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Abstract
The center–periphery hypothesis (CPH) states that the genetic diversity, genetic flow, and population abundance of a species
are highest at the center of the species’ geographic distribution. However, most CPH studies have focused on the geographic
distance and have ignored ecological and historical effects. Studies using niche models to define the center and periphery of
a distribution and the interactions among geographical, ecological, and historical gradients have rarely been done in the
framework of the CPH, especially in biogeographical studies of animal species. Here, we examined the CPH for a widely
distributed arthropod, Tetranychus truncatus (Acari: Tetranychidae), in eastern China using three measurements: geographic
distance to the center of the distribution (geography), ecological suitability based on current climate data (ecology), and
historical climate data from the last glacial maximum (history). We found that the relative abundances of different
populations were more strongly related to ecology than to geography and history. Genetic diversity within populations and
genetic differentiation among populations based on mitochondrial marker were only significantly related to history.
However, the genetic diversity and population differentiation based on microsatellites were significantly related to all three
CPH measurements. Overall, population abundance and genetic pattern cannot be explained very well by geography alone.
Our results show that ecological gradients explain the variation in population abundance better than geographic gradients
and historical factors, and that current and historical factors strongly influence the spatial patterns of genetic variation. This
study highlights the importance of examining more than just geography when assessing the CPH.

Introduction

Disentangling the mechanistic processes and ecological fac-
tors that shape patterns of spatial variation in species’
population structures has long been a focus in ecology and
evolution (Hengeveld and Haeck 1982; Sagarin and Gaines
2002; Pironon et al. 2017). One frequently observed pattern
that explains the variation in demographic, genetic, and
ecological characteristics of species across their ranges is the
‘center–periphery’ hypothesis (CPH) (Pironon et al. 2017),

which is also known as the ‘abundant-center’ (Sagarin and
Gaines 2002) or ‘central–marginal’ hypothesis (Eckert et al.
2008). This hypothesis assumes that populations are under
optimal ecological (abiotic and/or biotic) conditions near the
center of a species’ distribution range, whereas harsher con-
ditions exist at the periphery of their range (Sagarin and
Gaines 2002). Unfavorable conditions would lead to declines
in population density and fitness (Hengeveld and Haeck
1982; Brown 1984; Brown et al. 1995) at the geographic
range periphery, and populations then become smaller and
more isolated. Because of density-dependent migration, gene
flow should be asymmetric, with a higher number of migrants
moving from populations at the center to the range edge
(Hansson 1991; Hanski et al. 1994; Kubisch et al. 2011).
High isolation and small population size are then predicted to
cause decreased genetic diversity within populations and
increased genetic differentiation among populations (Excof-
fier et al. 2009; Dixon et al. 2013; Swaegers et al. 2013).

Lower level of the genetic diversity in the periphery
populations, in turn, may constrain their adaptation to
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changeable environment and influence their demographic
performance (Takahashi et al. 2016). Highly fragmented
populations with limited gene flow may again limit the
availability of locally beneficial alleles and prevent adaptation
(Holt and Keitt 2000). In addition, allee effects induced by a
small population size could impede population settlement
beyond species range limits, because low density could result
in reproductive failure, or a breakdown in biotic interactions
(Keitt et al. 2001). CPH has long been considered to be one
of explanations for understating species’ range limits.

One important presupposition of the CPH is that the center
of the distribution tends to have the most optimal climate
conditions (Brown 1984; Pironon et al. 2017). However,
species interactions (e.g. inter-specific competition, preda-
tion) may be more important in regulating the population
abundance than the abiotic environment (Dallas et al. 2017).
Moreover, habitat suitability does not necessarily linearly
decline as geographic distance from the center of a species’
range increases (Sagarin and Gaines 2002; Rivadeneira et al.
2010). Hence, species demographic performance does not
have similar responses to geographic and climatic conditions
(Pironon et al. 2015). Population abundance may be more
related to environmental quality (Pironon et al. 2017), and
gene flow patterns may be correlated to environment gra-
dients but not the geographic distance (Sexton et al. 2014).

Moreover, environmental conditions change over time,
and species distributions change over time under the influ-
ence of changing demographic and dispersal parameters
(Travis et al. 2013). Populations currently considered to be
ecologically or geographically central may have been per-
ipheral in the past, and vice versa (Pironon et al. 2017).
Therefore, the population genetic and abundance patterns
across the range could be strongly influenced by historical
range shifts (Micheletti and Storfer 2015). For example,
climatic reconstructions of species distributions during the
Last Glacial Maximum (LGM) showed that older popula-
tions at the center of the historical distribution (refugia) tend
to have higher genetic diversity, whereas younger popula-
tions (recolonizing populations relative to older popula-
tions) have lower genetic diversity in some species (Duncan
et al. 2015; Pironon et al. 2017). Consequently, these issues
may produce mixed population genetic and demographic
patterns in the context of the CPH (Eckert et al. 2008;
Duncan et al. 2015; Pironon et al. 2017). For example, only
6% (1 of 16) of tests conducted on inset provide population
genetic support for the CPH (Pironon et al. 2017). Whereas,
historical or current ecological factors often better explain
the geographically genetic patterns in insects (e.g. European
Coenagrionid damselfly species) (Johansson et al. 2013).

One way to address these issues is by evaluating ecolo-
gical and historical effects on population genetic and abun-
dance patterns (Eckert et al. 2008; Sexton et al. 2014; Suárez-
Atilano et al. 2017; Jiang et al. 2018). Several influential

studies have noted the importance of incorporating a histor-
ical dimension and current climate in the CPH framework
(Hampe and Petit 2005; Eckert et al. 2008; Duncan et al.
2015). In fact, many studies demonstrated that post-glacial
recolonization and current climate may shape the population
structure (Pérez-Collazos et al. 2009; Sexton et al. 2014; Wei
et al. 2016). However, only a few studies have examined the
spatial population structure using ecological niche models,
which can be used to depict historical and contemporary
ecological suitability, to define the central and peripheral
populations in the context of the CPH. In addition, the
interactions among geographical, ecological, and historical
gradients have rarely been studied (Pironon et al. 2017).

In this study, we investigated geographical patterns of
the population structure (relative abundance and genetic
variation) and the underlying ecological and evolutionary
drivers for a widely distributed arthropod, Tetranychus
truncatus (Acari: Tetranychidae), across its distribution in
China. The effect of historical glaciation in China has been
debated for a long time, because no unified ice sheet
developed during the Quaternary period (especially in east
China) (Liu et al. 2012). Until now, very few empirical
studies tested whether and how historical processes affect
occurrence and genetic variation in the context of the CPH
in China (Wei et al. 2016). First, we defined the CPH in
terms of geography (distance from center of the organism’s
range), ecology (current environmental suitability,
1950–2000), and history (historical environmental suit-
ability, LGM) based on occurrence point data and ENMs.
Second, we tested the CPH by examining patterns of the
relative abundance, genetic diversity, and genetic differ-
entiation along geographic, ecological, and historical gra-
dient. Third, we used Akaike’s information criterion (AICc)
to determine the model that best explained patterns of
population genetic variation and relative abundance. Last,
by examining gene flow patterns, we analyzed whether
historical migration rate was asymmetrical, which would be
consistent with post-glacial expansion, and whether con-
temporary gene flow moves from central to peripheral
populations. Taken together, these results allow us to
evaluate geographic, ecological, and historical assumptions
of the CPH and help us understand how ecology, history,
and geography influence biogeographic patterns that ulti-
mately structure species’ ranges.

Materials and methods

Study system

Tetranychus truncatus (TTR) is a herbivorous arthropod
that is primarily distributed in China and spans ~40° in
latitude (18°–50°) (Sun et al. 2018). This species was also
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occasionally found in several other East Asian countries
(especially Japan) (Ehara 1999). It was reported to be the
most abundant spider mite in a warm temperate zone (center
China), but was less frequent in cold temperate (northern
China) and warmer subtropical (southern China) zones in
mainland China (Jin et al. 2018). Dispersal of spider mites
is generally achieved by walking and drifting through the
aerial currents, and the dispersal distance were usually
<1 km within plants or fields (Smitley and Kennedy 1985).
Besides, making use of aerial currents and transportation of
mite-infested plant material, the spider mites also can
engage in long-distance dispersal (Yaninek 1988; van
Petegem et al. 2016).

Identifying the center–periphery throughout
species’ distribution range

Geographic center–periphery

TTR locality information (113 records) was obtained from a
survey conducted from 2008–2017 in China (Jin et al.
2018) and published literature (Table S1), which covered
most of TTR’s distribution range. Sampling bias due to the
different sources may affect the accuracy of presence-only
modeling (Phillips et al. 2006). Spider mites are very small

and the species identifications were often problematic (Jin
et al. 2018), so we only chose the papers with detailed
identification and sufficient geographical information.
Occurrence localities from different studies may be biased
(Reddy and Dávalos 2003). TTR is a common species that
feed on many crops; they are often highly correlated with
the nearby presence of agricultural system. So the sampling
intensity may vary widely across the study area or different
ecological system (Reddy and Dávalos 2003). To avoid the
effect of nonuniform sampling of species localities, auto-
correlated occurrence points were eliminated by the ‘Spa-
tially Rarefy Occurrence Data Tool’ of SDMtoolbox v2.2
following a default protocol (Brown 2014) in ArcGIS v10.5
(ESRI, Redlands, CA, USA). After eliminating the auto-
correlated occurrence points, a total of 84 occurrence
records were used for ecological niche modeling (Fig. 1).
We drew the polygons based on the proximity of the geo-
graphical records, which represented the accessibility area
considering the known geographical distribution. The pre-
sence of geographical barriers like basins, ocean, and phy-
siographic depressions were also taken into account
(Suárez-Atilano et al. 2017). The geographic range center
was determined by finding the center point of a polygon
around all filtered occurrence points using ‘Mean Center’
tools in the ArcGIS v10.5 (McMinn et al. 2017).

Fig. 1 a Sample localities (N= 22) across the major distribution range
of Tetranychus truncatus. Locations are represented by red points with
the population name nearby. Dark points represent the recorded sites
of TTR from 2008 to 2018 and published research (Table S1). The

green point represents the geographic center that was calculated using
the ‘Mean Center’ tool in ArcGIS v10.5. Distribution patterns of
haplotype diversity (Hd) (b) and expected heterozygosity (c) on
the map
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Ecological (current climate) and historical (paleo-climate)
center–periphery

To construct current [Current conditions (~1960–1990)] and
palaeo-climate niche models [System Model (CCSM4) and
Max-Planck-Institute Earth System Mode P (MPI-ESM-P)],
we carried out ecological niche modeling using the program
MaxEnt v3.3e (Phillips et al. 2006; Franklin 2013; Miche-
letti and Storfer 2015). Palaeo-distribution models are
generated using current climate conditions with the addition
of palaeo-climate estimates on which to project the species
distribution (Cane et al. 2006; Duncan et al. 2015; Wei et al.
2016). It should be mentioned that the projections into past
climatic conditions rely on the assumption of niche con-
servatism. At this moment, historical occurrence data or
other data are not available to make more accurate
predictions.

Nineteen bioclim variables of current climate were
obtained from the WorldClim 1.4 database (Hijmans et al.
2005; http://worldclim.org/) at 2.5 arc-min resolution. To
reduce the impact of highly auto-correlated (r > 0.9) input
environmental data, we only used eight bioclimatic vari-
ables (annual mean temperature, mean diurnal range, iso-
thermality, temperature seasonality, mean temperature of
warmest quarter, annual precipitation, precipitation of driest
month, and precipitation seasonality) using the ‘Remove
Highly Correlated Variables’ tool in SDMtoolbox (Brown
2014). For paleo-climate reconstructions, we used LGM
climate information in CCSM4 and MPI-ESM-P at a spatial
resolution of 2.5 arc-min from the WorldClim database
(http://worldclim.org).

Ecological niche modeling was performed in MaxEnt
using the logistic output format (Phillips and Dudík 2008).
MaxEnt was run with 50 bootstrap replications with a
random test percentage of 25% and regularization multi-
plier of 1 (Micheletti and Storfer 2015). Default para-
meters achieve very good performance based on a series of
tests using diverse dataset of 226 species from six regions
(Phillips and Dudík 2008). Therefore, default settings were
used for all other parameters. Model performance was
evaluated using the area under the curve (AUC) of the
receiving operator characteristics plot (Phillips et al.
2006). An AUC value closer to one indicates a good fit
and AUC < 0.5 indicates a poor fit (Swets 1988). Predicted
habitat suitability values of current and historical climate
(as a logistic value) ranged from 0 to 1 (unsuitable to
highly suitable).

Meanwhile, principal components analysis (PCA)
method was also used to define the current and historical
climate centre (Dallas et al. 2017). To do this, we created a
data matrix including 5000 points sampled at random from
polygons used in the geographic anaylsis (Lira-Noriega
and Manthey 2014). We calculated the first two principal

components of the set of eight BioClim/ variables which
also were used for MaxEnt (Hijmans et al. 2005), translat-
ing geographic points into climatic niche space (Dallas et al.
2017) for current climate. Niche center position was cal-
culated as the mean values of first two principal components
(PC1 and PC2). Climate distance to the center was calcu-
lated using Euclidean distance between points in niche
space created by the two PCA niche axes.

Relative abundance estimation

Spider mites are very small arthropods and have a very
short generation time (10–20 generations per year) (Gotoh
et al. 2015). Different species with similar morphological
characters often co-occur in agriculture (Ehara 1999; Jin
et al. 2018). The time-consuming nature of identification
and potentially huge population size make it difficult to
quantify population density or abundance by direct count-
ing. In this research, we used frequency of occurrence to
represent the relative abundance in each location. At each
location, 2–6 (average, 5) sampling area (1000 × 10 m) was
established to collect mites. To avoid sampling full siblings
which could affect estimates of population genetic diversity,
a maximum of three mites from each individual plant were
collected, and each plant had a minimum distance of 1 m to
other plants. The frequency of occurrence in each sample
area was calculated as the proportion of sampled TTR
individuals, and mean frequency of occurrence across dif-
ferent sample areas for each location were used for demo-
graphic tests. In total, 22 locations in different radial
transects (center, northeastern, northwestern, and southern)
were surveyed from 2013–2015 (Fig. 1).

Population genetic characters

DNA extraction and genotyping

In each location, spider mite samples for genetic analysis
were collected and soaked in 95% ethanol for DNA
extraction in the lab. DNA was extracted using Qiagen
DNeasy Blood and Tissue Kits following the standard
protocol (Qiagen Valencia, CA, USA). Individual DNA
samples were amplified, and a 741-bp fragment of the
mitochondrial cytochrome c oxidase subunit I gene
(mtCOI) was sequenced following the protocol described
by Chen et al. (2016). Microsatellite variation was geno-
typed at 14 loci developed by Ge et al. (2013) (TUFG6,
TUFG12, TUFG33, TUFG18, TUFG169, TUFG130N)
and Zhang et al. (2016) (TUGZ155, TUFZ4, TUFZ3,
TUFZ 34, TUFZ30, TUFZ60, TUFZ23). PCR was per-
formed using the protocol described by Zhang et al.
(2016). Fragment lengths were sequenced in an ABI 3170
automated sequencer using LIZ-500 size standard. All
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allele scores were manually checked for quality and
consistency.

Genetic diversity and differentiation

Mitochondrial sequences were aligned using the default
parameters of CLUSTAL W (Thompson et al. 1994) in
Mega 7 (Kumar et al. 2016) and refined by eye. We
assessed genetic variation within mtCOI by calculating the
nucleotide polymorphisms, number of haplotypes and
haplotype diversity (Hd) using DnaSP v5 (Librado and
Rozas 2009). Genealogical relationships among mtCOI
haplotypes were reconstructed by a haplotype network
analysis by the minimum spanning method implemented in
PopART version 1.7 (http://popart.otago.ac.nz, Leigh and
Bryant 2015). The level of genetic differentiation between
pairs of populations was estimated using pairwise Fst values
computed from 1000 permutations in DnaSP v5 (Librado
and Rozas 2009).

For microsatellites, deviation from Hardy–Weinberg
equilibrium (HWE) was tested using GENEPOP on the web
(http://genepop.curtin.edu.au/) (Raymond and Rousset
1995). Significance values of HWE were corrected for
multiple comparisons by applying standard Bonferroni
correction. We estimated the microsatellite polymorphisms
based on the number of effective alleles, observed and
expected (He) heterozygosity using Genalex v6.5 (Peakall
and Smouse 2012). Genetic differences among populations
were examined using Fst in Genalex v6.5(Peakall and
Smouse 2012). The presence of null alleles (NULL) was
assessed with MICRO-CHECKER v2.2.3 (van Oosterhout
et al. 2004), and the estimate of null allele frequency was
performed in FreeNA (Chapuis and Estoup 2007).

Population structure and gene flow

Population genetic structure was determined by the Baye-
sian model-based clustering analysis in STRUCTURE v2.3
(Pritchard et al. 2000). A Markov chain Monte Carlo
(MCMC) approach was used to cluster individuals into K
panmictic groups by minimizing deviations from HWE. We
performed ten replicates for each simulation from K= 1–16
under the admixed model. Each run was performed with a
burn-in of 20,000 iterations and 100,000 MCMC iterations.
The number of clusters (K) was selected based on the Delta
K method (Evanno et al. 2005) using Structure Harvester
(Earl and vonHoldt 2012). Cluster matching was conducted
in CLUMPP v1.1.2 (Jakobsson and Rosenberg 2007).
Distruct 1.1 (Rosenberg 2004) was used to create bar charts
for the output data derived from CLUMPP.

The asymmetric migration rate among populations was
calculated using Fst and Nm statistics with the divMigrate
function in the R package diveRsity (Keenan et al. 2013).

This approach facilitates estimation of directional gene
flow between pairs of populations with low computational
effort using any classical or modern measures of genetic
differentiation. Recent gene flow was estimated using
BayesAss+ v1.3 (Wilson and Rannala 2003). This soft-
ware package uses a Bayesian MCMC resampling method
to estimate the posterior probability distribution of the
proportion of migrants between populations (Islam et al.
2014).

Population abundance and genetic tests of the CPH

Linear regression was used to test whether our three
center–periphery measurements (geography, current and
historical ecological suitability) can predict frequency of
population occurrence and population genetic diversity
(mitochondrial, Hd, and microsatellites, He). Model vali-
dation was performed using the function “gvlma” in
R packages gvlma. This method performs a single global
test to assess the linear model assumptions, as well as
perform specific directional tests designed to detect skew-
ness, kurtosis, a nonlinear link function, and hetero-
scedasticity (Peña and Slate 2006). To determine the model
that best fitted the occurrence patterns and genetic diver-
sity, we calculated AICc corrected for small sample size
(Hurvich and Tsai 1989) for each respective model. The
model with the smallest AICc value was considered as the
best among all models (Burnham and Anderson 2004). The
CPH predicts that genetic differentiation increases at per-
iphery (geographic and climate) of populations. Therefore,
we corrected the Fst values for each population using the
averages of all pairwise population differentiations (Wei
et al. 2016). Then, we carried out linear regression analyses
of corrected Fst values against each population’s geo-
graphic distance to the center and their habitat suitability.
AICc was used to determine the model that best fitted the
observed genetic pattern.

Results

Species range and demographic tests of the CPH

The geographic centroid of TTR’s range (35.440N,
114.591E; Fig. 1) was located in the western edge of the
North China Plain. Two models of LGM climate showed
highly similar patterns (Fig. S4, Pearson’s correlation, r=
0.9552, p < 0.0001). Distance to the niche center Only
CCSM4 was used for subsequent analysis. MaxEnt models
performed fairly well in predicting current and historical
niche model of TTR (AUC training= 0.889, AUC test=
0.851). Higher current ecological suitability was primarily
located in the center region and parts of the southern regions
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(Fig. 2a) and there are three peaks of current habitat suit-
ability along the latitude gradient (Fig. 2b). Compared with
the current ENM, the historical ENM showed higher levels
of ecological suitability in the center regions with a slight
southward trend (Fig. 2c). There is one only peak of his-
torical habitat suitability along the latitude gradient
(Fig. 2d).

Frequency of occurrence (Table S2) of TTR populations
was negatively related to population distance from the
geographical center (Fig. 3a, F1,18= 7.464, r2= 0.293, p=
0.014) and positively related to the population’s current
ecological suitability (Fig. 3b, F1,18= 8.320, r2= 0.320,
p= 0.009). A weak but significantly positive relationship
was detected between frequency of occurrence and histor-
ical ecological suitability (Fig. 3c, F1,18= 4.696, r2= 0.207,
p= 0.044). AICc analyses showed that the current habitat
suitability best fitted the difference in frequency of occur-
rence (AICc=−4.256), followed by current habitat

suitability+ geography (AICc=−4.009) and geography
alone (AICc=−3.595) (Table 1). Climate distance calcu-
lated based on PCA got similar results (Table S3). First two
components explained more than 80% variation for both
current and historical environment conditions (Fig. S3).
Frequency of occurrence of TTR populations was nega-
tively related to climate distance from current climate center
of (Table S3, F1,18= 10.151, r2= 0.396, p= 0.002).

Population genetic tests of the CPH

Twenty-two populations across TTR’s distribution were
sampled for population genetic analyses. In the final dataset,
740 individuals from 22 populations were evaluated for
mitochondrial polymorphisms. After removing samples
with more than six microsatellites missing, 602 individuals
from 20 populations were evaluated for microsatellite
polymorphisms. Deviations from HWE were detected at 48

Fig. 2 Ecological habitat suitability estimated with MaxEnt based on
84 point localities for Tetranychus truncatus in a the current climate
and b projected climate during the Last Glacial Maximum based on

Community Climate System Model 4 and scatter plots between lati-
tude and habitat suitability (c, d) with smooth curve to its points.
Suitability values indicate logistic probability of presence
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of the 280 total locus/population combinations and were
largely (50% of instances) limited to the loci TUFG12 and
TUFZ30 after standard Bonferroni correction. These loci
showed a significant heterozygote deficit. Potential null
alleles were identified at 87 of the 280 locus/population
combinations using the MICRO-CHECKER, and high null
allele frequencies (>0.02) were again largely limited (56%)
to TUFG12 and TUFZ30. The present HWE deviation
induced by heterozygote deficiency and null alleles was
commonly observed in prior genetic studies of Tetranychus
species (Boubou et al. 2012; Sun et al. 2012; Zhang et al.
2016); nevertheless, we also used the datasets that excluded

one or two loci to calculate population genetic diversity and
differentiation. Biogeographical conclusions from these
analyses were consistent with those drawn from the full
14-locus dataset. The results below reflect analysis of this
full dataset.

No significant relationships were detected between mito-
chondrial Hd ecology (Fig. 4b, F1,18= 2.396, r2= 0.118, p=
0.139), but Hd significantly increased with the historical
suitability gradients (Fig. 4c, F1,18= 13.800, r2= 0.434, p=
0.002) and decreased with the distance to the center (Fig. 4a,
F1,18= 4.459, r2= 0.198, p= 0.049) Expected hetero-
zygosity significantly declined with increasing distance from

Table 1 AICc scores and
summary statistics for models
explaining frequency of
occurrence, expected
heterozygosity and population
genetic differentiation (Fst)

Model K AICc Delta_AICc AICcWt Cum.Wt

Frequency of occurrence Ecology 3 −4.26 0.00 0.34 0.34

Geography+ ecology 4 −3.49 0.77 0.23 0.57

Geography 3 −3.07 1.19 0.19 0.75

History 3 −1.41 2.85 0.08 0.83

Ecology+ history 4 −1.22 3.04 0.07 0.91

Geography+ history 4 −0.42 3.84 0.05 0.96

Geography+ ecology+ history 5 −0.22 4.04 0.05 1.00

Expected heterozygosity Geography+ ecology 4 −27.09 0.00 0.57 0.57

Geography+ ecology+ history 5 −23.40 3.69 0.09 0.66

Ecology 3 −23.06 4.03 0.08 0.73

Geography+ history 4 −23.03 4.06 0.07 0.81

History 3 −22.99 4.10 0.07 0.88

Geography 3 −22.72 4.37 0.06 0.94

Ecology+ history 4 −22.50 4.59 0.06 1.00

Fst Geography+ ecology 4 −76.46 0.00 0.74 0.74

Geography+ ecology+ history 5 −72.55 3.91 0.10 0.84

Ecology 3 −72.15 4.31 0.09 0.92

Ecology+ history 4 −70.74 5.72 0.04 0.97

History 3 −68.26 8.20 0.01 0.98

Geography+ history 4 −67.99 8.47 0.01 0.99

Geography 3 −67.91 8.55 0.01 1.00

K is the number of parameters in each model

Fig. 3 Linear model fit of
frequency of occurrence with
geography (distance from range
centroid in km; log-
transformed), ecology (current
ecological suitability) and
history (historical ecological
suitability)
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the center of the distribution (Fig. 4d, F1,18= 7.931, r2=
0.331, p= 0.012) and significantly increased with ecological
suitability (Fig. 4e, F1,16= 11.640, r2= 0.421, p= 0.004 and
historical suitability gradients (Fig. 4f, F1,16= 9.880, r2=
0.382, p= 0.006). AICc analyses showed that the model that
best described differences in expected heterozygosity was
current habitat suitability+ geography (Table 1, AICc=
−25.155). None of the three measurements of center and
periphery alone explained expected heterozygosity well
(Table 1).

Fst calculated by mtCOI showed no significant rela-
tionships with geography (Fig. 5a) and ecology (Fig. 5b),
but showed significant relationships with historical eco-
logical suitability.(Fig. 5c, F1,18= 16.31, r2= 0.475,
p < 0.001). Fst calculated from 14 microsatellites was
significantly correlated with the three measurements of
center and periphery (Fig. 5d–f); Fst values significantly
increased with increasing distance from the center of the
distribution (F1,16= 16.310, r2= 0.387, p= 0.005), and
declined with historical (F1,16= 11.1901, r2= 0.412, p=
0.004) and current suitability gradients (F1,16= 10.12,
r2= 0.418, p= 0.004). AICc analyses showed that the
model that best described differences in expected hetero-
zygosity was current habitat suitability+ geography
(AICc=−75.991). However, none of the three

measurements of center and periphery alone explained
expected heterozygosity well (Table 1).

Using the Delta K method based on structure analyses,
K= 2 was the optimal K value. Populations were divided
into two major groups (northern and southern, see Fig. 6a).
Within the northern group, K= 5 was the optimal number
of genetic clusters (Fig. 6b), which indicated geographical
structure in the northern group. To detect gene flow among
subgroups, northern populations were roughly subdivided
into six subgroups (N1–N6) based on genetic structure and
geographic position. Within the southern group, K= 3 was
the optimal number of genetic clusters (Fig. 6c). The hap-
lotype network indicated a star-like structure with only two
haplotypes from southern populations (Fig. S1).

The relative migration rate estimated by diveRsity was
greater into the northern group from the southern group (Nm
= 1) than vice versa (Nm= 0.35) (Fig. 6d). Within the
northern group, asymmetrical gene flow between group N4
(near the center regions) and other groups (except N1) were
detected, with higher emigration than immigration rates (Fig.
6d). Within the southern, asymmetrical gene flow was
detected between groups S2 and S1. The contemporary gene
flow between the south and north calculated by BayesAss was
relatively low (south to north: 0.0025, north to south: 0.0031).
Within the northern group, a higher migration rate was

Fig. 4 Linear model fit of
genetic diversity (expected
heterozygosity=He; haplotype
diversity=Hd) with geography
(distance from range centroid in
km; log-transformed), ecology
(current ecological suitability)
and history (historical ecological
suitability)
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observed among populations in the central regions (N4, N5,
and N6). Again, asymmetrical gene flow between group N4
and most other groups was detected, with higher emigration
than immigration rates (Fig. 6e). There was no apparent
asymmetrical gene flow within the southern group.

Discussion

The key finding of this study is that geography alone cannot
explain population abundance and genetic diversity of TTR,
which is a widely distributed arthropod species in eastern
China, in the context of the CPH. This was particularly
reflected in the distribution patterns of relative population
abundance and mitochondrial genetic diversity. The CPH
has remained a central hypothesis in biogeography for more
than a century (Pironon et al. 2017), although mixed evi-
dence exists. An inappropriate definition of the center may
be responsible for the inconsistent patterns relative to the
CPH (Wagner et al. 2011; Duncan et al. 2015). Ecological
and historical definitions of the CPH should be applied and
distinguished with geography (Pfenninger et al. 2011; Pir-
onon et al. 2017). However, such studies were especially
lacking in biogeographic research of animal species.
(Sagarin and Gaines 2002; Micheletti and Storfer 2015;

Pironon et al. 2017). Our study represents one of a few
studies that have attempted to reveal the relative effects of
current and historical ecological conditions on species
population structure within the context of the CPH.

In this study, we defined center and periphery using
geography (distance to center) and habitat suitability (ecolo-
gical and historical suitability based on ENMs). Our geo-
graphically defined center and periphery revealed that
frequency of occurrence and genetic diversity were sig-
nificantly related to geography. Lower genetic differentiation
in the center region and asymmetrical gene flow were
detected in this study. However, population abundance was
more related to ecology than geography or history. AICc
analyses also showed that the best explanation of occurrence
variation among populations was ecology alone (AICc=
−4.256). Mitochondrial genetic diversity was only sig-
nificantly related to history (Fig. 4). In most cases, geography
alone could not explain population structure well. These
results provided mixed evidence for the CPH and, more
importantly, highlight the effects of ecology and history on
population variation across a species’ distribution range.

The CPH assumes that geographic distance from the
center is associated with environmental suitability, such that
a population will be more abundant at the center of the
species’ range, where there are stable and favorable

Fig. 5 Linear model fit of
genetic differentiation (corrected
Fst value for both mitochondrial
and nuclear makers) with
geography (distance from range
centroid in km; log-
transformed), ecology (current
ecological suitability) and
history (historical ecological
suitability)
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conditions (Brown et al. 1995). In this research, TTR rela-
tive abundance was more significantly associated with
ecological suitability than geographic distance from the
center. There is a potentially complex occurrence pattern for
this species, because the frequency of occurrence in the
eastern coastal area was also relatively high, even though
these populations are far away from the geographic center
(Table S2). This may occur because the ecological condi-
tions do not precisely coincide with the geographic center
and demographic parameters (e.g., vital rates, stochastic
population growth rates) may be more related to abiotic
environmental quality (Pironon et al. 2017).

In this study, we found that current habitat suitability
best fitted to the relative abundance (AICc=−4.256). But
the difference in AICc are minimal (AICc ranges between
4.3 and 3) and AICc values were very high compared to the

AICc values in population generic tests. This suggests
that unmeasured variation (e.g. biotic interactions) may
be important in regulating population abundance than the
environment (Santini et al. 2019). Although large-scale
patterns of distribution or abundance were often related to
geographic factors, there were evidences that abundance of
such species were strongly associated with the agricultural
intensification at a coarse scale (Thomas et al. 2008). TTR
is a common species in agriculture. It is possible that
abundance and species type of the plant are susceptible to
modify the biology of the TTR. The theoretical basis of the
CPH (Brown et al. 1995) clearly oversimplifies the reality
of spatial demographic variation (Pironon et al. 2015).

Aside from demographic properties, population genetic
patterns are also often influenced by ecological conditions
(Eckert et al. 2008). Sexton et al. (2014) found that gene

Fig. 6 Genetic structure of Tetranychus truncatus (TTR) and gene
flow among population groups. a Individual specimens from the 22
populations were grouped into two main clusters (K= 2): north and
south. b, c Hierarchical clustering analyses split the north and south
clusters into five and three subclusters (K= 5 and 3), respectively;
Estimated migration rates among population groups were calculated by

diveRsity in R (d) and BayesAss (e), respectively. Thickness of arrows
indicates relative strength of migration. f A map of TTR populations
showing genetic composition inferred by structure for northern group
(b) and south group (c). See Table S2 for explanation of
population IDs
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flow in natural populations is often ecologically structured
(i.e., isolation-by-ecology). In such scenarios, gene flow is
stronger among similar environments and greater than
predicted under isolation-by-distance (Wang et al. 2013),
and the genetic differentiation among populations would
thus differ along and across gradients (similar and different
environments, respectively) within dispersal limits (Sexton
et al. 2014). We studied the population genetic pattern of
TTR in eastern China using 14 microsatellite markers.
Genetic diversity was significantly higher at both the geo-
graphic and ecological centers. Genetic differentiation
among populations was also significantly correlated with
geography and ecology. Climatic conditions are often
strongly related to geography (Wang et al. 2013). Distin-
guishing the relative effects of geographic and ecological
factors on the population genetic patterns has thus emerged
in recent years. In our study, we used AICc analyses to
choose models that could suitably explain the population
patterns. We found that the geography and ecology together
was the best explanation of genetic diversity and population
divergence. In population genetic studies of invertebrates,
the genetic diversity and differentiation patterns have not
typically supported the CPH (Pironon et al. 2017). We
suggest that the lack of a meaningful definition of the
centers in CPH may be one of the reasons for the unde-
tectable CPH patterns.

Recently, several important reviews suggested that stu-
dies that test the CPH should incorporate geography and
ecology in addition to historical measurements of center and
periphery (Sagarin and Gaines 2002; Eckert et al. 2008;
Pironon et al. 2017). Because genetic diversity is often a
reflection of glacial and post-glacial (re)colonization cycles
rather than current conditions (Hewitt 1999; Provan and
Bennett 2008). For example, Duncan et al. (2015) found
that history matters when explaining genetic diversity
within the context of the CPH hypothesis in a widely dis-
tributed amphibian (Lithobates sylvaticus) in North Amer-
ica. A similar pattern is also found in plants (Pironon et al.
2015). However, very few studies have explicitly tested the
CPH by examining historical vs. contemporary ecological
suitability in arthropods (Duncan et al. 2015; Pironon et al.
2017). Our results confirmed that historical suitability was
significantly related to TTR population genetic diversity and
differentiation using 14 microsatellite markers, although
these correlations were weaker than those with ecology and
geography in AICc analyses. The mitochondrial genetic
patterns seemed to be more associated with history than
geography or ecology. Together, these results demonstrated
a potential effect of history on shaping population genetic
variation.

The complex relationships between population genetic
patterns and historical suitability revealed in this study may
be a reflection of no unified ice sheet in China during the

Quaternary period (Liu et al. 2012). The effect of the LGM
on biogeographic patterns in China may not be very strong
(Chen et al. 2012). The TTR distribution only slightly
contracted southward during the LGM, and historical suit-
ability was very similar to that of the current distribution
except in the eastern coastal area. A similar pattern in
mainland China was also found for a tree species, Euptelea
pleiospermum (Wei et al. 2016), and reported in a region
without glaciation (Gugger et al. 2013). Especially, geo-
graphic patterns of the mitochondrial and nuclear genetic
diversity were different in TTR. Some population main-
tained higher nuclear genetic diversity but very low mito-
chondrial genetic diversity. Several process (e.g. adaptive,
sex-biased dispersal, demographic expansion) were reported
could induce Mito-nuclear discordance (Toews and Brels-
ford 2012). Male-biased dispersal may drive the Mito-
nuclear discordance because of the matrilineal inheritance
of mtDNA (Excoffier et al. 2009). However, adult males
didn’t manifest the aerial-dispersal behavior (Smitley and
Kennedy 1985). This suggested that Mito-nuclear dis-
cordance in TTR may be not induced by male-biased dis-
persal. In our study, we found that TTR seems to have
experienced a recent range expansion (Fig. 2). New colo-
nization populations associated with genetic drift effects are
expected to have a more pronounced impact in the mito-
chondrial than the nuclear genome, since mtDNA is haploid
and maternally inherited, and therefore has a fourfold
smaller effective population size (Sun et al. 2015). Other
process like adaptive introgression also promotes this pat-
terns, Gathering more genetic, phenotypic, and environ-
mental data from natural populations will greatly aid in
testing alternative explanations (Toews and Brelsford
2012).

High Fst values (average Fst= 0.146) in this research
revealed high levels of genetic structure across the TTR
distribution range. As expected, we detected asymmetrical
gene flow between the south and north (Fig. 6d, f). Con-
temporary gene flow calculated by BayesAss was greater
into south group from north group (0.0031) than vice versa
(0.0025). Alternatively, the gene flow calculated by
diveRsity was greater into north group from south (relative
Nm= 1) than vice versa (relative Nm= 0.35). This pattern
was also detected in some other species from China (Wei
et al. 2016). Wei et al. (2016) suggested that southward
gene flow was linked to population expansion after the
LGM. However, the lower genetic diversity and lower
historical suitability in the southern TTR populations indi-
cated that the southern regions may not represent suitable
refugia for this species. There are multiple glacial refugia
across the different regions of China (Liu et al. 2012). The
geographic center for TTR in each subregion (north center:
group N4; south center: group C2) was very close to the
predicted refugia (Qiu et al. 2011). It is possible that
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ancestral TTR populations survived in glacial refugia in
both the north and south. After the LGM, some individuals
dispersed northward following host plant range expansion.
TTR is a phytophagous arthropod and many of their hosts
are domesticated plants (Jin et al. 2018). Many food crops
were first domesticated or introduced in the North China
Plain (e.g., wheat, sorghum). We inferred that TTR bene-
fitted from agricultural expansion, and the population size
may have increased faster than in the south. In addition, the
dispersal direction may have recently become inverse from
north to south.

The effects of limited gene flow and loss of genetic
variation on local adaptation and range limits have received
considerable theoretical attention, but the empirical support
for the same is lacking (Takahashi et al. 2016). In this study,
we found higher Fst values, lower genetic diversity, and
limited gene flow in the periphery populations (geographic
and ecological TTR populations). This suggested a poten-
tially fragmented distribution pattern near the periphery of
their range. Limited gene flow may disrupt their metapo-
pulation network and thus hinder recovery of genetic
diversity around their distribution limit. Lower genetic
diversity then may prevent adaptation, and decrease the
population performance and abundance at the range margin
in TTR. This may also could explain the positively sig-
nificant relationship between microsatellite genetic diversity
and relative abundance (Pearson’s correlation, r= 0.584,
p= 0.011). However, several other factors (e.g. biotic
interactions and geographic barrier) may play important
roles on the population genetic and abundance pattern (Ayre
et al. 2011; Hansen and Moran 2014; Sexton et al. 2014).
The actual causes of geographical patterns of population
genetic and abundance thus need more explorations.

Limited and geographically biased sampling may affect
the result of CPH studies (McMinn et al. 2017). Although
the conclusions with limited sites were statistic reliable
(Table S5), there is a sampling bias in our dataset, with only
six of 22 sites were from southern regions. We had sur-
veyed more than 180 sites (Jin et al. 2018), TTR was rare in
south regions. This is the major reason why only six sites
were available for estimation of population genetic diversity
and abundance. Limited sites number (22 populations)
majorly resulted from the inevitable trade-off between
within-population effort (for population abundance and
genetic analysis) and the number of populations examined
(for CPH Identification). More data will give more accurate
tests of CPH if possible. In population genetic research of
Tetranychus species, HWE deviations and presence of null
alleles were frequently reported (Sun et al. 2012; Ge et al.
2013; Sauné et al. 2015). These problems may inflate
genetic differentiation, but it is usually difficult to avoid
these issues from a technical standpoint (Zhang et al. 2016).

In our research, around 17% of the locus–population com-
binations significantly deviated from HWE and one-third of
the locus–population combinations had null alleles. The
proportion of deviation from HWE (17%) is relatively lower
than that observed in other population genetic research of
spider mites (e.g., 20% in Ge et al. 2013; 27% in Boubou
et al. 2012). We also used datasets that excluded one or two
loci that significantly deviated from HWE and had a high
null allele frequency. Biogeographical conclusions from
these analyses were similar to those drawn from the full 14-
locus dataset. Therefore, we believe that the microsatellite
loci used in this study were reliable and had little impact on
the examination of genetic diversity and differentiation.

Conclusion

The CPH is a long-standing hypothesis in ecological and
biogeographic research. We found statistical support for
decreased relative abundance and genetic diversity, and
increased genetic differentiation from the geographic
center to the periphery, which supports the CPH. How-
ever, we found that ecological and historical factors also
strongly influenced the abundance and population genetic
patterns. Overall, this study demonstrates that geography
alone cannot sufficiently explain the genetic and abun-
dances pattern and highlights the effects of ecological
suitability and historical events, such as post-glacial
recolonization, on population variation across the spe-
cies’ distribution range.
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