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Abstract 

Landscape topography and the mobility of individuals will have fundamental impacts on a species’ 

population structure, for example by enhancing or reducing gene flow and therefore influencing the 

effective size and genetic diversity of the population. However, social organisation will also 

influence population genetic structure. For example, species that live and breed in cooperative 

groups may experience high levels of inbreeding and strong genetic drift. The western pebble-mound 

mouse (Pseudomys chapmani), which occupies a highly heterogeneous, semi-arid landscape in 

Australia, is an enigmatic social mammal that has the intriguing behaviour of working cooperatively 

in groups to build permanent pebble mounds above a subterranean burrow system. Here, we used both 

nuclear (microsatellite) and mitochondrial (mtDNA) markers to analyse the range-wide population 

structure of western pebble-mound mice sourced from multiple social groups. We observed high 

levels of genetic diversity at the broad scale, very weak genetic differentiation at a finer-scale, and 

low levels of inbreeding. Our genetic analyses suggest that the western pebble-mound mouse 

population is both panmictic and highly viable. We conclude that high genetic connectivity across the 

complex landscape is a consequence of the species’ ability to permeate their environment, which may 

be enhanced by “boom-bust” population dynamics driven by the semi-arid climate. More broadly, our 

results highlight the importance of sampling strategies to infer social structure and demonstrate that 

sociality is an important component of population genetic structure. 

 

Keywords: desert rodent, genetic diversity, population dynamics, sampling regime, heterogenous 

environment, social mammal, semi-arid environment, Pseudomys chapmani 
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Introduction 

Landscape topography can have profound effects on population genetic structure by resisting or 

facilitating the movement of individuals (Wiens, 1995). Vast, highly resistive, or fragmented 

landscapes with smaller and more isolated breeding pools may limit the local effective population size 

(Ne), reduce mate choice, and prevent the influx of new genetic variation (Jackson & Fahrig, 2016, 

Cote et al., 2017). Conversely, permeable landscapes are expected to favor the formation of large 

breeding pools, improve mate choice, and increase local Ne and genetic diversity (Bohonak, 1999). 

Landscape permeability will also depend on the ability of individuals to traverse the environment, the 

extent of individual home ranges, and patterns of philopatry and dispersal (Double et al., 2005, 

Roshier & Reid, 2003, Travis & Dytham, 1999).  

Aside from physical properties of the landscape, other environmental factors can influence 

population genetics. In addition to landscape permeability, the genetic structure across a species’ 

range may also be the consequence of a cyclical expansion pattern driven by extreme climatic 

conditions. For example, dramatic population irruptions (“booms”), usually triggered by heavy 

rainfall and correspondingly a pulse in primary production and a peak in resource availability, are 

characteristic of desert rodents (Lima et al., 2002, Fichet-Calvet et al., 1999, Lima et al., 2008, 

Dickman et al., 1999, Pavey et al., 2008, Greenville et al., 2012). Specifically in Australian desert 

rodents, populations fluctuate from very low densities during long-term drought “bust” periods (i.e., 

<1/ha) to transient, but much higher, “boom” densities after heavy rainfall (i.e., 25–100/ha) (Plomley, 

1972, Dickman et al., 1999), with some species moving long distances to access resources at sites that 

have received excessive rainfall (Letnic, 2002, Dickman et al., 1995). Extreme population expansion 

following excessive rainfall periods, together with long-range movements towards areas that have 

recently experienced heavy rainfall, suggests that desert rodents may experience recurring widespread 

genetic mixing, resulting in an absence of population genetic structure in the long-term. 

Climatic conditions can also have important effects on overall population genetic structure by 

dictating how individuals are organized within populations. For example, living and breeding in social 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

groups is a common behavioural strategy in species occupying arid and semi-arid environments 

(Rubenstein & Lovette, 2007). One theoretical argument for this behavioural adaptation is that when 

independent reproduction is likely to fail due to limited resources, some individuals benefit by 

facilitating the reproductive opportunities of others (i.e., cooperative breeding) (Emlen, 1982). 

Comparative analyses have established that low, unpredictable levels of rainfall are often correlated 

with social behaviour and cooperative breeding in different vertebrate taxa at varying geographic 

scales (Faulkes et al., 1997b, Jetz & Rubenstein, 2011, Lukas & Clutton-Brock, 2017). Specifically 

for desert rodents, reduced rainfall means harder soil, and therefore elevated energetic demands for 

burrowing, and creates patchy food distribution (Faulkes et al., 1997b). These factors, which 

culminate in extremely high dispersal costs, can lead to the formation of small age- and kin-structured 

social groups characterised by overlapping generations, limited numbers of breeding individuals, and 

complex mating strategies (Emlen, 1982, Rubenstein, 2012). Despite considerable effort to uncover 

the environmental drivers of the evolution of sociality in mammals (Fisher et al., 2011, Faulkes et al., 

1997b, Faulkes & Bennett, 2013, Lukas & Clutton-Brock, 2017), the long-term effects of this 

behavioural strategy on population genetics and viability is not well understood (Parreira & Chikhi, 

2015). 

Australian pebble-mound mice, which make up a distinctive clade within the genus Pseudomys, 

are unique among the world’s mammals in the construction of permanent rock piles above their 

burrow system (Ford & Johnson, 2007). At the continental scale there is a clear association between 

the occurrence of pebble-mound mice and hilly landscapes (Ford & Johnson, 2007). One of the four 

pebble-mound mouse species, the western pebble-mound mouse (Pseudomys chapmani), is endemic 

to the Pilbara region of north-west Western Australia (Fig. 1A; (Anstee et al., 1997, Pillans, 2007). 

The Pilbara region is an ancient land surface that was sub-aerially exposed during the Precambrian 

(>540 Ma), which harbors genetically distinct biota (Pillans, 2007, Cracraft, 1991).  It is 

topographically highly variable with the most prominent elements being the tall plateaus of the 

Hamersley and Chichester Ranges (elevation ≤1250m). The Fortescue River dissects the Pilbara 

region roughly east to west, and consists of alluvial plains in the east and deeply incised gorge 
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systems in the central and western parts of the drainage (Pepper et al., 2013, McKenzie et al., 2009). 

The distribution of western pebble-mound mice within the Pilbara is related to their behavioural 

requirement for pebbles, and is therefore associated with the eroding hills of the ancient Pilbara 

bedrocks (Ford & Johnson, 2007). Although western pebble-mound mice occupy only a very small 

area of Australia (~200,000km
2
; Fig. 1A), their distribution includes a range of very different habitats, 

from dry, rocky escarpments to areas within the Ranges that have lush vegetation and water-filled 

gorges. 

The Pilbara climate is semi-arid with average daily temperatures ranging between 7°C and 

40°C and average annual rainfall around 300-350 mm (source: Australian Bureau of Meteorology). 

Although rainfall variability is lower within the Ranges than in areas of rocky escarpment, for the 

most part Pilbara rainfall is unpredictable and often associated with cyclones or rain-bearing low-

pressure belts (van Etten, 2009). Pilbara fauna are thus exposed to an extreme and unpredictable 

environment. Although the home-ranges of both sexes overlap with multiple mounds, individuals 

display high mound fidelity and maintain a tight core area of movement around a home-base mound 

that is associated with a specific social group (Anstee et al., 1997). Group members cooperate to build 

pebble mounds above their burrow system (Fig. 1B, C), which are thought to moderate burrow 

temperatures (19–25°C) in the extreme Pilbara environment (Start et al., 2000). 

In this investigation, we examined the range-wide population structure of the western pebble-

mound mouse. Western pebble-mound mice live in social groups with high, but variable levels of 

reproductive skew (i.e., the number of reproductive individuals and degree of reproductive 

monopolization varies) (Anstee et al., 1997). Their group structure is typically characterised by 4–13 

individuals of mixed sex, age, and reproductive status (Anstee et al., 1997). Males (home-range: 0.144 

± 0.06km
2
; core-area: 0·009 ± 0·003km

2
) typically maintain larger daily home-ranges (i.e., the area 

contained within the 95% isopleth of activity) and core-areas (i.e., the area contained within the 50% 

isopleth of activity) than females (home-range: 0.046 ± 0.027km
2
; core-area: 0.003 ± 0.002km

2
) 

(Anstee et al., 1997). Mounds within an area of suitable habitat are 10 to 600m apart and mice show 

group territorial defence that leads to segregation between groups (Anstee et al., 1997). As many as 
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30 mounds may be present in any one location, but typically not all are inhabited at the same time 

(Anstee et al., 1997). Mice occasionally visit uninhabited mounds, possibly to ensure that they are 

maintained during population lulls (Start et al., 2000). 

           Here, we analysed individuals sourced from multiple social groups sampled across the species 

entire range using both nuclear (microsatellite) and mitochondrial (mtDNA) markers from museum 

samples. We tested three specific hypotheses derived from current knowledge of the species’ 

environment and life-history strategies. 1) Because this species is a substrate-specialist restricted to 

living in social groups, we may find that inbreeding has resulted in a reduction in Ne and an elevation 

in genetic drift, which has accelerated random loss of genetic diversity at the population level. 2) 

Because this species occupies different environmental niches across a highly heterogeneous 

landscape, we hypothesized that there would be signatures of genetic clustering and genetic 

differentiation across sampling locations, and 3) that local relatedness would be higher than 

relatedness among individuals at greater distances due to population structuring. Finally, given males 

maintain larger home ranges than females and potentially have higher dispersal capacity we expected 

a stronger signature of genetic structuring in maternally-inherited mtDNA than in the biparentally-

inherited nuclear markers that would reflect sex-biased dispersal. 

 

Materials and methods  

Tissue samples 

We used tissues from georeferenced vouchered western pebble-mound mouse specimens from the 

Western Australian Museum (WAM) that spanned 1992 to 2009, although the majority of samples 

were collected in either 1996/7 or 2009. Duplicated and misidentified samples, as well as samples that 

were missing appropriate reference information were excluded from this study. The samples were 

collected across all major landforms, climate and vegetation types within the western pebble-mound 

mouse range. Using specific location data recorded at the time of sample collection, and based on 
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knowledge that western pebble-mound mice live for < 2 years, we identified that these individuals 

were drawn from 59 independent western pebble-mound mouse social groups. Gaps in geographic 

sampling more likely reflect an absence of fieldwork rather than areas of western pebble-mound 

mouse absence (Start et al., 2000). For example, the high concentration of samples in the Hamersley 

and Opthalmia Ranges reflects the occurrence of iron ore deposits and consequently a high intensity 

of fieldwork conducted in relation to mining surveys (Fig. 1A) (Start et al., 2000). For our analyses, 

individuals were grouped together based on collection location to produce nine sampling locations 

(Fig. 1A). These sites, which contained multiple mound complexes, were divided by the Fortescue 

River (two north and seven south) and extended from the western to the eastern periphery of the 

western pebble-mound mouse range (Fig. 1A; nsamples/site: 1 = 5, 2 = 8, 3 = 12, 4 = 5, 5 = 7, 6 = 17, 7 = 

5, 8 = 5, 9 = 26). Environmental niches within the western pebble-mound mouse range differ 

considerably. For example, within the Ranges western pebble-mound mice inhabit areas that consist 

of gorges and deep rock pools that are permanently filled with water and surrounded by lush 

vegetation. In contrast, outside of the Ranges western pebble-mound mice occur on dry, rocky 

escarpments with unreliable plant growth. We used the samples to test for genetic diversity, 

population structure, and gene flow across the western pebble-mound mouse range. 

 

Microsatellite genotyping and mitochondrial DNA analysis 

Total DNA was extracted from liver, heart, kidney, muscle, or tail samples of 90 individual western 

pebble-mound mice by standard salting-out (Sunnucks & Hales, 1996). The DNA pellet was 

resuspended in 100µL nuclease-free sterile water and quantified by a NanoDrop® Spectrophotometer 

(ND1000, Thermo Fisher Scientific, Australia). All samples were normalised to 10ng DNA µL
–1

 with 

nuclease-free water before polymerase chain reaction (PCR). We amplified 12 microsatellite loci 

designed specifically for western pebble-mound mice (Table S1; (Moro & Spencer, 2003). Multiplex 

PCR was performed in 10µL reactions with 1 ng DNA template, 1×PCR Buffer, 0.3 µL MgCl2 [50 

mM], 2 µl dNTPs [200 mM], 0.1 µl Taq [0.5 units/reaction], and 0.5 µL each primer [0.25 µM]. PCR 
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products were denatured at 94 °C for 5min, 35 cycles of 20 s at 94 °C, 30 s at 62 °C and 45 s at 72 °C, 

and 10 min extension at 72 °C. All PCR products were analysed on an ABI 3730 Sequencer against 

GeneScan 500 LIZ internal size standard and DNA fragments were scored manually with 

GeneMarker 1.91 software (SoftGenetics, LLC®, USA). 

Genotyping was quality control checked for errors and null alleles with the program Micro-

checker (van Oosterhout et al., 2004). Markers D4 and D12 were consistently detected with null 

alleles (excessive homozygosity) when samples were analysed as a large single population and when 

each sampling site was analysed separately, and thus excluded from further analyses. Markers G6 and 

C1 were also detected as having null alleles when the sampling sites were analysed separately, but 

this trend was not pervasive, so these loci were retained for further analyses. mtDNA sequences and 

haplotype information were obtained from (Levy et al., submitted) for a 383 bp segment of the highly 

variable, non-coding mitochondrial control region (D-loop). DNA sequences were available for 81 of 

our western pebble-mound mouse samples. 

 

Genetic analyses 

Summary statistics of genetic diversity and population differentiation across the 10 microsatellite loci 

were estimated by molecular variance (AMOVA), pairwise FST tests, G-statistics, and Dest (Jost, 2008) 

in GENALEX 6.503 using 9999 permutations to assess significance (Peakall & Smouse, 2006). 

Deviations from Hardy-Weinberg Equilibrium (HWE) for a single large population (nsamples = 90) and 

for each of the nine sites (nsamples/site = 5–26) were calculated using GENEPOP 4.2. Since sample sizes 

were variable across sites we also calculated allelic richness rarefied by the minimum sample size (n = 

5) in HP-Rare (Kalinowski, 2005). Haplotype and nucleotide diversity statistics for mtDNA 

sequences were estimated in DNASP v5.10.01 (Librado & Rozas, 2009). AMOVA and pairwise ΦST 

were calculated in GENALEX 6.503 as above, and the genetic distance (uncorrected p) and geographic 

distribution of haplotypes was displayed as a minimum spanning network using the haplo.net function 

of the R package pegas v0.11 (Paradis, 2010) in R v3.4.3 (Team, 2011). 
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           Genetic clustering analysis of microsatellite genotypes was conducted in Structure v2.3.4 using 

the admixture and correlated allele frequency models, without prior location information (LOCPRIOR 

= 0) (Pritchard et al., 2000). Structure v2.3.4 uses multi-locus genotype data to investigate population 

structure from which the presence of distinct populations can be inferred. We used a burn-in of 

100,000 iterations and 600,000 MCMC iterations running six replicates of each K = 1 to 10. To 

improve the detection power of possible weak population differentiation, we ran a second Structure 

analysis using the same admixture and correlated allele frequency model settings but with known 

prior location information (LOCPRIOR = 1). Since uneven sampling can lead to biases in Structure 

analyses (Puechmaille, 2016), we ran both the full dataset and a randomly down-sampled dataset with 

maximum population size limited to n = 10. The optimal K values for Structure runs were assessed by 

the Evanno ΔK method in Structure Harvester and by the Evanno ΔK and Pritchard Ln Pr(X|K) 

methods in CLUMPAK (Evanno et al., 2005, Earl & von Holdt, 2012, Kopelman et al., 2015).  

             To further visualise putative population structure, discriminant analysis of principal 

components (DAPC) was used to assess the genetic variation among sampling sites (Jombart et al., 

2010) in the package adegenet v2.1.0 (Jombart, 2008) in R v3.4.3. DAPC is a multivariate method 

designed to identify and describe clusters of genetically related individuals. Initially, genetic data 

were transformed into uncorrelated components using principal component analysis (PCA), and 

principal components (PC) then submitted to discriminant analysis (DA). The number of PC axes to 

retain was evaluated using cross-validation, selecting the number of PCs that produced the lowest 

RMSE (n = 10), then K-means clustering (find.clusters function) was used to evaluate the number of 

genetic clusters from one to 2K (K = 1 to 18) using the Bayesian Information Criterion (BIC) to 

obtain optimal K (Jombart et al., 2010). We inspected both the lowest BIC value and the rate of 

change in BIC amongst values of K, and chose optimal K as the minimum number of clusters after 

which the BIC increases or decreases by a negligible amount (Jombart et al., 2010). 

           The spatial Principal Component Analysis (sPCA) is designed to investigate non-random 

spatial distributions of genetic variation. Thus, sPCA identifies the principal components that 

maximise both the genetic variance and the spatial autocorrelation as measured by Moran’s I to 
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explicitly include spatial information into the analysis of genetic variation to visualise spatial genetic 

structure (Jombart et al., 2008). We evaluated the presence of ‘global’ genetic structures, which 

correspond to positive spatial autocorrelation that may result from structuring of organisms in patches 

or clines, and ‘local’ structures, which correspond to negative autocorrelation where neighbouring 

individuals are more genetically distinct than expected at random. sPCA and tests for global and local 

structures (evaluated by permutation testing with 999 permutations) were performed in adegenet 

v2.1.0 in R v3.4.3. 

Fine-scale spatial genetic structure was assessed by spatial autocorrelation analysis on 

a single large population using GENALEX 6.503 using both nuclear (microsatellite; nsamples = 

90) and mtDNA (nsamples = 81) samples. Pairwise genetic and geographic distance matrices 

were generated for the single population over the 10 loci with spatial coordinates (UTM) 

linked to each individual sample. Significance was tested with 9999 permutations followed 

by 9999 bootstraps to estimate the 95% confidence intervals around the null hypothesis of 

random distribution of genotypes (r = 0). However, spatial autocorrelation detection is scale-

dependent, influenced by distance class size, with a trade-off between spatial resolution and 

sample size per class (Peakall et al., 2003). Therefore, we conducted both broad spatial 

analysis using 15 km increments for 42 distance classes, and fine spatial analysis using 0.1 

km increments for six distance classes to derive two different sets of distance classes. For the 

broad-scale differentiation analysis, increments of 15 km were chosen because that distance 

reflects the maximum radius of geographic distance where individuals were captured within 

each site. The 0.1 km increments were chosen to detect finer-scale differentiation among 

individuals within up to 600 m of distance, as this maximum distance reflects the typical 

boundary line between mound complexes. 
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Results 

Hypothesis 1: levels of genetic diversity 

Contrary to the prediction that the western pebble-mound mouse population may be depauperate in 

genetic variation due to high inbreeding at the social group level, our assessment revealed that the 

population was characterized by high levels of genetic diversity and low levels of inbreeding (Tables 

1–3). All 10 microsatellite loci were highly polymorphic with number of alleles ranging from 13 to 

26, HO ranging from 0.741 to 0.910, and inbreeding (FIS) ranging from -0.112 to 0.106 for the single 

large population (Table 1). With the entire dataset of 10 microsatellite loci and 90 individuals, one 

locus deviated from HWE (Table 1). When analysed separately, mean HO for the nine sites was still 

high (0.810  0.077), but again was less than the mean unbiased HE (0.873  0.036; p < 0.05; Table 2) 

and inbreeding was low (FIS = -0.003). Five of the nine sites contained at least one locus that deviated 

from HWE, but there was no strong pattern across loci and sites. A single site deviated significantly 

from HWE in the direction of a heterozygote deficiency (site 3; Table S2, S3). 

        Mitochondrial haplotype diversity was also high across the Pilbara region (h = 0.89, Table 2) 

with 24 control region haplotypes identified across 81 samples. Half of these occurred as singletons 

with only two haplotypes (III, XVII) being more widespread (Fig. 2A). Within sites, haplotype 

diversity was high, with the exception of Site 5 that contained only a single haplotype (Fig. 2A). 

 

Hypothesis 2: degree of genetic differentiation and genetic clustering 

We predicted that the highly heterogeneous Pilbara landscape would generate distinct 

signatures of genetic clustering and differentiation. Despite returning statistical significance 

(i.e., p-values < 0.05), the GST, Dest and FST values of the analyses of the nuclear markers 

were all very low suggesting that there was little population genetic differentiation among the 

nine sites (GST = 0.026, p < 0.001; Dest = 0.218, p < 0.001). Indeed, inter-population variation 

(FST) contributed to only 2% of the total genetic variation (p < 0.001; Table 3). When the one 
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locus that deviated from HWE (i.e., G6) was excluded from the analysis, AMOVA revealed 

the same pattern of source variation (FST = 0.024; p < 0.001), indicating the initial evaluation 

with the full set of 10 loci was robust. Overall, six of the nine sites were weakly differentiated 

(FST = -0.007–0.073, Table 4).  

Similarly, there was no clear or consistent support for any K value across genetic 

clustering analyses, suggesting a lack of genetic structure across the Pilbara landscape. 

Discriminant analysis of principal components showed very weak separation of site 5 from 

the remaining sites along the first PC axis (Fig. 2B, C). Selection of the number of genetic 

clusters (K) from BIC values from the DAPC analysis was ambiguous, with a plateau in BIC 

occurring at K = 5 and at K = 9 (Fig. S1A, B). Inspection of membership probabilities for 

each K value, indicates individuals admixed to 2 to 5 or 9 groups with no clear structuring by 

population (Fig. S1C). The Evanno method for determining Best K following genetic cluster 

analysis in Structure suggested the most likely genetic groupings were K = 3 (without prior 

location information; LOCPRIOR = 0) and K = 6 (with prior location information; 

LOCPRIOR = 1) for the full dataset (Fig. S2A, B; Fig. S3A, B). When K = 3, admixture 

proportions showed all individuals admixed to two or three groups (Q ~ 10% to 90% for each 

individual; Fig. S4A) and when K = 6 admixture proportions of all individuals admixed to 

two to six groups (Q ~ 10% to 90% for each individual; Fig. S4B). Similarly, there was no 

clear structure observed when the analysis was repeated on the sub-sampled dataset (max. 

npop = 10), with only K = 9 (when including prior location information; Fig. S5A, B) 

providing suggestion of very weak differentiation of site 5 (Fig. S5C). 

sPCA suggested weak differentiation of eastern and western populations on PC axis 1, 

while site 5 was most differentiated from the remaining sites on axis 2 (Fig. 2D, E), however 

this spatial genetic structuring was not significant at either the global (p = 0.121) or local (p = 

0.653) scale. 
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          Analyses of mitochondrial control region sequences showed higher levels of 

population subdivision than detected at nuclear loci (ΦST = 0.203, p = 0.001). AMOVA 

indicated that interpopulation variation (ΦST) contributed 20% of the overall genetic variance. 

Patterns of significant pairwise population divergence were largely similar to those observed 

for nuclear data, though Site 6 had fewer significant pairwise differences (Table 5). 

 

Hypothesis 3: localised spatial genetic structure 

We predicted that local relatedness would be higher than relatedness among individuals at 

greater distances, and accumulated evidence to support this. For microsatellite loci, spatial 

genetic structure at the broad scale was weak but significant for the 15 km (biased corrected r 

= 0.040, p < 0.001) and 60 km (bias corrected r = 0.032, p = 0.002) distance classes; larger 

distance classes indicated likely random distribution with r-values bounding zero and an 

increase in associated error (Fig. 3A). Similarly, mtDNA showed significant, but stronger, 

positive autocorrelation for the 15 km (bias corrected r = 0.110, p = 0.002) and 45 km (bias-

corrected r = 0.177, p = 0.019) distance classes compared to the nuclear data (Fig. 3C). The 

weak positive autocorrelation of genotypes up to 45-60 km may signal sub-structuring across 

the range of the western pebble mound mouse, but we discuss these results with caution. 

However, upon finer scale resolution we found strong positive autocorrelation for distribution 

of microsatellite genotypes, specifically at 100 m (biased corrected r = 0.145, p < 0.001) and 

200 m (biased corrected r = 0.063, p < 0.001) with more restricted spatial structuring of 

mtDNA haplotypes, which only showed positive autocorrelation in the 100m distance class 

(bias corrected r = 0.375, p = 0.001). For both microsatellite and mtDNA spatial 

autocorrelation was not significant at higher distance classes (p > 0.010; Fig. 3B, D). 
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Discussion 

Our analyses did not support the prediction that the western pebble-mound mouse, which lives in 

social groups across a relatively small and highly heterogenous range, exhibits low levels of genetic 

diversity and signatures of genetic clustering. Instead, our analyses revealed a high level of genetic 

diversity at a broad-scale (microsatellite loci: mean Na = 17.6, mean uHe = 0.91; mtDNA: h = 0.89) 

with limited differentiation among sampling sites. The one western pebble-mound mouse study that 

can be used as a direct comparison shows less genetic diversity than what was observed in the current 

study, however the sample size was significantly smaller (nsamples = 10; mean Na = 8.4, He = 0.87 across 

the microsatellite loci used in this study; (Moro & Spencer, 2003). We found that the western pebble-

mound mouse has generally high genetic diversity, especially when compared to closely related 

species such as the heath mouse (P. shortridgei; nsamples from a Western Australian population = 50; 

mean Na = 11.2, He = 0.80 vs. mean Na = 18.6, He = 0.91 across five microsatellite loci used in this 

study; (Salinas et al., 2009) and the postfire habitat specialist, the eastern chestnut mouse (P. 

gracilicaudatus; nsamples = 275; mean Na = 4.3, He = 0.59 vs. mean Na = 17.0, He = 0.90 across eight 

microsatellite loci used in this study; (Pereoglou et al., 2013).  

        The levels of genetic variation across the panel of nuclear markers were similar within and 

across sampling sites, showing a lack of definitive broad scale genetic structure and weak fine scale 

genetic structure. The mtDNA data returned evidence of slightly more genetic structure compared to 

the microsatellite loci, with the AMOVAs indicating that the interpopulation variation accounted for 

20% compared to 2% of the overall genetic variance, respectively. However, we also found that 

haplotype sharing among sites, and diversity within sites, was high, with the exception of our 

westernmost site (Site 5) in which only the most common and geographically widespread haplotype 

was detected. Our microsatellite data also returned low levels of inbreeding; levels that are 

comparable to those of another habitat specialist, the eastern chestnut mouse (mean FIS = 0.070; 

(Pereoglou et al., 2013) and much lower compared to the heath mouse (mean FIS = 0.215; (Salinas et 

al., 2009). A closely related social species, the plains mouse (P. australis), which occupies areas of 

Australia’s arid interior, was shown to exhibit genetic structuring similar to the western pebble-mound 
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mouse (i.e., some evidence of sub-structuring between sampling locations, but otherwise indices of 

admixing and low levels of inbreeding; (Brandle et al., 1999).  

Despite the high heterogeneity of the landscape in which the western pebble-mound mouse 

resides, we found only weak genetic differentiation across the nine sampling sites that covered almost 

the entire western pebble-mound mouse range. Specifically, the haplotype network and the results of 

the principal components and genetic clustering analyses were indicative of possible, albeit weak, 

sub-structure between sites. As it is, all current evidence points to one large, panmictic population. 

More intensive sampling at locations where sample sizes were limited may produce stronger evidence 

for sub-structure across the western pebble-mound mouse range, however we note that there is a large 

number of shared haplotypes and considerable genotypic overlap among sampling sites (Fig. 2A-C). 

Studies of other terrestrial vertebrates have mostly identified a consistent signal of a north-south 

differentiation across the Pilbara (Pepper et al., 2013). However, these studies are largely restricted to 

reptiles, which have more limited dispersal capabilities than mammals, and are therefore more likely 

to exhibit differentiation within a heterogenous landscape (Pepper et al., 2013). Field sampling of a 

volant mammal, the ghost bat (Macrodema gigas), in the Pilbara indicated very high genetic 

connectivity across the landscape, with only very weak differentiation between northern and southern 

populations, as well as weak differentiation between caves in the east and west of the Hamersley 

Range (Ottewell et al., 2017). Similar patterns have been observed among invertebrates, with 

flightless species showing the same north-south divide as the reptiles (see references in (Pepper et al., 

2013), and the single species with flight, the solitary burrowing bee Amegilla dawsoni, representing 

one panmictic meta-population (Beveridge & Simmons, 2006). This collection of research 

demonstrates that a critical determinant of population genetic structure is the ability of species to 

permeate the complex Pilbara environment. 

We might have expected that the social existence and reliance on pebble mounds, which are 

energetically costly to construct and maintain, would allow western pebble-mound mice to avoid 

“boom-bust” population cycles. However, anecdotal evidence of western pebble-mound mouse 

populations fluctuating by “several orders of magnitude in response to resource availability, which is 
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influenced by erratic rainfall patterns” and individuals traveling several kilometres during “boom” 

periods (Start et al., 2000) is supported by the absence of distinct genetic signatures among our 

sampling sites. Indeed, the results of our analyses, for which samples were collected over an extended 

time-period and at multiple sampling sites, appears to be reflective of a population that experiences 

high genetic flow and connectivity during times of widespread irruption (see Fig. 4). Population 

monitoring of two rodents in the Simpson Desert of central Australia demonstrated that “boom” 

events occur on average once every six years (Dickman et al., 2010). We propose that similar frequent 

influences on the population dynamics of western pebble-mound mice in the Pilbara would be 

sufficient to maintain the high level of genetic mixing that we have observed in the current study. 

Our genetic analyses on the western pebble-mound mouse appears to contrast studies of social 

rodents that have adopted a deme-based sampling approach. To highlight one example, early 

investigations of the eusocial naked-mole rat (Heterocephalus glaber) documented low genetic 

diversity and unusually high levels of within-colony genetic relatedness (Reeve et al., 1990, Faulkes 

et al., 1997a, Honeycutt et al., 1991), seemingly providing support for the ‘inbreeding hypothesis’ 

(i.e., increased relatedness between group members) for the evolution and maintenance of sociality 

(Hamilton, 1964). A comprehensive reassessment, however, which involved a comparison of 

populations across a broad geographic range, supported a contrary view and demonstrated that the 

original samples were not representative of the species but instead reflected a single founder event 

that had occurred in only one population (Ingram et al., 2015). Indeed, work on other continents 

shows that social structure can minimize the loss of genetic diversity in mammals (Ingram et al., 

2015). We suggest that by alleviating biases generated by an overrepresentation of individuals from 

the same social group, the opportunistic and random sampling that leads to the collection of 

vouchered museum samples offers a valuable resource for exploring population level genetic 

organisation of social species. 

Western pebble-mound mouse social groups are characterised by high numbers of non-

reproductive adults, which are believed to be the non-dispersing offspring of established breeders 

(Anstee et al., 1997). In agreement with the behavioural observation that western pebble-mound mice 
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display high mound fidelity (Anstee et al., 1997), our spatial autocorrelation analyses returned 

evidence of greater relatedness amongst individuals at short distances. The mtDNA spatial 

autocorrelation analysis indicated more restricted dispersal at the fine-scale (i.e., significant 

autocorrelation within the 100m distance class compared to the 200m distance class for the 

microsatellites), which implies that females have more restricted dispersal than males. This 

supposition aligns with the observation that males hold larger home-ranges (Anstee et al., 1997). 

Living and breeding in social groups implies high levels of relatedness among group members and 

potentially high levels of inbreeding within sampling sites. Contrary to this, however, we report low 

FIS values. Low levels of inbreeding could be explained by the action of inbreeding-avoidance 

mechanisms, for example high dispersal rates (Nichols, 2017) or female multiple mating and selection 

against fertilizations by the sperm of relatives (Brouwer et al., 2011, Firman & Simmons, 2015). More 

intensive sampling of social groups would elucidate patterns of mating and relatedness in pebble-

mound mouse social groups. As in the case of the naked mole-rat, sampling at a single time point in a 

single location may lead to very different conclusions about aspects of the species’ biology and 

population structure. While the broad scale genetic study that we have conducted using samples from 

across the species’ range has provided insights into the persistence and viability of western pebble-

mound mice in the Pilbara, it is obvious that multi-generational genetic monitoring of the same social 

groups is required to precisely disentangle the relationships between fluctuations in environmental 

conditions and local-population and mound-level dynamics, including dispersal distance, sex-biased 

dispersal, recruitment and the establishment of new groups, in this species. 

  

Conclusion 

Our assessment of the population genetics of a social mouse from a highly heterogeneous 

environment produced patterns of high genetic diversity, low levels of inbreeding, and high 

connectivity across the species range. These results indicate that despite the species reliance on a 

specific habitat and their restricted distribution within the Pilbara region of Western Australia, the 

western pebble-mound mouse bears the characteristics of a population that is genetically diverse and 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

viable. However, one limitation of our study is the assessment of historical samples, which may not 

reflect the current genetic status of this species. Habitat fragmentation is a major extinction risk to 

terrestrial mammals (Crooks et al., 2017), with evidence indicating that social species may be 

particularly susceptible to this threat (e.g., (Wang et al., 2017). As mining activity is continually 

intensifying in the Pilbara, it is timely for further surveys to be conducted to assess the current status 

of western pebble-mound mouse against the baseline conditions outlined here. 

 

Acknowledgements  

We thank those people that contributed samples to the western pebble-mound mouse tissue repository 

at the WAM, Rebecca Bray for assistance in accessing frozen tissue collections, and Joel Huey for 

access to the mtDNA data. This research was supported by a UWA–UQ Partnership Research Award 

to RCF and DOF, and an Australian Research Council grant to RCF (number: DE140100476). We 

thank Lauren White and an anonymous referee for reviewing the manuscript.  

 

Data 

Genotypes used in this study will be archived in the Dryad Digital Repository. 

 

References 

Anstee, S. D., Roberts, J. D. & O'Shea, J. E. 1997. Social structure and patterns of movement of the 

western pebble-mound mouse, Pseudomys chapmani, at Marandoo, Western Australia. 

Wildlife Research 24: 295-305. 

Beveridge, M. & Simmons, L. W. 2006. Panmixia: an example from Dawson’s burrowing bee 

(Amegilla dawsoni) (Hymenoptera: Anthophorini). Molecular Ecology 15: 951-957. 

Bohonak, A. J. 1999. Dispersal, gene flow, and population structure. Quarterly Review of Biology 74: 

21-45. 

Brandle, R., Moseby, K. E. & Adams, M. 1999. The distribution, habitat requirements and 

conservation status of the plains rat, Pseudomys australis (Rodentia : Muridae). Wildlife 

Research 26: 463-477. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Brouwer, L., van de Pol, M. & Cockburn, A. 2011. Strategic promiscuity helps avoid inbreeding at 

multiplelevels in a cooperative breeder where both sexes are philopatric. Molecular Ecology 

20: 4796-4807. 

Cote, J., Bestion, E., Jacob, S., Travis, J., Legrand, D. & Baguette, M. 2017. Evolution of dispersal 

strategies and dispersal syndromes in fragmented landscapes. Ecography 40: 56-73. 

Cracraft, J. 1991. Patterns of diversification within continental biotas: hierarchical congruence among 

the areas of endemism of Australian vertebrates. Australian Systematic Botany 4: 211-227. 

Crooks, K. R., Burdett, C. L., Theobald, D. M., King, S. R. B., Di Marco, M., Rondinini, C. & 

Boitani, L. 2017. Quantification of habitat fragmentation reveals extinction risk in terrestrial 

mammals. Proceedings of the National Academy of Science USA 114: 7635-7640. 

Dickman, C. R., Greenville, A. C., Beh, C.-L., Tamayo, B. & Wardle, G. M. 2010. Social 

organization and movements of desert rodents during population "booms" and "busts" in 

central Australia. Journal of Mammalogy 91: 798-810. 

Dickman, C. R., Mahon, P. S., Masters, P. & Gibson, D. F. 1999. Long-term dynamics of rodent 

populations in arid Australia: the influence of rainfall. Wildlife Research 26: 389-403. 

Dickman, C. R., Predavec, M. & Downey, F. J. 1995. Long-range movements of small mammals in 

arid Australia: implications for land management. Journal of Arid Environments 31: 441-452. 

Double, M., Peakall, R., Beck, N. R. & Cockburn, A. 2005. Dispersal, philopatry, and infidelity: 

dissecting local genetic structure in superb fairy-wrens (Malurus cyaneus). Evolution 59: 625-

635. 

Earl, D. A. & von Holdt, B. M. 2012. STRUCTURE HARVESTER: a website and program for 

visualizing STRUCTURE output and implementing the Evanno method. Conservation 

Genetics Resources 4: 359-361. 

Emlen, S. T. 1982. The evolution of helping. I. An ecological constraints model. American Naturalist 

119: 29-39. 

Evanno, G., Regnaut, S. & Goudet, J. 2005. Detecting the number of clusters of individuals using the 

software structure: a simulation study. Molecular Ecology 14: 2611-2620. 

Faulkes, C. G., Abbott, D. H., O'Brien, H. P., Lau, L., Roy, M. R., Wayne, R. K. & Bruford, M. W. 

1997a. Micro- and macrogeographical genetic structure of colonies of naked mole-rats 

Heterocephalus glaber. Molecular Ecology 6: 615-628. 

Faulkes, C. G. & Bennett, N. C. 2013. Plasticity and constraints on social evolution in African mole-

rats: ultimate and proximate factors. Philosophical Transactions of the Royal Society of 

London B 368: 20120347. 

Faulkes, C. G., Bennett, N. C., Bruford, M. W., O'Brien, H. P., Aguilar, G. H. & Jarvis, J. U. M. 

1997b. Ecological constraints drive social evolution in the African mole-rats. Proceedings of 

the Royal Society of London B 264: 1619-1627. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Fichet-Calvet, E., Jomaa, I., Ben Ismail, R. & Ashford, R. W. 1999. Reproductionand abundance of 

the fat sand rat (Psammomys obesus) in relation to weather conditions in Tunisia. Journal of 

Zoology 248: 15-26. 

Firman, R. C. & Simmons, L. W. 2015. Gametic interactions promote inbreeding avoidance in house 

mice. Ecology Letters 18: 937-943. 

Fisher, D. O., Nuske, S., Green, S., Seddon, J. M. & McDonald, B. 2011. The evolution of sociality in 

small, carnivorous marsupials: the lek hypothesis revisited. Behavioral Ecology and 

Sociobiology 65: 593-605. 

Ford, F. & Johnson, C. 2007. Eroding abodes and vanished bridges: historical biogeography of the 

substrate specialist pebble-mound mice (Pseudomys). Journal of Biogeography 34: 514-523. 

Greenville, A. C., Wardle, G. M. & Dickman, C. R. 2012. Extreme climatic events drive mammal 

irruptions: regression analysis of 100-year trends in desert rainfall and temperature. Ecology 

and Evolution 2: 2645-2658. 

Hamilton, W. D. 1964. The genetical evolution of social behaviour. Journal of Theoretical Biology 7: 

1-16. 

Honeycutt, R. L., Nelson, K., Schlitter, D. A. & Sherman, P. W. (1991) Genetic variation within and 

among populations of the naked mole-rat: evidence from the nuclear and mitochondiral 

genomes. In: The Biology of the Naked Mole-Rat, (Sherman, P. W., Jarvis, J. U. M. & 

Alexander, R. D., eds.). pp. 195-208. Princeton University Press, New Jersey. 

Ingram, C. M., Troendle, N. J., Gill, C. A., Braude, S. & Honeycutt, R. L. 2015. Challenging the 

inbreeding hypothesis in a eusocial mammal: population genetics of the naked mole-rat, 

Heterocephalus glaber. Molecular Ecology 24: 4848-4865. 

Jackson, N. D. & Fahrig, L. 2016. Habitat amount, not habitat configuration, best predicts population 

genetic structure in fragmented landscapes. Landscape Ecology 31: 951-968. 

Jetz, W. & Rubenstein, D. R. 2011. Environmental uncertainity and the global biogeography of 

cooperative breeding in birds. Current Biology 21: 72-79. 

Jombart, T. 2008. adegenet: A R package for the multivariate analysis of genetic markers. 

Bioinformatics 24: 1403-1405. 

Jombart, T., Devillard, S. & Balloux, F. 2010. Discriminant analysis of principal components: a new 

method for the analysis of genetically structured populations. BMC Genetics 11: 94. 

Jombart, T., Devillard, S., Dufour, A. B. & Pontier, D. 2008. Revealing cryptic spatial patterns in 

genetic variability by a new multivariate method. Heredity 101: 92-103. 

Jost, L. 2008. GST and its relatives do not measure differentiation. Molecular Ecology 17: 4015-4026. 

Kalinowski, S. T. 2005. hp‐rare 1.0: a computer program for performing rarefaction on measures of 

allelic richness. Molecular Ecology Notes 5: 187-189. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Kopelman, N. M., Mayzel, J., Jakobsson, M., Rosenberg, N. A. & Mayrose, I. 2015. Clumpak: a 

program for identifying clustering modes and packaging population structure inferences 

across K. Molecular Ecology Resources 15: 1179-1191. 

Letnic, M. 2002. Long distance movements and the use of fire mosaics by small mammals in the 

Simpson Desert, Central Australia. Australian Mammalogy 23: 125-134. 

Levy, E., Byrne, M., Huey, J. A., Hillyer, M. J., Firman, R. C. & Ottewell, K. M. submitted. Limited 

influence of landscape or environmental features on the genetic structure of three small 

mammals in a heterogenous arid landscape. 

Librado, P. & Rozas, J. 2009. DnaSP v5: a software for comprehensive analysis of DNA 

polymorphism data. Bioinformatics 25: 1451-1452. 

Lima, M., Ernest, S. K. M., Brown, J. H., Belgrano, A. & Stenseth, N. C. 2008. Chihuahuan Desert 

kangaroo rats: nonlinear effects of population dynamics, compeition and rainfall. Ecology 89: 

2594-2603. 

Lima, M., Stenseth, N. C. & Jaksic, F. M. 2002. Food web structure and climate effects on the 

dynamics of small mammals and owls in semi-arid Chile. Ecology Letters 5: 273-284. 

Lukas, D. & Clutton-Brock, T. 2017. Climate and the distribution of cooperative breeding in 

mammals. Royal Society Open Science 4: 160897. 

McKenzie, N. L., van Leeuwen, S. & Pinder, A. M. 2009. Introduction to the Pilbara biodiversity 

survey, 2002–2007. Records of the Western Australian Museum, Supplement 78: 3–89. 

Moro, D. & Spencer, P. B. S. 2003. Microsatellite primers for the Western Pebble-mound Mouse 

(Pseudomys chapmani) that show cross amplification for other species of Australian rodent. 

Molecular Ecology Notes 3: 259-261. 

Nichols, H. J. 2017. The causes and consequences of inbreeding avoidance and tolerance in 

cooperatively breeding vertebrates. Journal of Zoology 303: 1-14. 

Ottewell, K., McArthur, S., van Leeuwen, S. & Byrne, M. (2017) Population genetics of the Ghost 

Bat (Macroderma gigas) in the Pilbara bioregion. pp. Department of Biodiversity, 

Conservation and Attractions. 

Paradis, E. 2010. pegas: an R package for population genetics with an integrated-modular approach. 

Bioinformatics 26: 419-420. 

Parreira, B. R. & Chikhi, L. 2015. On some genetic consequences of social structure, mating systems, 

dispersal, and sampling. Proceedings of the National Academy of Science USA 112: E3318-

E3326. 

Pavey, C. R., Eldridge, S. R. & Heywood, M. 2008. Population dynamics and prey selection of native 

and introduced predators during a rodent outbreak in arid Australia. Journal of Mammalogy 

89: 674-683. 

Peakall, R., Ruibal, M. & Lindenmayer, D. B. 2003. Spatial autocorrelation analysis offers new 

insights into gene flow in the Australian bush rat, Rattus fuscipes. Evolution 57: 1182-1195. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Peakall, R. & Smouse, P. E. 2006. GenAlEx 6: genetic analysis in Excel. Population genetic software 

for teaching and research. Molecular Ecology Notes 6: 288-295. 

Pepper, M., Doughty, P. & Keogh, J. S. 2013. Geodiversity and endemism in the iconic Australian 

Pilbara region: a review of landscape evolution and biotic response in an ancient refugium. 

Journal of Biogeography 40: 1225-1239. 

Pereoglou, F., Lindenmayer, D. B., MacGregor, C., Ford, F., Wood, J. & Banks, S. C. 2013. 

Landscape genetics of an early successional specialist in a disturbance‐prone environment. 

Molecular Ecology 22: 1267-1281. 

Pillans, B. 2007. Pre-quaternary landscape inheritance in Australia. Journal of Quaternary Science 

22: 439-447. 

Plomley, N. J. B. 1972. Some notes on plagues of small mammals in Australia. Journal of Natural 

History 6: 363-384. 

Pritchard, J. K., Stephens, M. & Donnelly, P. 2000. Inference of population structure using multilocus 

genotype data. Genetics 155: 945-959. 

Puechmaille, S. J. 2016. The program structure does not reliably recover the correct population 

structure when sampling is uneven: subsampling and new estimators alleviate the problem. 

Molecular Ecology Resources 16: 608-627. 

Reeve, H. K., Westneat, D. F., Noon, W. A., Sherman, P. W. & Aquadro, C. F. 1990. DNA 

"fingerprinting" reveals high levels of inbreeding in colonies of the eusocial naked mole-rat. 

Proceedings of the National Academy of Science USA 87: 2496-2500. 

Roshier, D. A. & Reid, J. R. W. 2003. On animal distributions in dynamic landscapes. Ecography 26: 

539-544. 

Rubenstein, D. R. 2012. Family fueds: social competition and sexual conflict in complex societies. 

Philosophical Transactions of the Royal Society of London B 367: 2304-2313. 

Rubenstein, D. R. & Lovette, I. J. 2007. Temporal environmental variability drives the evolution of 

cooperative breeding in birds. Current Biology 17: 1414-1419. 

Salinas, M., Bunce, M., Cancilla, D., Alpers, D. L. & Spencer, P. B. S. 2009. Divergent lineages in 

the heath mouse (Pseudomys shortridgei) are indicative of major contraction to 

geographically isolated refugia on the eastern and western sides of Australia during the early 

Pleistocene. Australian Journal  of Zoology 57: 41-47. 

St. Onge, K. R., Palmé, A. E., Wright, S. I. & Lascoux, M. 2012. Impact of sampling schemes on 

demographic inference: an empirical study in two species with different mating systems and 

demographic histories. G3: Genes, Genomes, Genetics 2: 803-814. 

Start, A. N., Anstee, S. D. & Endersby, M. 2000. A review of the biology and conservation status of 

the Ngadji, Pseudomys chapmani Kitchener, 1980 (Rodentia: Muridae). CALMScience 3: 

125-147. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

Sunnucks, P. & Hales, D. F. 1996. Numerous transposed sequences of mitochondrial cytochrome 

oxidase I-II in aphids of the genus Sitobion (Hemiptera: Aphididae). Molecular Biology and 

Evolution 13: 510-524. 

Team, R. C. 2011. R: A language and environment for statistical computing. http://www.R-

project.org. 

Travis, J. M. J. & Dytham, C. 1999. Habitat persistence, habitat availability and the evolution of 

dispersal. Proceedings of the Royal Society of London B 266: 723-728. 

van Etten, E. 2009. Inter-annual rainfall variability of arid Australia: greater than elsewhere? 

Australian Geographer 40: 109-120. 

van Oosterhout, C., Hutchinson, W. F., Wills, D. P. M. & Shipley, P. 2004. Micro-checker: software 

for identifying and correcting genotyping errors in microsatellite data. Molecular Ecology 

Notes 6: 288-295. 

Wang, W., Qiao, Y., Li, S., Pan, W. & Yao, M. 2017. Low genetic diversity and strong population 

structure shaped by anthropogenic habitat fragmentation in a critically endangered primate, 

Trachypithecus leucocephalus. Heredity 118: 542-553. 

Weir, B. S. & Cockerham, C. C. 1984. Estimating F-statistics for the analysis of population structure. 

Evolution 38: 1358-1370. 

Wiens, J. A. (1995) Landscape mosaics and ecological theory. In: Mosaic landscapes and ecological 

processes, (Hansson, L., Fahrig, L. & Merriam, G., eds.). pp. 1-26. Springer, Netherlands. 

 

Supporting information 

Additional supporting information may be found online in the Supporting Information section at the 

end of the article. 

Figure S1 Discriminant analysis of principal components (DAPC). 

Figure S2 Structure Harvester plots of log likelihood ± standard deviation from Structure analysis. 

Figure S3 CLUMPAK results of Best K by the Evanno method from Structure analysis. 

Figure S4 Structure bar plots showing admixture proportions. 

Table S1 Primer sequences and characteristics of 12 P. chapmani microsatellites. 

Table S2 GENALEX summary statistics for all loci at each site of P. chapmani. 

Table S3 GENEPOP stats by site for P. chapmani. 



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 

 

 

 

Table 1 Summary statistics for the microsatellite loci. 

N, sample size; Na, number of alleles; Ne, number of effective alleles; HO, observed heterozygosity; 

uHE, unbiased expected heterozygosity; FIS, inbreeding coefficient; a p-value of < 0.05 (bold) 

indicates significant deviation from HWE for that locus. 

 

 

 N Na Ne
 

HO uHE FIS X
2
 d.f. p-value 

          
E12 89 13 7.5 0.798 0.872 0.037 20.360 18 0.313 

A8 89 26 12.8 0.910 0.927 -0.058 13.099 18 0.786 

A7 84 18 11.9 0.893 0.922 -0.076 7.067 18 0.999 

G6 85 18 12.6 0.741 0.926 0.106 46.233 18 <0.001 

2G6 89 15 8.6 0.775 0.889 0.004 14.545 18 0.693 

E4 83 20 12.1 0.819 0.923 0.037 26.810 18 0.083 

F10 77 20 13.3 0.909 0.931 -0.029 14.728 18 0.681 

C1 90 15 7.1 0.767 0.864 0.091 28.658 18 0.053 

B11 89 15 11.1 0.843 0.915 -0.029 9.138 18 0.957 

E8 89 16 8.3 0.899 0.885 -0.112 22.860 18 0.196 
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Table 2 Summary statistics of mean genetic diversity for each sampling site for microsatellite and 

mitochondrial (control region) loci. 

Nnuc, sample size nuclear markers; Na, mean number of alleles/locus; Nu, mean number of unique 

alleles/locus; Ne, number of effective alleles; Ar, rarefied allelic richness; HO, observed 

heterozygosity; uHE, unbiased expected heterozygosity; FIS, inbreeding coefficient; Nmt, sample size 

mtDNA; Nhap, number of control region haplotypes; h, haplotype diversity; π, nucleotide diversity. 

 

 

 

 

 
Nnuc Na Nu

 
Ne Ar HO uHE FIS Nmt Nhap h π 

             
Site 1 5 6.9 0.5 5.8 5.9 0.88 0.90 -0.079 5 5 1.00 0.010 

Site 2 8 8.9 0.5 6.8 5.9 0.81 0.90 0.043 7 6 0.95 0.014 

Site 3 11 10.9 1.1 8.0 6.0 0.79 0.91 0.092 8 5 0.86 0.006 

Site 4 5 5.5 0.1 4.3 4.9 0.89 0.84 -0.190 5 2 0.40 0.004 

Site 5 6 6.1 0.0 4.9 5.0 0.71 0.85 0.077 6 1 0.00 0.000 

Site 6 17 10.9 0.5 7.8 5.7 0.90 0.89 -0.037 16 6 0.68 0.009 

Site 7 5 5.1 0.0 3.9 4.7 0.71 0.81 0.017 5 2 0.40 0.005 

Site 8 4 5.8 0.2 4.7 5.4 0.74 0.88 0.045 3 3 1.00 0.016 

Site 9 26 12.6 0.8 8.5 5.7 0.87 0.89 0.006 26 9 0.89 0.008 

Mean 10 8.1 0.4 6.1 5.5 0.81 0.87 -0.003 9.0 4.8 0.89 0.009 
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Table 3 Analysis of molecular variance (AMOVA) for microsatellite loci from an allelic distance 

matrix based on 9999 permutations and 9999 bootstraps, across individuals and sites with F-statistics 

corresponding to (Weir & Cockerham, 1984). 

 

 

 

 

 

 

 

 

 

Variation source %Var F-statistic F-value
 

P-value 

     
Among sites 2.4% FST 0.024 <0.001 

Among individuals 

(within sites) 
5.6% FIS 0.057 <0.001 

Within individuals 92.1% FIT 0.079 <0.001 
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Table 4 Population differentiation for nuclear markers from FST values (below diagonal) and p-values 

(above diagonal) for all pairwise comparisons. 

Significant differences (p < 0.05) in allele frequencies between sites are shown in bold. 

 

 

 

 Site 1 Site 2 Site 3
 

Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 

          
Site 1 - 0.321 0.484 0.010 0.011 0.297 0.136 0.222 0.065 

Site 2 0.005 - 0.480 0.003 0.013 0.351 0.024 0.185 0.235 

Site 3 -0.008 -0.007 - 0.252 0.017 0.018 0.002 0.019 0.349 

Site 4 0.050 0.042 0.007 - <0.001 0.001 0.005 0.008 0.006 

Site 5 0.035 0.026 0.021 0.073 - <0.001 0.001 <0.001 <0.001 

Site 6 0.005 0.002 0.013 0.043 0.047 - <0.001 0.075 <0.001 

Site 7 0.021 0.033 0.040 0.060 0.073 0.072 - 0.011 <0.001 

Site 8 0.012 0.011 0.023 0.048 0.071 0.016 0.049 - 0.007 

Site 9 0.015 0.004 0.002 0.030 0.054 0.019 0.047 0.026 - 

          



A
cc

ep
te

d
 A

rt
ic

le

This article is protected by copyright. All rights reserved. 

 

 

 

 

 

Table 5 Population differentiation of mitochondrial control region DNA sequences from ΦST values 

(below diagonal) and p-values (above diagonal) for all pairwise comparisons. 

 Significant differences (p < 0.05) in allele frequencies between sites are shown in bold. 

 

 

 

 

 

 Site 1 Site 2 Site 3
 

Site 4 Site 5 Site 6 Site 7 Site 8 Site 9 

          
Site 1 - 0.450 0.040 0.015 0.026 0.148 0.275 0.306 0.054 

Site 2 0.000 - 0.030 0.025 0.001 0.331 0.078 0.341 0.018 

Site 3 0.170 0.101 - 0.002 0.114 0.346 0.001 0.141 0.203 

Site 4 0.523 0.336 0.660 - 0.003 0.012 0.011 0.043 0.002 

Site 5 0.425 0.240 0.094 0.841 - 0.213 0.007 0.032 0.140 

Site 6 0.091 0.022 0.014 0.419 0.075 -  0.340 0.247 

Site 7 0.088 0.142 0.452 0.676 0.748 0.263 - 0.039 0.015 

Site 8 0.055 0.000 0.126 0.336 0.406 0.000 0.296 - 0.074 

Site 9 0.129 0.123 0.021 0.547 0.053 0.015 0.253 0.137 - 
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Fig. 1 The sampling sites for western pebble-mound mice in the Pilbara region of Australia (A; 

nsamples/site: 1 = 5, 2 = 8, 3 = 12, 4 = 5, 5 = 7, 6 = 17, 7 = 5, 8 = 5, 9 = 26). The insert displays the 

species range (dashed line; (Ford & Johnson, 2007) and the area that has been enlarged (yellow box). 

Key landscape features, including the ephemeral Fortescue River and the Hamersley, Ophthalmia and 

Chichester Ranges, are identified. Across the range, western pebble-mound mice (B; photo credit: A. 

Gibson Vega) reside in pebble mounds (C; photo credit: R. Firman) that are constructed and/or 

maintained by the resident social group.  

 

Fig. 2 Haplotype network for a 383 bp segment of the highly variable, non-coding mitochondrial 

control region (A), and summary of discriminant analysis of principal components (DAPC) (B, C) and 

spatial principal components analysis (sPCA) (D,E). Ordination plot of DAPC for individuals from 

the nine sampling sites across the Pilbara, with sampling sites shown in different colours (B), and with 

their 95% inertia ellipses (C), and individuals represented as dots. Factor loading values of principal 

component one (D) and two (E) of sPCA of the nine sampling sites, plotted on a map of the Pilbara 

bioregion. Sampling sites are represented as squares. Dark squares indicate positive values, light 

squares indicate negative values, and size of the square indicates magnitude of the score on each axis. 

Sites that are different colours and largest squares are the most differentiated on PC axes. 

 

Fig. 3 Correlograms of the linear spatial genetic relationship (r) among individuals as a single 

population. Spatial autocorrelation analysis using microsatellite data (n = 90) is represented in A and 

B, and spatial autocorrelation analysis using mtDNA data (n = 81) is represented in C and D. Spatial 

genetic relationships amongst individuals across the Pilbara region were determined at broad-scale 

using 15 km increments (A and C) and at fine-scale using 0.1 km increments (B and D). Upper and 

lower error bars determined by bootstrap resampling bind the 95% confidence interval for each r 

value. The null hypothesis of random distribution of genotypes (r = 0) is defined by the 95% 
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confidence intervals binding the dashed upper and lower confidence limits. Distance classes for which 

r was significant is indicated (*). 

 

Fig. 4 Hypothetical spatial structuring of western pebble-mound mouse groups during periods of 

growth and decline derived from what is known of the species biology, life-history strategies and 

population genetics. A: During lulls, members of established groups (circles 1–4) display high mound 

fidelity. Reproduction is not restricted to within groups, so genetic exchange occurs between social 

groups (orange arrows). Individuals temporarily visit and maintain uninhabited mounds (outlined 

circles) (green arrows). AB: As conditions improve due to high rainfall and increased food 

availability, social groups expand and local dispersal (blue arrows) results in the formation of newly 

established social groups (circles 5,6). As resources are depleted, the local population contracts back 

to the original social group spatial organisation (BA). A[B]C: During times of exceptionally 

good conditions the local population irrupts and greater levels of local dispersal to uninhabited 

mounds occurs (circles 5–8). New mounds may be constructed (circle 9). Individuals disperse in 

(purple arrows) and out (red arrows) of the local area. Mound fidelity and the bounds of each “social 

group” may be relaxed or dissolve (dashed circles). Multiple episodes of population irruption would 

lead to genetic panmixia across the species range, as observed in this study. CD: Once the 

population has contracted following population irruption, persistent resident groups may reside in 

different mounds so that the spatial utilisation of the area is different to before (contrast A and D).
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 

 

 

 

 

 

 

 

 

 

 

 

 

 




