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Abstract 15 

An important consideration when implementing species management is preserving genetic variation, which is 16 

fundamental to the long-term persistence of populations and adaptive potential of the species. The European water vole 17 

Arvicola amphibius is of high conservation importance in the United Kingdom due to its documented decline in both 18 

distribution and abundance. Conservation strategies for this species include protecting source populations, increasing 19 

habitat availability and connectivity, non-native predator control and reintroduction. We used mtDNA control region 20 

sequences and eight microsatellite markers from samples collected from 12 localities in southeast England, to determine 21 

how genetic variation is structured amongst regional water vole populations and to what extent population structure has 22 

been influenced by reintroductions.  We found high haplotype diversity (h) across native populations in the southeast 23 

region and evidence that divergent lineages had been introduced to the region. We detected significant structure 24 

between watersheds with mtDNA from native populations and evidence of finer scale structure between populations 25 

within watersheds with both mtDNA and microsatellites. We suggest that management strategies should aim to 26 

conserve genetic diversity at a population level and that watersheds are a practicable unit for prioritising management 27 

within regions. We propose that introductions to restore or augment water voles within watersheds should consider the 28 

genetic composition of regional populations and highlight that genetic data has an important role in guiding future 29 

conservation options that secure adaptive potential in the face of future environmental change.  30 

Key words 31 

Water vole, genetic structure, reintroductions, microsatellites, mitochondrial DNA, landscape 32 



2 
 

INTRODUCTION 33 

Current patterns in genetic variation are shaped by historical and contemporary factors that have influenced the 34 

distribution, dispersal, and demography of a species. For example, Pleistocene glaciations have played a major role in 35 

shaping the phylogenetic structure of most European species, generating distinct intraspecific lineages that result from 36 

the isolation of populations between glacial refugia (Schmitt 2007). At a finer scale, landscape heterogeneity and 37 

geographic barriers can restrict dispersal and gene flow, resulting in genetic structuring amongst populations (Manel et 38 

al. 2003). These hierarchical patterns in genetic structure are typically referred to as evolutionary significant units 39 

(ESUs) and management units (MUs) and are regarded as important biological entities for conservation below the 40 

species level (Ryder 1986; Moritz 1994; Allendorf and Luikart 2007; Pasbøll et al. 2007).  41 

The European water vole (Arvicola amphibius) is a species of high conservation importance in the UK where it 42 

has undergone one of the fastest documented declines of any British mammal during the past century (Jefferies et al. 43 

1989; Strachan and Jefferies 1993; Strachan et al. 2000). The causes of the decline have primarily been attributed to the 44 

widespread loss of wetland habitats for agricultural and urban development and the predation of populations by feral 45 

American mink (Neovison vison) (Woodroffe et al. 1990; Baretto et al. 1998; Macdonald and Strachan 1999). 46 

Consequently, conservation strategies have been widely implemented in recent decades to preserve remaining 47 

populations and to restore water voles to their former distribution (JNCC 1995; Strachan et al. 2011). These include 48 

increasing suitable habitat availability and functional connectivity of populations, mink control and the protection of 49 

key source populations to facilitate range expansion. Owing to the relatively limited dispersal capabilities of water voles 50 

(1–2 km) (Stoddart 1970; Telfer et al. 2003; Aars et al. 2006) and their range contraction over the past century (Mcquire 51 

and Whitfield, 2017), the reintroduction and translocation of water voles has also become popular for re-establishing 52 

populations in areas where they are unlikely to achieve natural recolonization (Strachan et al. 2011), a strategy that has 53 

been exacerbated by the need to relocate water voles as part of mitigation work driven by development. These 54 

reintroductions and translocations are undertaken in line with best practice guidance developed for water voles in the 55 

UK (Strachan et al. 2011; Dean et al. 2016) and outlined for all species by the IUCN (IUCN/SSC 2013). However, 56 

information on the provenance or location of these activities is rarely accessible to organisations other than those 57 

involved in release programmes, such that genetic consequences are largely unknown.  58 

As genetic variation is fundamental to the long-term persistence of populations and adaptive potential of 59 

species (Moritz 2002; Reed and Frankham 2003; Frankham 2005), preservation of genetic diversity is an important 60 

consideration when implementing species conservation management strategies. Genetic analysis of population structure 61 

and origin is central to this as it provides conservation practitioners with information on the processes and factors that 62 

generate, preserve, and maintain genetic variation, which can be integrated into effective management plans (Moritz 63 
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2002; Schwartz et al. 2005; Waples and Gaggiotti 2006; Lowe and Allendorf 2010). Genetic data on population 64 

structure is thus vital to the process of defining meaningful units for targeting conservation. This is particularly critical 65 

for directing captive breeding and translocations that may inadvertently homogenise otherwise genetically divergent, or 66 

locally adapted, entities, or cause outbreeding depression if populations of divergent evolutionary lineages are admixed 67 

(Edmands 2007; Huff et al. 2011); a specific explanation being the Dobzhansky-Muller Model of hybrid incompatibility 68 

which, although originally conceived to explain species incompatibility, offers an explanation for how long-separated 69 

populations accumulate different recessive mutations within linked genes (Johnson 2008). This highlights the fine 70 

balance that often needs to be struck between negating the negative consequences of both inbreeding and outbreeding 71 

depression (Houde et al. 2011). 72 

Previous research on the phylogeographic structure of water voles in the UK identified a major division 73 

between the Scottish and English/Welsh mitochondrial (mtDNA) lineages (Piertney et al. 2005). This is believed to 74 

have resulted from the isolation of refugial populations during the late glacial (Piertney et al. 2005) and a temporally 75 

distinct post glacial recolonization which saw the initial Scottish lineage of colonisers later displaced by the English up 76 

to the current Scottish border (Brace et al. 2016). Despite insufficient morphological variation, the two lineages are 77 

consequently managed as separate ESUs (Piertney et al. 2005; Strachan et al. 2011). At a finer scale, it has also been 78 

shown that significant divergence exists between regional populations, which is characteristic of restricted dispersal, 79 

suggesting that appropriate MUs are likely to be at a watershed level (Piertney et al. 2005). It is reasonable to 80 

hypothesise that water vole populations, with a semi-aquatic lifestyle in the UK, would be structured by river or 81 

drainage basins. These habitats are fragmented by their nature and similar patterns have been identified in other 82 

organisms associated with aquatic environments, including amphibians (Lind et al. 2011), fish (Ferguson 1989; Costello 83 

et al. 2003) and mammals (Igea et al. 2013; Querejeta et al. 2017). However, as water voles have also been shown to 84 

disperse overland between waterways and watersheds (Telfer et al. 2003; Aars et al. 2006; Fisher et al. 2008) there is 85 

some doubt on whether watersheds do in fact present genetically divergent entities of conservation importance.  86 

Our aims were to 1) determine how natural genetic variation is structured amongst regional populations with 87 

the expectation that watersheds would show genetic population divergence and 2) examine to what extent population 88 

structure has been influenced by reintroductions. As we wanted to distinguish between historical and contemporary 89 

processes, we used both microsatellites, which have very fast mutation rates (e.g., in vertebrates, the typical mutation 90 

rate is 1 × 10−4 substitutions/locus/generation (Hancock 1999, Verkuil et al. 2014)) and mtDNA sequence variation, 91 

which mutates more slowly (e.g., 2 × 10−8 – 1.5 × 10−7 (Verkuil et al. 2014)) and is therefore more likely to preserve 92 

historical population subdivision.  93 
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Furthermore, mtDNA is more useful for distinguishing unique haplotypes resulting from introductions. Given 94 

the widespread conservation efforts to secure and re-establish water voles using reintroductions, our findings can be 95 

used to determine conservation MUs and inform translocation and reintroduction practice with the aim to maintain 96 

natural patterns in genetic variation.  97 

 MATERIALS AND METHODS 98 

Study area and sites 99 

This study was carried out in southeast England within the counties of East and West Sussex, Kent and Greater 100 

London which are located between the coordinates 50.4° to 51.4° N and 0.5° W to 1.25° E. Sampling was not inclusive 101 

of all known populations within the region but represented 12 populations from three main watershed groups: Manhood 102 

Peninsular (MHP), Central Sussex (CS) and North Kent (NK) (see Fig 1). There are seven documented sites within the 103 

region where water voles have been reintroduced (Table S1) (McGuire and Whitfield 2017). Two of these were 104 

sampled for this study and included sites LWr and AWr which had received introductions of 192 and 231 water voles 105 

between 1999 and 2005. The remaining 10 study sites comprised natural populations of presumed wild origin. A map 106 

showing water vole distribution, the location of study populations and reintroduction sites within each watershed group 107 

is given in Fig 1. 108 

Sample collection and DNA extraction 109 

Water vole tissue and hair samples were collected between 2010 and 2013. Hair samples were obtained from 110 

plucks taken from individuals (n = 453) live captured at nine sites and from remote hair capture tubes (n = 7) that were 111 

placed at an additional three sites. The tubes consisted of small sections of 3” (7.62 cm) drainpipe lined with adhesive 112 

flypaper on the inside roof (Baker 2013). Traps were baited with carrot and apple (live capture traps) or just apple (hair 113 

tubes) and placed at 30 m intervals along water vole occupied wetland habitats (watercourses, reedbeds and fen). Tissue 114 

samples (n = 2) were from the tails of dead individuals encountered during survey work. All surveys were carried out 115 

under Natural England Protected Species Licence (No.’s 2010505, 20120780 and 20123101). Hair and tissue samples 116 

were stored in dry tubes at -20°C for a maximum of four weeks until DNA extraction. DNA was extracted using a 117 

Qiagen DNeasy Blood and Tissue kit following manufacturer’s protocol for tissue but with a slight modification 118 

involving the initial digestion of hair samples using an extraction buffer (Pfeiffer et al. 2004). 119 

 120 

FIGURE 1 HERE 121 

 122 

Mitochondrial DNA sequencing and microsatellite genotyping 123 
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A 736 bp fragment of the mitochondrial control region was amplified from samples obtained across all 12 sites 124 

using the primers F15708 and R92 and using cycling conditions described by Piertney et al. (2005). PCR reactions were 125 

carried out in a final volume of 25μl comprising approximately 5ng of genomic DNA, 1x PCR buffer (Invitrogen), 126 

0.2mM of each dNTP, 2mM MgCl2, 0.2μM of each primer, 1U Platinum Taq polymerase (Invitrogen) and 1.5μg BSA 127 

(Invitrogen). PCR products were sequenced at Source BioScience (UK) using an Applied Biosystems 3730 series DNA 128 

Analyser. Electropherograms were visually inspected, aligned and trimmed to remove ambiguous end regions using the 129 

default parameters in SeqTrace (Stucky 2012). Any novel haplotypes that appeared only once were verified through re-130 

sequencing.  131 

Hair pluck samples from nine of the 12 populations were individually genotyped using eight microsatellite 132 

markers (AV7, AV8, AV9, AV11, AV12, AV13, AV14, AV15) developed by Stewart et al. (1998) and using modified 133 

primer sequences (AV8, AV9 and AV11) described by Berthier et al. (2005). Forward primers were labelled with the 134 

fluorescent reference dyes FAM, HEX or NED and PCR amplifications were carried out in a final volume of 15μl using 135 

components described above but with 1.5 mM MgCl2. Cycling conditions included an initial polymerase activation step 136 

of 94°C for 30sec, followed by 35 cycles of denaturation at 94°C for 10sec, 30sec of primer specific annealing (54°C 137 

for AV7 and AV13, 58°C for AV8, AV11–12 and AV14–15 and 60°C for AV9) and 30sec of primer extension with a 138 

final extension step of 2 min at 72°C. PCR products were separated by fragment size at Source BioScience (UK) using 139 

capillary electrophoresis on an ABI3730xl using a ROX500 size standard. Fragment analysis was performed using 140 

PeakScanner V1.0 (Applied Biosystems). Any ambiguous genotypes, in terms of stutter and peak-height ratios were 141 

genotyped twice and all loci were checked for null alleles and other technical artefacts using Micro-Checker (Van-142 

Oosterhaut et al. 2004). Only individuals successfully genotyped for four or more microsatellite loci were used in the 143 

analyses. 144 

Mitochondrial DNA variation and phylogenetic structure 145 

Variation in the mtDNA control region was assessed for each study population by calculating the number of 146 

haplotypes (NH), the number of private haplotypes (PH), haplotype diversity (h) and nucleotide diversity (π) (Nei 1987, 147 

Tajima 1989) using ARLEQUIN v3.5.1.2 (Excoffier et al. 2010). Genealogical relationships among haplotypes were 148 

first assessed using a haplotype network constructed using a 95% maximum parsimony connection criterion 149 

implemented in the programme TCS v1.21 (Clement et al. 2000). Connections among haplotypes were resolved using 150 

the approach outlined in Crandall and Templeton (1993), which optimizes the construction of within-species 151 

phylogenies. Phylogenetic relationships were then further investigated between water vole control region haplotypes 152 

obtained in this study and those obtained by Piertney et al. (2005) that were trimmed to contain the same regions. 153 

Phylogenetic analysis was performed using Bayesian inference methods implemented in MRBAYES v3.2 (Ronquist et 154 
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al. 2012). A standard substitution model was employed using the software’s default settings, which concurred with the 155 

optimal model of sequence evolution found by Piertney et al. (2005). Chains were run for 1 million generations and 156 

samples were drawn every 1,000 generations until multiple trees reached convergence, measured by a standard 157 

deviation of split frequencies of <0.01. Consensus trees were visualised using FigTree v1.4.0 (Rambaut 2006–2014).  158 

Microsatellite variation and Bayesian analysis of population structure  159 

Genetic variation in microsatellite loci was analysed for each population and watershed by determining the 160 

number of alleles averaged across loci (NA), allelic richness (AR), observed heterozygosity (HO), and expected 161 

heterozygosity (HE) using FSTAT v2.9.3.2 (Goudet 1995, 2002). Significant departures of genotype frequencies from 162 

Hardy-Weinberg expectations were determined for each population from FIS values calculated using a randomization 163 

procedure (72000 permutations). Bonferroni procedures were applied to the unbiased probability estimates that were 164 

generated across loci within each sample from each population (Holm 1979; Rice 1989). Where significant FIS 165 

estimates were found, the R script ConStruct (Overall, 2016) was used to identify the relative contributions of close kin 166 

inbreeding and cryptic subpopulations (Wahlund effect) to the excess homozygosity. The number of private alleles (PA) 167 

within each population was calculated using GenAlEx v6.5 (Peakall and Smouse 2006, 2012).   168 

Genetic population structure was investigated using STRUCTURE v2.3.4 (Pritchard et al. 2000). Analysis was 169 

performed assuming admixture and correlated allele frequencies and included prior information on sampling location to 170 

test whether the ancestry of individuals correlated with sampling area. The most likely number of populations (K) was 171 

determined using the ΔK statistic (Evanno et al. 2005) using results from 20 runs of K = 1 to 10, each with 100,000 172 

burn-in period and Markov chain Monte Carlo randomisations using STRUCTURE HARVESTER (Earl and vonHolt 173 

2011). Population assignment coefficients (QP) and the average individual assignment probability (Qi) for the identified 174 

K value were performed using the software CLUMPAK (Kopelman et al. 2015). Subsequently, separate re-analysis of 175 

each inferred cluster was carried out to identify finer levels of structure (Pisa et al. 2015; Vergara et al. 2015). 176 

Spatial structure in genetic variation 177 

Global estimates of genetic differentiation were examined for mtDNA sequences using ФST and for 178 

microsatellite data using FST, as defined by Weir and Cockerham (1984), implemented in Arlequin v3.5 and FSTAT 179 

software. Hierarchical analysis of molecular variance (AMOVA) was used to investigate the partitioning of genetic 180 

variance (using both ФST and FST) by watershed (Fig 1), by populations within each watershed group and within 181 

populations using Arlequin. Analyses were performed with and without reintroduced populations and compared in 182 

terms of relative model performance to assess the contribution of reintroductions to spatial patterns of genetic structure.  183 

To explore the potential relationship between genetic variation and geographic distances between study sites, a 184 

spatial principal component analysis (sPCA) (Jombart 2008a; Jombart et al. 2008b) was carried out using the R 185 
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software packages adegenet (Jombart 2008) and ade4 (Dray and Dufour 2007). Unlike STRUCTURE, this approach 186 

does not assume Hardy Weinberg or linkage equilibrium and detects spatial genetic patterns based on both the genetic 187 

variance among sampling locations and its correlation to distances among locations (Jombart et al. 2008b). The 188 

resulting components are differentiated by positive and negative eigenvalues that correspond respectively to global 189 

(positive spatial autocorrelation, e.g. clines) and local (negative spatial autocorrelation, e.g. clusters) patterns in genetic 190 

structure. Analysis was performed using an inverse distance-weighting network so that all populations were considered 191 

neighbours. Population lagged scores for components showing the highest level of variation and spatial autocorrelation 192 

were mapped to reveal spatial patterns of interest. A Monte Carlo simulation (spca_randtest from the Adegenet 193 

package) of 1000 permutations was used to test for significant patterns of global and local structure (Montano and 194 

Jombart 2017). 195 

RESULTS 196 

Mitochondrial DNA variation and phylogenetic structure 197 

A total of 14 novel water vole haplotypes, defined by 34 polymorphic nucleotide sites, were detected across 68 198 

mtDNA sequences obtained from the 12 sampling locations. Two haplotypes, S02 and S08, were most common, 199 

occurring at frequencies of 0.34 and 0.24 respectively. Five populations shared haplotype S02, which was the most 200 

widely distributed, spanning all three watersheds, whilst haplotype S08 was found in four populations that were 201 

distributed across the CS and NK watersheds. The other 12 haplotypes were observed at frequencies between 0.01 and 202 

0.1 including three haplotypes that were represented each by a single individual (S07, S10 and S14 from sites CC, PL 203 

and RD respectively). Over half (64%) of the haplotypes were restricted to a single population and 86% were private to 204 

a single watershed, with the highest number being observed in NK, where five of the seven NK haplotypes were unique 205 

to this watershed (Fig 2). Final consensus sequences were obtained for 68 individuals (one to 16 individuals per 206 

population) and have been deposited in GenBank under accession numbers MH734256–MH734270. 207 

 208 

FIGURE 2 HERE 209 

 210 

 Overall, haplotype diversity (h) across the whole southeast region appears to be high, h = 0.8196, and by 211 

watershed ranged from 0.66 in CS to 0.79 in NK. Discounting populations with a sample size of one (NMT = 1), four 212 

populations were monomorphic, and these included one of the two known reintroduction sites (LWr), whilst haplotype 213 

diversity across the remaining populations of the whole region ranged from 0.33 to 0.80. Nucleotide diversity (π) for 214 

these same populations ranged from 0.0005 to a high of 0.0069, which was observed at the reintroduction site (AWr). 215 
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Amongst watersheds, the highest nucleotide diversity was observed in haplotypes sampled from NK (π = 0.0048). 216 

Summary molecular diversity indices are presented in Table 1. 217 

 218 

TABLE 1 HERE 219 

 220 

Statistical parsimony successfully resolved relationships among 13 of the 14 haplotypes, showing most 221 

haplotypes (84%) differing by a single mutational step, whilst two haplotypes (S11 and S13) showed higher levels of 222 

divergence with the number of mutational steps ranging from three to nine. The remaining haplotype (S14) was 223 

parsimoniously connected at the 95% level only when including the sequences of UK water voles described by Piertney 224 

et al. (2005). This resulted in two separate networks and showed the S14 haplotype to be more closely associated with 225 

Scottish water vole populations than the English/Welsh (Fig 3a). To bring this divergence into context, phylogenetic 226 

analysis, incorporating the UK sequences described by Piertney et al. (2005), was conducted (Fig 3b). This revealed the 227 

well-supported assignment of haplotype S14 to the Scottish clade and of haplotype S11 to an English/Welsh sub-clade 228 

consisting of haplotypes originating from the southwest region of England. These assignments do not represent the 229 

geographical affinity of either haplotype S11, which was derived from the reintroduced population AWr or haplotype 230 

S14, which originated from site RD in the NK watershed. The remaining haplotypes form a well-supported regional 231 

subclade (posterior probability = 0.89), which joins sequences from the neighbouring counties of Oxfordshire and 232 

Hampshire.  233 

 234 

FIGURE 3 HERE 235 

 236 

Microsatellite variation and Bayesian analysis of population structure  237 

Summary statistics for microsatellite variation are shown in Table 2. Overall, a total of 96 alleles were detected 238 

across all eight microsatellite loci with the average number of alleles across loci ranging from 2.5 to 9.13. A total of 18 239 

private alleles were observed, half (n = 9) of which were restricted to a single watershed (MHP), where both 240 

populations (CC and MM) had the highest number of private alleles compared with the other study sites. Allelic 241 

richness was highest in the NK watershed (AR = 2.74) and, between populations, ranged from 2.03 (RD) to 2.93 (AWr).  242 

Observed heterozygosity was also highest at AWr (HO = 0.73), contributing to the high heterozygosity observed within 243 

the CS watershed and was lower than expected in eight populations, of which five showed significant heterozygosity 244 

deficit (FIS range: 0.065 to 0.166). The ConStruct analysis of the relative contributions of close kin breeding and cryptic 245 
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population substructure indicated that excess homozygosity in all five populations was consistent with both inbreeding 246 

and cryptic substructure (Fig S1A–E, Supplementary Material).  247 

 248 

TABLE 2 HERE 249 

 250 

The number of clusters calculated by STRUCTURE was K = 2 based on the ΔK method (Evanno et al. 2005) 251 

(Fig 4a and b). At K = 2, populations from the MHP watershed were assigned to one cluster, C1, with respective 252 

membership coefficients (QP) of 0.99 for both populations (MM and CC). The second cluster (C2) included populations 253 

from the CS and NK watersheds of which only one population HB had population membership coefficient (QP) of >0.9. 254 

The remaining six populations showed varying levels of admixture (QP range = 0.53 to 0.86) (Fig 4c). Further 255 

substructure was apparent as the Delta K showed a relatively large decline after K = 3 (Fig 4a). At K = 3 the C2 cluster 256 

was separated into two groups, one comprising population HB (QP = 0.94) and the other including all other populations 257 

from the CS and NK watershed (QP range = 0.73 to 0.99) (Fig 4b). Within this third cluster, only 13% of individuals, all 258 

from site PL, were assigned with a posterior probability of Qi > 0.9 suggesting the remaining populations (AWr, LWr, 259 

EM, RD and SM) have admixed ancestry.  260 

 261 

FIGURE 4 HERE 262 

 263 

Separate population structure analysis for clusters C1 and C2 at K = 2 were performed in order to identify finer 264 

levels of structure. The analysis of the C1 group, which included individuals from population MM and CC, assigned all 265 

individuals to their population of origin with QP values of 0.99 and 0.97 respectively (Fig S2a). Analysis of the C2 266 

group also identified two clusters and separated population HB from the remaining populations, confirming the results 267 

of the major cluster at K = 3 (Fig S2b). Corresponding membership coefficients to each cluster were > 0.85 for each 268 

population.  269 

Spatial structure in genetic variation 270 

Significant genetic structure was identified across the study region for mtDNA, ФST = 0.198 (p = <0.001) and 271 

microsatellite data, FST = 0.126 (p = <0.001), which increased when discounting reintroduced populations for both 272 

mtDNA, ФST = 0.494 (p = <0.001) and microsatellite data FST = 0.151 (p = <0.001).    273 

 The analyses of molecular variance showed significant structure among watersheds for mtDNA from natural 274 

populations which was not evident when haplotypes from reintroduced populations (AWr, LWr and RD) were included 275 

in the model (Table 3).  Significant partitioning of both mtDNA and microsatellite variation was also present among 276 
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populations within watershed groups regardless of the inclusion of reintroduced populations, yet more mtDNA variation 277 

was attributable to this level of structure when considering reintroduced populations in the analyses (“All populations”). 278 

For both models, the majority of microsatellite variation (>80%) was present within each sampled population.  279 

 280 

 TABLE 3 HERE 281 

 282 

 The results of the sPCA analysis revealed that the first two positive components, sPC-1 and sPC-2, showed the 283 

greatest magnitude and accounted for 54% of the total variance (Fig 5a). The first eigenvalue (λ1 = 0.19) which showed 284 

the largest variance and spatial autocorrelation confirmed the differentiation between the MHP watershed and the 285 

remaining populations observed in the STRUCTURE analysis (Fig 4c and 5b). The second eigenvector (λ2 = 0.11) was 286 

weaker and showed no clear structure in the dataset. Permutation tests on the sPCA found no evidence for global (λ = 287 

0.29, p = 0.180) or local (λ = 0.29, p = 0.998) structuring across populations in southeast England.  288 

 289 

FIGURE 5 HERE 290 

 291 

DISCUSSION 292 

Our study aimed to determine how natural genetic variation is structured amongst regional water vole 293 

populations and to what extent population structure has been influenced by reintroductions. We found that genetic 294 

structure exists among populations at a regional scale and, for the most part, this appears to represent natural population 295 

subdivision. However, reintroductions have left a genetic footprint that is evident in both mitochondrial haplotypes and 296 

nuclear genotypes.   297 

At a national scale our phylogenetic analysis showed 12 of the 14 control region haplotypes formed a well-298 

supported regional subclade within the English and Welsh water voles previously published by Piertney et al. (2005) 299 

(Fig 3b). This corresponds with the significant regional genetic subdivision of water voles identified by Piertney et al. 300 

(2005) and provides further support that regional population subdivision exists between water vole populations in the 301 

UK. The short branch lengths within this subclade and pattern of common, widespread haplotypes (S02 and S08) 302 

connecting to other population specific haplotypes shown in the network analysis (Fig 3a) is also consistent with the 303 

post-glacial range expansion of water voles in the UK proposed by both Piertney et al. (2005) and Brace et al. (2016). 304 

Two haplotypes, S11 from population AWr and S14 from population RD, however, were anomalous, showing closer 305 

affiliation to haplotypes retrieved from other regions of the UK (Piertney et al. 2005). The most striking of these was 306 

the well supported assignment of haplotype S14 to the Scottish clade of water voles. Brace et al. (2016) also found a 307 
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Scottish haplotype present in a population of water voles on the Humber Estuary located >200 km south of the Scottish 308 

border, indicating this is not an isolated occurrence. Whilst it is not impossible that these represent relic populations of 309 

the Scottish ancestors that previously occupied the whole of the UK (ca 12–8 kyr BP, Brace et al. 2016), we consider it 310 

more plausible that this anomalous haplotype was introduced. The closest known reintroduction site to RD is located 5 311 

km upstream and occurred 2 years prior to our study (Table S1). Gene flow at this scale, over this time period, can be 312 

expected for water voles as this is equivalent to 2–3 generations in which dispersal of both sexes is frequent for 313 

distances up to 2 km (Telfer et al. 2003; Aars et al. 2006). The distribution of haplotype S11, however, appears to 314 

remain restricted to site AWr where it was introduced >7 years prior to our study. This is despite the proximity of 315 

neighbouring study sites (HB and PB, located 3.5 and 10 km upstream) being within an expected range and timescale 316 

for natural dispersal between sites.  As we found some evidence suggesting genetic exchange between AWr and 317 

neighbouring population HB at a nuclear level (Fig 4b and 5b), it is reasonable to assume that this haplotype has spread 318 

to local populations and was either undetected in our samples or has been eliminated due to genetic drift.   319 

Despite the introduction of non-native haplotypes, there remains a legacy of native mtDNA diversity in the 320 

region which appears to be structured by watershed. Of the 11 haplotypes found in native populations, (discounting 321 

private haplotypes S11, S12 and S14 which we assume to have been introduced into sites AWr and RD), 82% were 322 

private to a single watershed. The majority (88%) of these were observed in the MHP (n = 4) and NK (n = 4) 323 

watersheds, which, interestingly, correspond to ‘key areas’ for water voles that are recognised for supporting a 324 

significant proportion of viable source populations, regionally for MHP and nationally for NK (Strachan et al. 2011; 325 

McGuire et al. 2014). Our data supports this, suggesting that the current criteria for selecting key areas in which to 326 

prioritise conservation resources (Strachan et al. 2011) is appropriate for safeguarding important reservoirs of genetic 327 

diversity in this species. The geographical pattern of haplotypes within these watersheds suggest that river topology is 328 

an important landscape component that has contributed to the genetic structure in maternal lineages of water voles. This 329 

was confirmed by the AMOVA model for “Natural populations” (Table 3) which revealed a significant proportion (σ2 = 330 

0.36) of native mtDNA variation was attributable to differences between watersheds (ФCT = 0.356, p = 0.01), and that 331 

this proportion was twice (σ2 = 0.18) that of the variation among populations within watersheds (ФCT = 0.276, p = 0.01). 332 

As most native haplotypes within watershed groups differed by a single mutational step, this pattern appears to reflect 333 

historical isolation and subsequent divergence of populations between watersheds, supporting the notion of Piertney et 334 

al. (2005) that appropriate MUs are likely to be at this scale.  335 

When considering microsatellite genotypes, only MHP was found to represent a differentiated watershed group 336 

following STRUCTURE analysis (Fig 4c) and this is likely to be contributed by the high number of private alleles 337 

observed in this watershed (Table 2). Although the sPCA analysis did not reveal any significant global, or local patterns 338 



12 
 

in our data, this division of the MHP watershed was nonetheless present (Fig 5b). The remaining populations that span 339 

the NK and CS watershed did not show any differentiation at K = 2, and this was confirmed by the sPCA analysis 340 

which showed relatively small differences in the lagged scores between these same populations (Fig 5b). Given the fast 341 

mutation rate of microsatellites (Hancock 1999) and limited dispersal capabilities of water voles (<2 km) (Stoddard 342 

1970; Telfer et al. 2003; Aars et al. 2006), homogenisation of nuclear DNA at this scale was surprising and suggests 343 

factors, other than geographic distribution, are influencing these patterns. Previous large-scale analysis of water vole 344 

populations inhabiting upland areas in Scotland found genetic similarity reduced at a scale of 20 km, suggesting the 345 

gene pool in upland areas are at least at this scale (Aars et al. 2006). There has been no comparable study for lowland 346 

populations of water voles, however, our findings based on the STRUCTURE and sPCA analysis suggests genetic 347 

similarities at a nuclear level exist between populations distributed across two discrete watersheds and in some 348 

instances, over distances in excess of 100 km. One factor that may have contributed is the inclusion of reintroduced 349 

populations AWr (from CS) and LWr (from NK). Individuals of Kent origin formed part of the mixed stock released 350 

into AWr between 1999 and 2005 and this may also be the case for LWr where 60 of 192 individuals introduced a 351 

decade prior to our study were of unknown origin (Table S1). This notion is partly supported by our mtDNA results 352 

which showed these populations share a common haplotype (S02), though not exclusively, with a natural population 353 

(SM) in the North Kent watershed. For these populations to have retained similarities at a nuclear level, they would 354 

have to have remained isolated and large enough following their release to have avoided a substantial change in allele 355 

frequencies that result from migration and/or drift. This is certainly possible for both reintroduction sites which appear 356 

to have relatively high heterozygosity and allelic richness compared to native populations (Table 2). Individuals at both 357 

these sites were released into high quality, vacant habitat that was mink free, which are factors that have previously 358 

been shown to increase the survivorship of reintroduced water voles (Moorhouse et al. 2009). It is, therefore, not 359 

inconceivable that the reintroduced populations are similar to each other and to the other natural populations in the NK 360 

watershed due to populations being similar by common decent, rather than homogenisation by contemporary gene flow. 361 

It is unclear why the remaining natural populations (EM, SM and PL) were genetically similar as they are distributed 362 

across two disjunct watersheds that are separated by downland. This is particularly notable, given that finer-scale 363 

population differentiation was observed from our STRUCTURE analysis between neighbouring populations CC and 364 

MM (in MHP) and HB and AWr (in CS). It is possible that these populations have also been influenced by human-365 

mediated translocations, given that documentation of translocations is often absent. However, it is possible that genetic 366 

subdivision was masked by the high proportion of variation (86%) in nuclear DNA that was attributable to differences 367 

within populations in our AMOVA analysis (Jost 2008). Rosenberg (2001), for example, showed that the most useful 368 

markers for clustering populations of known origin are those that display larger variation across, rather than within, 369 
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populations. Their study also showed true assignment increased when using loci with high expected heterozygosity, yet 370 

in our study, over half of the populations showed heterozygosity deficits (Table 2 and S1, supplementary material). As 371 

previous studies of water voles have found, Hardy-Weinberg disequilibrium is common and variable in magnitude and 372 

direction between populations (Stewart et al. 1999; Aars et al. 2006), increasing the number of loci may only resolve 373 

genetic clustering for populations where close-kin inbreeding and/or substructure is absent.  374 

The genetic markers used in this study gave partially congruent results in the sense that they both showed 375 

separation between the MHP populations and other populations from the remaining study region. However, the mtDNA 376 

control region dataset, provided higher resolution for identifying regional structure and reintroduction histories, than 377 

microsatellite markers that showed relatively little geographic structure. Discordance between mtDNA and 378 

microsatellites is common (Johnson et al. 2003). Genetic drift between populations, as measured by FST, proceeds at a 379 

rate inversely proportional to the effective population size and the rates of migration and mutation. Because mtDNA has 380 

one fourth of the Ne than nuclear DNA (for any pair of parents, there is one mitochondrial allele for every four nuclear 381 

alleles), mtDNA is expected to reach drift-migration equilibrium at a faster rate than nuclear DNA, particularly when 382 

nuclear markers have a higher mutation rate. Therefore, mtDNA is more likely display isolation by distance across 383 

populations than it is with nuclear markers such as microsatellites. As discussed in Gariboldi et al. (2016), different 384 

temporal genetic patterns can emerge from microsatellite and mtDNA markers for a variety of reasons other than 385 

differences in effective population sizes, including different rates of mutation (Wan et al. 2004), the fact that multiple 386 

microsatellite markers are evaluated compared with a single mtDNA marker (Larsson et al. 2009) and, finally, through 387 

biased sex dispersal (Lawson et al. 2007). We conclude from our study that mtDNA markers are likely to be more 388 

appropriate for defining large scale patterns in genetic structuring of water voles, however, to evaluate introgression 389 

between reintroduced and natural populations, microsatellite markers may be more appropriate.  390 

Implications for conservation 391 

As water voles continue to decline across the UK (McGuire and Whitfield 2017), the role of conservation 392 

measures that include safeguarding extant populations and reintroducing new viable populations, are integral to 393 

securing the future of water voles nationally. In southeast England there remains a legacy of native mtDNA diversity 394 

which appears to be structured by watersheds. This population subdivision suggests that appropriate management units 395 

for water voles are at the watershed level and that introductions are a necessary conservation tool to re-establish 396 

populations in watersheds where natural re-colonisation is unlikely to occur.  397 

The current IUCN guidelines state that individuals selected for reintroduction programmes should be of the 398 

same genetic provenance to what would occur naturally (IUCN/SCC 2013). Although arguably conservative (Weeks et 399 

al. 2011), this guidance aims to preserve locally adapted genotypes, reduce the risk that maladapted gene complexes 400 
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will fail to persist under different ecological conditions and reduce the risk of outbreeding depression (lowering of 401 

reproductive fitness in offspring), which generally increases with genetic, geographic and environmental distance 402 

(Frankham et al. 2011). We revealed, however, that divergent lineages have been introduced into the region, including a 403 

haplotype of Scottish provenance. Given the presumably thousands of years of independent evolution that has occurred 404 

between the Scottish and English/Welsh water voles (Piertney et al. 2005; Brace et al. 2016), the translocation of 405 

individuals between these ESUs is concerning, particularly as this is not an isolated occurrence (Brace et al. 2016). 406 

Mixing genetically distinct populations exhibiting low levels of genetic diversity, such as in captive-bred stocks, can 407 

restore genetic vigour and population fitness (Frankham 2015), however, evidence also suggests this may still be the 408 

case when mixing only slightly diverged sub-populations (Biebach and Keller 2012). As genetic footprints of past 409 

introductions have been demonstrated for a number of mammalian species including red squirrels, Sciurus vulgaris 410 

(Simpson et al. 2013), American mink, Neovison vison (Garcia et al. 2017) and orang-utans, Pongo spp. (Banes et al. 411 

2016), consideration needs to be given to the introduction of appropriate founder populations to avoid these risks. An 412 

example being the genetic assessment of the Eurasian beaver, Castor fiber, for informing source population(s) for 413 

reintroductions to Scotland (Senn et al. 2014). 414 

Given that our study has shown that regional populations can, collectively, exhibit high levels of genetic 415 

diversity, even in the presence of possibly high degrees of close-kin inbreeding, we argue that regional stocks, at least in 416 

the south east, are currently likely to provide adequate diversity for the purposes of “local” reintroductions. It may, 417 

however, be beneficial to avoid populations containing non-native haplotypes to mitigate their spread and protect native 418 

genotypes within the region. Nevertheless, this situation may need to be reconsidered in the future should their 419 

environment present novel pressures as a consequence of, for example, climate change, which, historically, has been 420 

identified as a significant influence on water vole colonization events (Brace et al. 2016). The potentially high levels of 421 

close-kin inbreeding identified in some populations certainly warrant some future investigation. Although close-kin 422 

inbreeding, per se, is not in itself expected to diminish genetic diversity at the level of the population in the absence of 423 

inbreeding depression, the potential for inbreeding to diminish census number in vulnerable populations cannot be 424 

ignored in future conservation efforts. With this in mind, reintroductions and translocations are nonetheless becoming 425 

increasingly used for water vole conservation in the UK and, genetic data, as considered here, will be a useful approach 426 

in determining appropriate source populations and for assessing the genetic effects on populations following their 427 

release. 428 
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Fig 1 Map of study area showing location of genetic sampling sites symbolised by watershed groups, where NK = 630 
North Kent, CS = Central Sussex and MHP = Manhood Peninsular, water vole distribution by 5 km grid squares based 631 
on biological records from the last 10 years, county boundaries, river topology and known reintroduction sites 632 
(McGuire and Whitfield 2017). Codes and the purported origin (where R = reintroduced and N = natural) for each site 633 
are shown in inset table and main UK regions (where E = East, SE = South West, Wa = Wales, Mid = Midlands, Y = 634 
Yorkshire, NW = North West, NE = North East and Sc = Scotland) are shown in inset map. 635 
 636 
Fig 2 Map showing distribution of southeast water vole haplotypes which are represented by colour, their proportional 637 
occurrence across sample sites and sized according to the number of individuals sampled per site (N = 1–16)  638 
 639 
Fig 3 Genealogical relationships amongst novel haplotypes identified in this study (S01-02, S04-15) and the UK (H# 640 
shown in grey, as described by Piertney et al. (2005)) where: a) shows the final haplotype networks derived from 641 
maximum parsimony of S14 with Scottish haplotypes (top) and the remaining 13 haplotypes identified in southeast 642 
England (S#) (bottom), and where b) shows the final consensus tree based on Bayesian analyses of phylogenetic 643 
structure amongst all haplotypes described. Far right shows sampling locations for southeast haplotypes and regional 644 
origin of closest affiliated haplotypes (where SW = South West, SWa = South Wales, Mid = Midlands, NW = North 645 
West and SE = South East, as shown in Fig 1) 646 
 647 
Fig 4 Population structure of water voles in southeast England based on average assignment probabilities from 648 
microsatellite data using STRUCTURE where: a) shows plot of Delta K with peak at K = 2 (most likely main structure) 649 
and a high rate of change between Delta K = 3 and K = 4 suggesting further substructure at K = 3; b) histogram where 650 
each bar represents an individual’s probability of assignment (Qi) to each major group for K = 2 (top) and K=3 651 
(bottom)and where b) shows a map of the proportion of individuals assigned to each cluster. Unique colours (black or 652 
white) in b and c represent the same major cluster (K = 2) derived using 20 iterations of K = 1 to 10 653 
 654 
Fig 5 Results obtained by spatial principal component analysis (sPCA) using inverse distance-weighting and 655 
microsatellite variation among nine water vole populations in southeast England. (a) Barplot of eigenvalues, where 656 
positive eigenvalues (on the left) correspond to global structures and negative eigenvalues (on the right) correspond to 657 
local structures. (b) The population lagged scores associated with the first eigenvalues of the sPCA. The size of each 658 
square is proportional to the absolute value of the population's score and represents each population's position relative to 659 
the overall genetic structure of the population. The colour (black or white) of the square corresponds to the sign of the 660 
score (positive or negative, respectively) 661 
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Figure 1 669 
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Figure 2 682 
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Figure 3 685 
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Figure 4 688 
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Figure 5 690 
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Table 1 Molecular diversity estimates based on mitochondrial DNA (mtDNA) control region sequences for each study 694 
site, watershed (bold) and overall (SE) (where NMT = sample size, NH = number of haplotypes, PH = number of private 695 
haplotypes, h = haplotype diversity and π = nucleotide diversity). Standard deviation for diversity indices are provided 696 
in parenthesis 697 
 698 

 699 

Table 2 Genetic diversity estimates based on eight microsatellite markers for each study site, watershed (bold) and 700 
overall (SE) (where NMS = sample size, NA = average number of alleles across eight loci, PA = number of private alleles, 701 
AR = allelic richness, HO = observed heterozygosity, HE = expected heterozygosity and FIS with the proportion of 702 
randomisations that gave a larger FIS than the observed, based on 72000 randomisations. Indicative adjusted nominal 703 
level (5%): 0.0007. Standard deviation for diversity indices are provided in parenthesis   704 

  Mitochondrial diversity 
Site NMT NH PH h  π  
LWr 5 1 0 0.000 0.000 
RD 1 1 1 0.000 0.000 
DM 2 1 1 0.000 0.000 
EM 5 3 1 0.800 (0.164) 0.003 (0.002) 
OM 5 2 0 0.600 (0.175) 0.003 (0.003) 
SM 6 2 0 0.333 (0.215) 0.001 (0.001) 
NK 24 7 5 0.786 (0.065) 0.005 (0.003) 
AWr 7 3 2 0.667 (0.160) 0.007 (0.004) 
PB 5 1 0 0.000 0.000 
HB 5 1 0 0.000 0.000 
PL 6 2 1 0.333 (0.215) 0.001 (0.001) 
CS 23 5 3 0.557 (0.109) 0.003 (0.002) 
CC 5 3 1 0.700 (0.218) 0.002 (0.001) 
MM 16 4 2 0.692 (0.074) 0.002 (0.002) 
MHP 21 5 4 0.719 (0.066) 0.002 (0.001) 
SE 68 14 14 0.820 (0.032) 0.004 (0.002) 

 Microsatellite diversity 
Site NMS NA PA AR HO HE FIS Proplarger 
LWr 18 5.00 (1.60) 0 2.68 (0.27) 0.70 (0.17) 0.73 (0.08) 0.039 0.2186 
RD 4 2.50 (1.07) 1 2.03 (0.72) 0.47 (0.36) 0.47 (0.29) 0.001 0.5453 
EM 34 6.63 (1.19) 0 2.75 (0.33) 0.64 (0.15) 0.74 (0.09) 0.126 0.0002 
SM 24 6.38 (2.92) 0 2.67 (0.57) 0.66 (0.15) 0.70 (0.17) 0.057 0.0781 
NK 80 9.38 (2.56) 2 2.54 (0.57) 0.65 (0.11) 0.81 (0.07)   
AWr 129 9.13 (2.80) 1 2.93 (0.16) 0.73 (0.06) 0.78 (0.04) 0.065 0.0001 
HB 97 7.88 (2.47) 2 2.64 (0.34) 0.59 (0.09) 0.71 (0.09) 0.166 0.0000 
PL 30 5.50 (1.31) 1 2.58 (0.46) 0.57 (0.23) 0.68 (0.15) 0.164 0.0001 
CS 236 10.13 (3.23) 7 2.71 (0.36) 0.66 (0.05) 0.79 (0.06)   
CC 36 6.75 (1.65) 3 2.71 (0.41) 0.64 (0.11) 0.72 (0.12) 0.111 0.0004 
MM 81 7.50 (1.60) 2 2.80 (0.25) 0.70 (0.11) 0.75 (0.07) 0.068 0.0007 
MHP 117 9.00 (1.51) 9 2.76 (0.33) 0.68 (0.10) 0.77 (0.09)   
SE 453 12.00 (2.93)  2.68 (0.27) 0.66 (0.03) 0.82 (0.04)   
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Table 3 Hierarchical analysis of molecular variance (AMOVA) for mtDNA and microsatellite data showing 705 
significance of genetic structure among watersheds (FCT), among populations within watersheds (FSC) and among all 706 
populations (FST). Results are shown for all populations and for natural populations, where reintroduced populations 707 
(lineages) have been omitted from analysis 708 
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 725 

 726 

 727 

 728 

Source of Variation 
mtDNA Microsatellites 

df % Variation F-statistics df % Variation F-statistics 
All populations 
Among watersheds 2 3.29 FCT = 0.033 2 2.15 FCT = 0.022* 
Among populations within 
watersheds 

9 50.27 FSC = 0.536** 6 11.04 FSC = 0.113** 

Within populations 56 46.44 FST = 0.520** 897 86.81 FST = 0.132** 
Natural populations 
Among watersheds 2 35.55 FCT = 0.356** 2 1.39 FCT = 0.014 
Among populations within 
watersheds 6 17.77 FSC = 0.276** 4 13.91 FSC = 0.141** 

Within populations 46 46.68 FST = 0.533** 605 84.70 FST = 0.153** 
*Significant at P = 0.05. **Significant at P = 0.01. 
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Table S1 Documented reintroductions of water voles within the southeast England study region showing year of 745 
release, number (N) origin of individuals introduced (where known) and watershed where they were released. 746 
Locations of release sites are mapped in Figure 1. 747 
 748 
Location Watershed Year N Origin 
London Wetlands 
(LWr)1,2 

MHP 2001-2003 192 Berkshire, Hampshire & individuals 
of unknown origin 

Dartford Park1,2 2009-2010 221 Unknown 
West Malling1 Unknown Unknown Unknown 
Ruxley Gravel 
Pits1,2 

2002 200 From development site 

Rainham Marsh1 Unknown Unknown Unknown 
Arundel 
Wetlands1,2 

CC 1999 -
2005 

231 Kent, Hampshire, Derbyshire, Wales 
& 60 individuals of unknown origin 

Pagham 
Harbour1,.2 

MHP 2002 10 Kent, Hampshire, Derbyshire, Wales 

1 McGuire and Whitfield 2017 749 
2 Unpublished material gathered by authors 750 
 751 
 752 
S1: Analysis of inbreeding 753 
 754 
FIS is a measure of the homozygosity in excess of Hardy-Weinberg expectations within a single, randomly mating 755 
population. This is often taken to be a measure of close-kin inbreeding, or consanguinity. However, if the 756 
population being analysed is in fact made up of genetically divergent, but cryptic, subpopulations, then excess 757 
homozygosity results as a consequence of this and FIS should be interpreted as FST. This is known as the 758 
Wahlund effect (Hartl & Clark, 2007). Estimates of FIS were significantly greater than expectations for five 759 
populations identified in Table 1. To distinguish between the contribution consanguinity and cryptic population 760 
substructure make to excess homozygosity, these populations were analysed using the software ConStruct 761 
(Overall, 2016). The ConStruct software initially estimates the excess homozygosity (F) using maximum 762 
likelihood. For example, for the AW population sample, the maximum likelihood value of F = 0.0625. This 763 
could be interpreted as 100% of the individuals having parents related as 1st cousins and none of the excess due 764 
to cryptic substructure (i.e., FST = 0 and Cg = 1.0 (the proportion of the sample inbred to degree r, where here r 765 
= 0.0625)). However, as the contour plot in Figure S1.A shows, the joint maximum likelihood estimates of FST 766 
and Cg are 0.02264826 and 0.46, respectively. This is interpreted as evidence for both consanguinity and cryptic 767 
substructure within this sample. The outermost envelope of the contour plots corresponds with the support limit 768 
for the maximum likelihood value exceeding F = 0 (Overall, 2016).  769 
 770 
 771 
 772 
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 773 
Results 774 

 775 
Figure S1.A: Joint maximum likelihood estimates of FST and Cg for population AW, where F = 0.0625.  776 

 777 
Figure S1.B: Joint maximum likelihood estimates of FST and Cg for population HB, where F = 0.166. 778 
 779 
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 780 
Figure S1.C: Joint maximum likelihood estimates of FST and Cg for population CC, where F = 0.09. 781 

 782 
Figure S1.D: Joint maximum likelihood estimates of FST and Cg for population PL, where F = 0.159. 783 
 784 
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 785 
Figure S1.E: Joint maximum likelihood estimates of FST and Cg for population EM, where F=0.09. 786 
 787 
Figure S2 Substructure of water vole populations within two major genetic clusters (K = 2) identified from 788 
microsatellite data using STRUCTURE where a) Independent runs for cluster 1 (C1) showing K = 2 and b) 789 
independent runs for cluster 2 (C2) showing K = 2. Each vertical bar represents an individual and each colour 790 
represents the probability of assignment to each cluster.  791 
 792 
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