D., Gaines, S. D., & Gaylord, B. (2006). Moving beyond as-
sumptions to understand abundance distributions across the
ranges of species. Trends in Ecology & Evolution, 21(9), 524-530.

Santini, L., Pironon, S., Maiorano, L., & Thuiller, W. (2019). Addressing
common pitfalls does not provide more support to geographical and
ecological abundant-centre hypotheses. Ecography, 42(4), 696-705.

Sexton, J. P,, Hufford, M. B., Bateman, A. C., Lowry, D. B., Meimberg,
H., Strauss, S. Y., & Rice, K. J. (2016). Climate structures genetic
variation across a species' elevation range: A test of range limits
hypotheses. Molecular Ecology, 25(4), 911-928.

Singhal, S., Hoskin, C. J., Couper, P., Potter, S., & Moritz, C. (2018). A
framework for resolving cryptic species: A case study from the
lizards of the Australian wet tropics. Systematic Biology, 67(6),
1061-1075.

Singhal, S., Huang, H., Grundler, M. R., Marchan-Rivadeneira, M. R.,
Holmes, |., Title, P. O., ... Rabosky, D. L. (2018). Does popula-
tion structure predict the rate of speciation? A comparative test
across Australia's most diverse vertebrate radiation. The American
Naturalist, 192(4), 432-447.

Singhal, S., Huang, H., Title, P. O., Donnellan, S. C., Holmes, I., & Rabosky,
D. L. (2017). Genetic diversity is largely unpredictable but scales
with museum occurrences in a species-rich clade of Australian
lizards. Proceedings of the Royal Society B, 284(1854), 20162588.
https://doi.org/10.1098/rspb.2016.2588

Slatkin, M., & Excoffier, L. (2012). Serial founder effects during range ex-
pansion: A spatial analog of genetic drift. Genetics, 191(1), 171-181.

Smith, S. A., & O'Meara, B. C. (2012). treePL: Divergence time estima-
tion using penalized likelihood for large phylogenies. Bioinformatics,
28(20), 2689-2690.

Stamatakis, A. (2014). RAXML version 8: A tool for phylogenetic anal-
ysis and post-analysis of large phylogenies. Bioinformatics, 30(9),
1312-1313.

Tajima, F. (1983). Evolutionary relationship of DNA sequences in finite
populations. Genetics, 105(2), 437-460.

Teixeira, J. C., & Huber, C. D. (2021). The inflated significance of neu-
tral genetic diversity in conservation genetics. Proceedings of the
National Academy of Sciences of the United States of America, 118(10),
e2015096118.

Thompson, G. G., Withers, P. C., Pianka, E. R., & Thompson, S. A.
(2003). Assessing biodiversity with species accumulation curves;



https://doi.org/10.1098/rspb.2014.2230
http://cran.r-project.org/web/packages/nlme/
https://ci.nii.ac.jp/naid/10029283579/
https://ci.nii.ac.jp/naid/10029283579/
https://doi.org/10.1098/rspb.2016.2588

SINGHAL ET AL.

12
—I—W] LE Y-2Y(e]#:Xel8) ¥N:§:{ele) Xo €)%

inventories of small reptiles by pit-trapping in Western Australia.
Austral Ecology, 28(4), 361-383.

Title, P. O., & Bemmels, J. B. (2018). ENVIREM: An expanded set of
bioclimatic and topographic variables increases flexibility and im-
proves performance of ecological niche modeling. Ecography, 41(2),
291-307.

Trumbo, D. R., Epstein, B., Hohenlohe, P. A., Alford, R. A., Schwarzkopf,
L., & Storfer, A. (2016). Mixed population genomics support for
the central marginal hypothesis across the invasive range of the
cane toad (Rhinella marina) in Australia. Molecular Ecology, 25(17),
4161-4176.

Weber, M. M, Stevens, R. D., Diniz-Filho, J. A. F., & Grelle, C. E. V. (2017).
Is there a correlation between abundance and environmental suit-
ability derived from ecological niche modelling? A meta-analysis.
Ecography, 40(7), 817-828.

Wei, X., Sork, V. L., Meng, H., & Jiang, M. (2016). Genetic evidence for
central-marginal hypothesis in a Cenozoic relict tree species across
its distribution in China. Journal of Biogeography, 43(11), 2173-2185.

Wickham, H. (2016). ggplot2: Elegant graphics for data analysis. Springer.

Wilke, C., Fox, S. J., Bates, T., Manalo, K., Lang, B., Barrett, M., Stoiber,
M., Philipp, A., Denney, B., Hesselberth, J., wsteenhu, van der Bijl,
W., Grenié, M., Selker, R., Uhlitz, F., & zaczap. (2021). wilkelab/cow-
plot: 1.1.1. Zenodo. https://doi.org/10.5281/zenodo0.4411966

Yakimowski, S. B., & Eckert, C. G. (2008). Populations do not be-
come less genetically diverse or more differentiated towards

the northern limit of the geographical range in clonal Vaccinium
stamineum (Ericaceae). The New Phytologist, 180(2), 534-544.

Yancovitch Shalom, H., Granot, ., Blowes, S. A., Friedlander, A., Mellin,
C., Ferreira, C. E. L., Arias-Gonzalez, J. E., Kulbicki, M., Floeter,
S. R., Chabanet, P., & Parravicini, V. (2020). A closer examination
of the “abundant centre” hypothesis for reef fishes. Journal of
Biogeography, 47(10), 2194-2209.

SUPPORTING INFORMATION
Additional supporting information can be found online in the
Supporting Information section at the end of this article.

How to cite this article: Singhal, S., Wrath, J., & Rabosky, D.
L. (2022). Genetic variability and the ecology of geographic
range: A test of the central-marginal hypothesis in Australian
scincid lizards. Molecular Ecology, 00, 1-12. https://doi.
org/10.1111/mec.16589



https://doi.org/10.5281/zenodo.4411966
https://doi.org/10.1111/mec.16589
https://doi.org/10.1111/mec.16589

	Genetic variability and the ecology of geographic range: A test of the central-­marginal hypothesis in Australian scincid lizards
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Sampling and genetic data collection and analysis
	2.2|Testing for diversity and distance correlations
	2.3|Demographic modelling
	2.4|Comparative analyses
	2.5|Data analysis and visualization

	3|RESULTS
	4|DISCUSSION
	4.1|Explanations for mixed support
	4.2|Implications and future directions

	AUTHOR CONTRIBUTIONS
	ACKNOWLEDGEMENTS
	DATA AVAILABILITY STATEMENT

	REFERENCES


