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Abstract

There have been significant declines in population numbers of many bat species in the United Kingdom, including Natterer’s 
bats Myotis nattereri, over the last century, largely due to anthropogenic changes. The philopatry, which temperate-zone 
bats often exhibit to their natal landscapes, in combination with anthropogenic threats, can lead to fragmentation, isolation 
and sub-division of populations. This may result in bottlenecks and declines in genetic diversity. Multi-scaled research is 
required to disentangle how the variation in the physical traits of bat species (e.g. affecting flight), as well as their social 
and behavioural traits (e.g. community size, migration, breeding systems), may affect the genetic health of populations and 
provide a potential buffer against fragmentation. We used microsatellite markers to characterise the genetic diversity and 
population structure present in Natterer’s bat colonies to determine whether summer roosting bat colonies were spatially 
differentiated or part of a meta-population. Analyses of population structure and measures of genetic relatedness suggest 
spatially differentiated populations of bats exhibit long term site fidelity to summer roosting sites, whilst high genetic diversity 
at sites indicates gene exchange occurs via swarming sites. Natterer’s bats in northern England may travel greater distances 
to swarming sites than has been previously documented.
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Introduction

The maintenance of genetic diversity in populations is 
important in conservation biology as it allows adaptation 
to environmental change (Lande 1988). Gene flow helps to 

maintain genetic diversity and is enabled by connectivity 
between populations while also allowing the recolonisation 
of available habitats where species have previously become 
extirpated (Fischer and Lindenmayer 2007). Emerging dis-
eases pose a significant threat to many species, either as a 
result of environmental change altering the epizootiology 
of endemic pathogens (Munson et al. 2008), or through the 
natural or anthropogenic arrival of new pathogens (Fitzpat-
rick et al. 2018; Marino et al. 2017). In this context, genetic 
diversity and gene flow are the principal agents of evolution-
ary rescue for species facing new diseases (Gonzalez et al. 
2013; Langwig et al. 2017) although high gene flow may 
also enable the rapid spread of disease through increased 
mixing of individuals, e.g. (Wilder et al. 2015).

Some temperate bats appear more vulnerable to genetic 
and demographic effects (Kerth and Van Schaik 2012) than 
many terrestrial species, despite flight permitting rapid and 
long-distance movement. This is largely due to strong natal 
philopatry and limited mixing of individuals between col-
onies, sub-populations or populations (Kerth et al. 2000; 
Dixon 2011). This philopatry appears commonplace in many 
bats and, in combination with many anthropogenic threats, it 
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can lead to fragmentation, isolation and sub-division of pop-
ulations due to bottlenecks, leading to a decline in genetic 
diversity (Frankham et al. 2002). Research is required to 
disentangle how the contrasting physical traits (flight) and 
behavioural traits (philopatry and aversion to anthropogenic 
features in landscapes) may affect the genetic health of popu-
lations and provide a potential buffer against fragmentation. 
This should be integrated across the variety of geographic 
scales used by bats and the contrasting sites from which they 
may be sampled. It should also accommodate the season-
ally sedentary character of some social systems in temper-
ate bats, alongside spatially dynamic breeding/migratory 
behaviours.

Molecular genetic techniques provide an invaluable 
resource for obtaining information about bat species, such 
as population boundaries, evidence of seasonal migration 
and the identification of geographical barriers to geneflow 
(Burland and Wilmer 2001). Recently, they have been used 
to describe many aspects of behaviour (Atterby et al. 2010; 
Burland et al. 1999; Entwistle et al. 2000; Moussy et al. 
2015; Pritchard et al. 2000; Rivers et al. 2005) enabling 
researchers to assess the distribution and spatial dynamics 
of different species, which should allow an improvement in 
broad-scale conservation.

The Natterer’s bat (Myotis nattereri) is a temperate Ves-
pertilionid (Salicini et al. 2011), currently listed as least 
concern on the International Union for the Conservation of 
Nature (IUCN) Red List (2019). It is relatively scarce in the 
UK and as it is associated with woodland, possesses a rela-
tively quiet echolocation with late emergence after dark, it is 
difficult to monitor (BCT 2017). Although the Natterer’s bat 
is currently maintaining a stable population size, there have 
been significant declines in population numbers of many 
UK bat species including Natterer’s bats over the last cen-
tury, largely due to anthropogenic changes. As with all UK 
bats, Natterer’s bats and their roosts are protected under the 
UK Wildlife and Countryside Act, 1981 and are European 
Protected Species under Annex IV of the European Habitats 
Directive (Directive 1992).

There is limited information about Natterer’s bats move-
ment around the landscape beyond their summer colonies. 
They are thought to undertake relatively short migratory 
movements at regional scales (e.g. < 200 km; Hutterer 2005), 
which may have been a driver for the presence of independ-
ent lineages in mitochondrial and nuclear DNA throughout 
Europe, indicating that M. nattereri is a complex of four 
cryptic species (Salicini et al. 2013). Also, in common with 
most other temperate Myotids, females are considered faith-
ful to summer colonies, although males are thought to be 
locally dispersive (Kerth et al. 2002a; Rivers et al. 2005) 
but see August (2014) for evidence of potentially philopatric 
adult males. Myotid bats are a relatively long-lived mammal 
(McCracken and Wilkinson 2000) and are thought to form 

kin-based colonies (Kerth and Van Schaik 2012; August 
et al. 2014). Both sexes of Natterer’s bats undertake annual 
autumn swarming events during which large numbers of bats 
from colonies across a wide geographical area aggregate 
prior to hibernation. If significant mating does occur during 
swarming, this is likely to have an important function in 
maintaining gene flow between otherwise discrete spatially 
segregated summer colonies (Burns et al. 2014).

Natterer’s bat, which are thought to show limited female 
dispersal from their summer colonies, should demonstrate 
a differentiated population structure at a fine spatial scale, 
e.g. shared mitochondrial haplotypes within a summer com-
munity. In addition, previous work in the UK suggests that 
the regional-scale catchments around swarming sites may 
be relatively small, e.g. with radii of 65 km; (Rivers et al. 
2006), and this should produce a well-structured national 
population at scales greater than this. This assumption is 
based on the premise that gene flow between swarming site 
catchments is limited and summer colonies associate mainly 
with a single swarming site. However, if gene flow occurred 
between catchments, either because of extensive male dis-
persal, or because of non-exclusive association with multiple 
swarming sites, populations might appear mixed at supra-
regional scales, i.e. across multiple catchments.

We hypothesise that there are three hierarchical geo-
graphic and social scales at which Natterer’s bats associate, 
summer colonies (100 s of bats), catchment areas around 
traditional swarming sites (1000–10,000 s of bats), and a 
supra-regional scale, i.e. between catchments, (100,000 s 
of bats). The current understanding of the biology and 
behaviour of Natterer’s bats suggests that individual sum-
mer colonies should host stable social groups (August et al. 
2014) of relatively closely related bats and each may even 
be composed of a limited number of extended kin groups 
(Scott et al. 2018). Colonies associated within an exclusive 
swarming catchment should be less closely related but dif-
ferentiated from colonies in distant catchments. Catchments 
will also be differentiated at the supra-regional scale with 
relatively little gene flow between them. We sampled five 
colonies across northern England, three in Yorkshire, one in 
Northumberland and one in Lancashire. Previous evidence 
suggests that the three colonies in Yorkshire are all associ-
ated with a single swarming site (Rivers et al. 2006) and 
that more distant sites should represent additional exclusive 
catchment areas. The aim of our study was to explore the 
relatedness of individuals within and across each of these 
scales. We test the hypotheses using a suite of microsatel-
lite markers developed for Natterer’s bat (Puechmaille et al. 
2012; Rivers et al. 2005; Scott et al. 2013) to characterise 
the genetic diversity and structure present in colonies of Nat-
terer’s bat in northern England. We assessed gene flow to 
consider the scale at which conservation management needs 
to be considered. In addition, we sequenced individuals at 
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two mitochondrial genes (Cytochrome B and NADH Dehy-
drogenase 1) to compare UK Natterer’s bats to haplotypes 
identified in European populations (Salicini et al. 2013).

Materials and methods

Sample collection

All bat surveying and sampling was performed with the 
approval of the ethical review bodies at The Animal and 
Plant Health Agency (APHA) and Newcastle University and 
under licence from the UK Home Office (Animals in Sci-
entific Procedures Act 1986) and Natural England (Habitats 
Regulations, 2010). Natterer’s bats were captured from free 
flight or from known roosts at five sites (Fig. 1) using harp 
traps (Austbat), handmade pole mounted harp traps, mist 
nets and hand nets. Captured bats were described noting: 
sex, age (adult/juvenile) (Dietz et al. 2009), reproductive 
condition (pregnant or lactating; by palpation of the abdo-
men), forearm length (0.1 mm) weight (to 0.1 g) and any 
existing mark. Unmarked bats were marked with a unique 
ring (2.9 mm Alloy; BCT, England). A wing tissue sample 
was taken using a 3 mm biopsy punch and stored at − 20 °C 
in screw-topped rubber-sealed tubes containing 1 ml of 90% 
ethanol (Analytical Reagent Grade) until DNA extraction 
(Burland et al. 1999). Fifty-two Natterer’s individuals were 

sampled from Wallington, Northumberland, 86 from York-
shire; Wintringham (34), Harpham (25) and Low Catton 
(27), and 28 from Lancashire (Wycoller) (Supplementary 
Table 4) using identical methods (Fig. 1). All bats were 
released otherwise unharmed within a few minutes of the 
procedure at their place of capture.

DNA extraction

Genomic DNA was extracted using the Dynamite kit for 
difficult cells (Microzone), (Robson et al. 2009).

Amplification and genotyping of nuclear DNA

Twenty dinucleotide microsatellite loci have previously been 
characterised in temperate bats (Supplementary Table 1). 
These loci were tested individually to determine their opti-
mum annealing temperatures. After optimization, five loci 
were removed due to either difficulties in amplification or 
difficulties in scoring, resulting in 15 loci remaining for 
amplification and informative analysis. To improve effi-
ciency and reduce costs, primer sets were combined and 
amplified together in multiplex PCR panels selected using 
Multiplex Manager (Holleley and Geerts 2009). The selected 
multiplex sets of loci were amplified together using the 
QIAGEN Multiplex PCR kit following the manufacturer’s 
instructions and using various optimized primer concen-
trations (Supplementary Table 1). Polymerase chain reac-
tions (PCR) were then carried out in 5 μl reactions with 2 μl 
DNA and 3 μl of the primer mix. PCR amplifications were 
performed in an Applied Biosystems 2400 thermal cycler 
using one cycle of 95 °C for 15 min to activate the QIAGEN 
HOTSTAR Taq DNA polymerase, followed by 30 cycles of 
denaturation at 94 °C for 30 s, annealing at 48 °C (Set 1) or 
55.9 °C (Set 2 and 3) for 90 s, extension at 72 °C for 90 s, 
and a final extension step at 72 °C for 30 min (Supplemen-
tary Table 1). Amplified DNA (2 μl) and a mix of 10 μl of 
HiDi (Applied Biosystems, Foster City, California)/ROX 
500 size standard (Applied Biosystems) at a concentration 
of 12:1. Amplicons were separated and analysed on an ABI 
3130XL Sequencer. Genotypes were analysed using Gen-
emapper 23 software (Prism 1999). Only individuals that 
amplified allele sizes within the expected size range based 
on the sequences allele and published data (± 50 bp) at more 
than eight loci were included in the analysis. This resulted in 
152 individuals with a sufficient number of typed loci to be 
used for further analyses (mean number of loci scored per 
individual, 13; range 8-15).

Amplification and Sanger sequencing of mtDNA

To compare UK Natterer’s bats to haplotypes identified in 
European populations, twelve individuals were randomly 

Fig. 1  Summer sampling sites (filled black circles) and known 
swarming sites (red ellipses) of Natterer’s bats in Northern England 
shown on a hill-shaded topographical map for context: YD is an 
extensive complex of karstic caves in the Yorkshire Dales; WP are the 
‘windy pit’ slip fault caves in the North Yorkshire Moors; Wallington 
is located in Northumberland, Wintringham, Harpham and Low Cat-
ton are located in Yorkshire and Wycoller is located in Lancashire
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selected and sequenced at two mitochondrial genes: 
Cytochrome b (CytB) and NADH Dehydrogenase 1 (ND1) 
using the primer sets, Molcit-F (Ibáñez et al. 2006) Molcit-R 
(Salicini et al. 2011) and ND1F2–ND1R (Kawai et al. 2002). 
After PCR amplification using MyTaq (Bioline, London, 
UK) using manufacturer’s instructions, the PCR product 
was purified using ExoSAP (Thermo Fisher, Massachusetts. 
USA) and Sanger sequenced using Big Dye terminators 
(BigDye Terminators Sequencing Kit V3.1. Thermo Fisher, 
Massachusetts. USA). Sequencing products were purified 
using ethanol precipitation following Kareem et al. (2018) 
and visualised on an ABI3130XL Gene Analyser.

Statistical analysis of microsatellite data

Data were prepared for analysis using GenAlex 6.503 
(Peakall and Smouse 2006). Estimated null allele frequen-
cies were calculated using Cervus 3.0 (Kalinowski et al. 
2007). GenePop 4.0 (Raymond and Rousset, 1995) was used 
to test loci for deviation from Hardy–Weinberg equilibrium 
and linkage disequilibrium. P values from the linkage dise-
quilibrium tests were corrected for multiple tests (Verhoeven 
et al. 2005). Heterozygosity, number of alleles per locus, 
FIS per sample site and pairwise FST estimates between 
sites (significance tested using 10,000 permutations) were 
estimated using Microsatellite Analyser 4.05 (MSA) (Dier-
inger and Schlötterer 2003). Differences in genetic diversity 
between sites were calculated using a one-way ANOVA.

Relatedness was assessed using the R package Related 
(Pew et al. 2015). To determine which relatedness estimator 
was most appropriate, 100 individuals of known related-
ness were simulated using the existing genotype data and 
the relatedness estimates for four different estimators was 
compared. The Pearson’s correlation coefficient between 
observed and expected relatedness for each estimator was 
then calculated to determine the best fit, and the related-
ness estimator with the highest correlation was selected to 
use in further analysis. To determine if individuals at sites 
were more related than randomly distributed individuals, the 
average relatedness for each of the sites was estimated and 
compared to a simulated data set. The observed relatedness 
values were compared to the expected distribution of relat-
edness values for each site from the simulated data using 
the function ‘grouprel’. For simulated data, the group mem-
bership counts were preserved for each site, but individuals 
were shuffled randomly across 1000 iterations, providing a 
distribution of expected relatedness assuming random distri-
bution of individuals across sites. P values were calculated 
as the percentage of iterations where the expected related-
ness was greater than or equal to the observed relatedness 
for a given site. Results were considered significant at the 
5% level.

The null hypothesis of no population structure among 
sites was tested by conducting global tests of genetic dif-
ferentiation. Hierarchical pairwise comparisons were then 
conducted between all pairs of sites at a local level and also 
at a regional level, by combining the three North Yorkshire 
sites (Harpham, Low Catton and Wintringham) and compar-
ing those to the site at Lancashire (Wycoller) and the site in 
Northumberland (Wallington). Differentiation was assessed 
using a G test implemented in ‘Hierfstat’ (Goudet 2006). 
The G test is thought to be more powerful than FST permuta-
tion tests for microsatellites (Goudet et al. 1996). Statistical 
significance was determined through 10,000 random permu-
tations of the data set.

Two different clustering methods, STRU CTU RE 2.3.1 
(Falush et al. 2003; Pritchard et al. 2000) and TESS (Chen 
et al. 2007), were used to determine whether sites supported 
differentiated populations of bats. Whilst STRU CTU RE has 
been shown to be better at individual assignments to clusters, 
TESS is more effective at determining the number of clus-
ters or populations, especially for spatial models (Chen et al. 
2007). Therefore, using both methods, we aimed to have a 
more robust understanding of the true population structure.

STRU CTU RE  2.3.1 (Falush et  al. 2003; Pritchard 
et  al. 2000) was used first. The program uses Markov 
chain Monte Carlo sampling to find the most likely model 
describing the population structure. Estimates of the num-
ber of independent genetic clusters were obtained using 
the admixture algorithm, correlated allele frequencies 
and a separate alpha for each population with and without 
sampling location used as a prior. A burn-in of 1 × 104 
followed by 1 × 106 permutations were input to test the 
number of populations (K). K = 1 to K = 10 were tested 
with ten iterations each to calculate q, the membership 
coefficient. q represents proportional individual member-
ships to different inferred population clusters, indicating if 
an individual showed admixture of two or more population 
clusters. Results were summarised using STRU CTU RE 
HARVESTER v 0.9.93 (Earl 2012). To identify the likely 
number of clusters, the ΔK method was applied. Finally, 
CLUMPP v.1.1.2 (Jakobsson and Rosenberg 2007) and 
DISTRUCT v1.1 (Rosenberg 2004) were used to average 
individual and population membership q values over the 
ten runs and to visualise the Bayesian assignment. To iden-
tify admixed individuals, we applied a threshold q-value of 
0.8 to assign an individual as belonging to a specific group. 
A q-value of less than 0.8 therefore indicated an admixed 
individual. To quantify the differentiation of the defined 
clusters suggested by the optimum value of K, following 
Arteaga et al. (2018), an AMOVA was performed on the 
genotype data for all un-admixed individuals in GenAlex 
6.503 (Peakall and Smouse 2006). The AMOVA partitions 
the total sum of the squares into components represent-
ing variation among and within clusters. The significance 
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of the FST values was then evaluated by comparing the 
observed value with the distribution of the values obtained 
from 999 random permutations among clusters.

The second clustering method was implemented in 
TESS (Chen et al. 2007) with the correlated allele frequen-
cies model and the spatial option. Ten independent runs of 
1 ×  106 MCMC iterations were performed with thinning 
set to 100. K values were set from 1 to 10. The most likely 
K value was decided based on the median K inferred in 
the models with the highest log posterior density. Finally, 
TESS was run again with the same parameters as the spa-
tial model but with the inferred K value fixed according to 
the most likely value, to accurately estimate the member-
ship of each of the individuals.

The effective population size (Ne) of each geographic 
population identified from STRU CTU RE and TESS was 
calculated using NeEstimator software version 2.0.1 (Do 
et al. 2014), based on the linkage disequilibrium (LD) 
model. This estimate was calculated from the deviation 
of expected compared to observed degree of LD in the 
populations.

The relative migration network was calculated using the 
function divMigrate of the diveRsity package (Sundqvist 
et al. 2016). The network was estimated using GST sta-
tistics. GST values could be interpreted as a measure of 
the level of allele fixation in populations and also reflect 
the population’s demographic properties, e.g. the number 
of migrants per generation under assumed mutation rate 
(Alcala et al. 2014). To test whether migration between 
populations was asymmetrical (significantly higher in one 
direction than the other), 95% confidence intervals were 
calculated from 50,000 bootstrap iterations.

Isolation by distance, the process of increasing genetic 
differentiation correlated with increasing geographic dis-
tance (Wright 1943), for all sites was tested via Mantel’s 
test (Mantel, 1967) from the comparison of all pairwise 
FST/(1 − FST) values with pairwise geographic distances 
using the R package ‘ecodist’ (Mira et  al. 2017) with 
10,000 permutations. The test was performed for the 
whole dataset as well as within the North Yorkshire region 

consisting of three populations (Harpham, Low Catton and 
Wintringham).

Statistical analysis of mtDNA data

Geneious V10 (Kearse et al. 2012) was used to manually 
check sequences, to generate alignment using ClustalW and 
detect haplotypes. Sequences were compared to homologous 
sequences obtained from other Natterer’s bat populations 
(Salicini et al. 2011; Puechmaille et al. 2012). The haplo-
types were imported in MEGA X (Kumar et al. 2018) as a 
text file and then exported as Phylip alignment. Haplotype 
sequence networks were generated using the programme 
PopART (Leigh and Bryant 2015) using the Phylip align-
ments and the trait function to assign haplotypes to popu-
lations. The mitochondrial DNA sequences obtained were 
submitted to GenBank (Sequence accession numbers: 
MH933715–MH933719).

Results

Microsatellite analysis

Tests for LD revealed significant linkage between three 
pairs of loci at Harpham and one pair of loci at Wallington. 
However, as these loci were not linked in at least three out 
of the five populations, they were included for the rest of 
the analyses. Departure from Hardy–Weinberg equilibrium 
(HWE) (after Bonferroni correction) was low (P = 0.052) 
over all loci. Departures were significant for locus Mnatt-10 
in three out of five populations. This may be caused by the 
presence of null alleles. However, Mnatt-10 was retained 
in the analysis as the locus has been found to have no null 
alleles in other studies involving Natterer’s bats (Halczok 
et al. 2017; Scott et al. 2013; 2018; Stumpf et al. 2017). In 
addition, analyses with and without this locus lead to the 
same conclusion. Other loci that deviated from HWE were 
Mnatt-11, D15 and Paur2-Mluc but these loci only deviated 
in one out of five of the populations, therefore were kept 
in the analysis. Genetic diversity, as measured by expected 

Table 1  Diversity statistics of Natterer’s bats sampled from five sites in Northern England as the number of alleles per locus (A), observed (HO) 
and expected (HE) heterozygosities, mean estimates of FIS and mean allelic richness (Ne) with numbers of individuals included in analysis (N)

Site name N A HE HO FIS Ne

Harpham 25 7.27 0.79 0.71 0.099 4.135

Low Catton 27 8.07 0.76 0.75 0.013 4.952

Wallington 38 8.20 0.78 0.77 0.018 4.711

Wintringham 34 7.40 0.79 0.73 0.075 4.504

Wycoller 28 8.07 0.80 0.75 0.062 4.650

Total 152
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heterozygosity and number of alleles, was high at all sites 
(mean (±SD) expected heterozygosity = 0.78±0.01, Table 1) 
and there was no difference in the level of genetic diversity 
among sites (One-way ANOVA F = 0.12, P = 0.975). There 
was no evidence of inbreeding within sites (FIS) as estimates 
did not differ significantly from zero.

When sites were considered independently, all pairwise 
FST values between sites were low but statistically signifi-
cant from zero, ranging 0.02–0.07 (Table 2). The highest 
genetic differentiation was found between Harpham and Low 
Catton (pairwise FST = 0.07) and Harpham and Wallington 
(pairwise FST = 0.06), whilst the most genetically similar 
sites were Wintringham and Wycoller (pairwise FST = 0.02) 
(Table 2). There was no evidence of genetic differentiation 
between the regions of Northumberland, Yorkshire and Lan-
cashire (FST = 0.01, P = 0.08).

The output values from the Queller and Goodnight esti-
mator, most closely correlated to the expected values of 
relatedness (e.g. 0.5 parent–offspring or full siblings, 0.25 
half siblings, 0 unrelated) (correlation coefficient 0.88) and 
therefore this estimator was used in further analysis.

There were positive average pairwise relatedness esti-
mates across individuals from all sites suggesting a small 
chance of individuals having shared alleles through common 
descent (Table 3). Pairwise relatedness was highly variable 
between all individuals sampled (− 0.52 to 0.74), although 
individuals within each site were more closely related to 
each other than would be expected by chance (P < 0.001 at 
all sites) which shows some support for female philopatry. 
Bats from Harpham had the highest averaged relatedness 
followed by Wintringham, Low Catton and Wycoller. Those 
from Wallington showed the lowest pairwise relatedness 
(0.03), although this low level of relatedness in Myotis sp. 
is not unusual (Kerth et al. 2002b). The sex ratio was fairly 
similar between sites, F:M—Harpham 25:0, Low Catton 
25:1, Wallington 29:9, Wintringham 33:2 and Wycoller 24:4 
although slightly more males were caught at Wallington than 
the other sites so this could partly explain the lower level 
of relatedness estimated at Wallington. These low levels of 
relatedness at all sites however are still very low for exclu-
sive female philopatry and therefore support the hypothesis 
of some female dispersal.

There was a slight positive correlation between genetic 
distance (FST) and geographic distance between all the sites 
(r = 0.14, P < 0.01, Fig. 2) and a stronger correlation within 
the North Yorkshire region (r = 0.35, P < 0.01, Fig. 3) indi-
cating some support for isolation by distance.

Hierarchical F-statistics revealed that overall genetic 
differentiation was low and not significant at the regional 
level (FRegion/Total = 0.0005; P = 0.082), while there was 
significant genetic differentiation at the sampling location 
level (FLocality/Region = 0.0196, P = 0.009) suggesting 
that locality rather than region explained the distribution of 
genetic variability.

The optimal configuration determined from the STRU 
CTU RE analysis characterised individuals belonging to four 
groups based on the ΔK values (Table 4) when sample site 
was not used as a prior.

K-group assignment resulted in a structure where indi-
viduals from Wycoller, Harpham, Low Catton and Walling-
ton formed four differentiated groups with a small number 
of admixed individuals, whilst individuals at Wintringham 
seemed to be mostly admixed (Fig. 4a). When the sample 
sites were used as a priori, the optimal value for K was 2 
(Fig. 4b) and it grouped samples from Wallington and Low 
Catton together in one cluster and samples from Harpham, 
Wintringham and Wycoller in the other cluster. Further 
analysis with STRU CTU RE on these initial two clusters 
identified 5 individual clusters representing the 5 sample 
sites (Fig. 4c). TESS analysis with the geographic locations 
resulted in the optimal value of K = 5 (Fig. 4d) which cor-
responds with the site geographic locations.

Table 2  Pairwise FST values 
(below the diagonal) and their 
significance (above the diagonal 
as P values) for all sites

The highest FST values (> 0.05) are indicated in bold

Harpham Low Catton Wallington Wintringham Wycoller

Harpham < 0.01 < 0.01 < 0.01 < 0.01

Low Catton 0.073 < 0.01 < 0.01 < 0.01

Wallington 0.064 0.033 < 0.01 < 0.01

Wintringham 0.033 0.049 0.033 < 0.01

Wycoller 0.041 0.053 0.048 0.021

Table 3  Pairwise relatedness between individuals at sample sites

Sample site Average pairwise relatedness 
(Queller and Goodnight)

n P value

Harpham 0.13 25 < 0.001

Low Catton 0.06 27 < 0.001

Wallington 0.03 38 < 0.001

Wintringham 0.08 34 < 0.001

Wycoller 0.05 28 < 0.001

All sites − 0.0005 152
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Considering the optimal grouping from STRU CTU RE 
when sample site was not used as a prior (K = 4) (Supple-
mentary Table 5, Supplementary Fig. 1), clusters were all 
significantly different from each other, with pairwise FST 
values ranging 0.04–0.06 (Table 4). The highest genetic 
differentiation was found between cluster 1 (with the 
majority of individuals from Harpham) and cluster 4 (with 
individuals from Low Catton and Wallington (pairwise 
FST = 0.06), whilst the most genetically similar clusters 

were 1 (majority Harpham) and 2 (majority Wycoller) 
(pairwise FST = 0.04) (Table 4).

Effective population size (Ne) ranged from 42.2 at Wall-
ington with a 95% confidence interval (CI) of 29.2–69.9 to 
101.2 (CI 52.9–570.5) at Low Catton (Fig. 5). The average 
Ne was 71.8 (CI 66.2–77.4). The wide CI at Harpham sug-
gests very little inference can be drawn from the Harpham 
estimate.

Fig. 2  Plot of geographic dis-
tance (km) v FST Statistics for 
all samples, the density of data 
points is indicated by colours

Fig. 3  Geographic distance 
(km) compared to genetic 
distance (FST) of Natterer’s 
bats sampled in North Yorkshire 
only (Harpham, Low Catton and 
Wintringham)
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On average, relative migration rates were high (average: 
0.611; range 0.24–1) in the context of the estimation of 
demographic parameters (Table 5). Analysis of the migra-
tion dynamics revealed gene flow between most popula-
tions, with high bidirectional gene flow between Walling-
ton and Low Catton, and also between Wintringham and 
Wycoller. Wintringham was the only population that had 
relatively high (above 0.7) migration rates to or from all 
other populations. The only migration to or from Harpham 
above 0.7 was from Wintringham (Fig. 6).

Sequencing of mtDNA

Comparison of both the CytB and the ND1 sequences with 
those in the NCBI nr sequence database confirmed that all 
14 individuals sampled were the species M. nattereri. CytB 

Table 4  Pairwise FST values (below the diagonal) and their sig-
nificance (above the diagonal as P values) for clusters identified by 
STRU CTU RE

The highest FST values (> 0.05) are indicated in bold. Cluster 1 con-
tained the majority of individuals from Harpham, 2 the majority of 
individuals from Wycoller, 3 was largely admixed individuals and 4 
was mostly individuals from Wallington and Low Catton

1 2 3 4

1 < 0.01 < 0.01 < 0.01

2 0.041 < 0.01 < 0.01

3 0.049 0.058 < 0.01

4 0.063 0.057 0.044

Fig. 4  Bayesian posterior 
probability of membership of 
Natterer’s bats to populations 
obtained by STRU CTU RE 
without (a) and with population 
info as prior (b, c) and TESS 
spatial model (d)

Fig. 5  Mean effective population size Ne and 95% credible intervals 
of Natterer’s bats at five sample sites in Northern England. Note the 
alternative scale for the Harpham site
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sequences (535–600 bp) were obtained from 12 individuals 
(Wallington n = 3, Wintringham n = 2, Low Catton n = 1, 
Harpham n = 2, Wycoller n = 4) and three haplotypes were 
distinguished (Fig. 7). Six individuals (four from Wycoller, 
one from Wallington and one from Low Catton) shared a 
haplotype (Sequence accession number MH933717), iden-
tical to six M. nattereri samples from France, Montenegro, 
Serbia and the UK on GenBank, i.e. sequence accession 
record JN591505.1 (Salicini et al. 2011). A second haplo-
type was found in one individual from Wallington (sequence 
accession number MH933716), which was very similar to 
the previous haplotype, with a T to C substitution at nucleo-
tide 54. The third haplotype was shared by all three individu-
als from Harpham and the two from Wintringham (Sequence 
accession number MH933715). The third haplotype was also 
very similar to the middle/northern European haplotype, but 
with a G to A substitution at nucleotide 237.

ND1 sequences (600–995 bp) were obtained from four-
teen individuals (Harpham n = 7, Wallington n = 1, Win-
tringham n = 1, Wycoller n = 1 and Low Catton n = 4). 
Two ND1 haplotypes were found (Fig.  8). Again, the 
most prevalent haplotype (eleven out of twelve samples, 
sequence accession number MH933719) was identical 

to the haplotype found for M. nattereri by Salicini et al. 
(Salicini et al. 2013) in France, Montenegro, Serbia and 
the UK (e.g. GenBank JN591538.1). A second ND1 hap-
lotype was found in three of the seven Harpham samples, 
with a C to T substitution at nucleotide 204 (Sequence 
accession number: MH933718). Combining the CytB and 
ND1 sequences indicate that the sampled individuals at 
Harpham are genetically different to the other populations.

Discussion

Our work suggests that the previous hierarchical gener-
alisation of bat geography and social structure may be an 
oversimplification of a more complex network of sites and 
associations; at least for the Natterer’s bat in northern Eng-
land. We found that gene flow between distant sites may be 
more common than previously thought, which is important 
for conservation as this may mitigate the potential effects 
of anthropogenic fragmentation of the population through 
changes in land use. However, we also identified a summer 
community (Harpham), geographically proximal to oth-
ers, as well as to a known autumnal swarming site (WP), 
which is differentiated from the expected genetic structure 
without any obvious geographical explanation. Unexpect-
edly, we find that at the finest geographical scale, extended 
groups of highly related bats did not dominate Natterer’s 
bat colonies as overall relatedness at site level was low and 
varied between sites.

We had hypothesised that the Natterer’s bat in northern 
England would have followed a general pattern established 
by previous work on the same or similar European wood-
land bats (Linton and Macdonald 2019). Whereby, they 
would form socially discrete, long-lasting geographically 
stable colonies in their natal summer landscapes, with lit-
tle significant female dispersal, e.g. Linton and Macdonald 
(2019). That concept agrees with the extensive work by 
Zeus et al. (2018), describing Natterer’s bats as well as 
Bechstein’s bats (Myotis bechsteinii). These species are 
considered to be phylogenetically closely related and eco-
logically similar (Ruedi and Mayer 2001). Both appear to 
form closely related kin-based summer colonies with lim-
ited female dispersal, e.g. Kerth and Van Schaik (2012). 
Similarly, examples of this pattern are demonstrated by 
congeners from North America, e.g. M. sodalis (Kurta and 

Fig. 6  Bidirectional estimate of relative migration rate 
(GST) between all sample sites. Figure shows relative migration rates 
above 0.7 to aid visualisation

Table 5  Bidirectional estimate 
of relative migration rate (GST)

From\to Harpham Low Catton Wallington Wintringham Wycoller

Harpham – 0.367 0.605 0.589 0.452

Low Catton 0.247 – 0.786 0.769 0.579

Wallington 0.331 0.805 – 0.668 0.500

Wintringham 0.787 0.522 1 – 0.939

Wycoller 0.420 0.467 0.542 0.847 –
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Murray 2002), M. septentrionalis (Patriquin et al. 2013) 
and M. lucifugus (Dixon 2011). Though for this latter 
species, philopatry may be slightly facultative (Norquay 
et al. 2013). Our hypothesis was that closely knit colo-
nies, based on kin relationships, would share resources, 
such as access to swarming sites and hibernacula, which 
would require pups to learn the location and function of 
distant sites from their mothers (Stumpf et al. 2017). The 

establishment and maintenance of such learned traditions 
in close colonies of bats is not firmly established, but 
reports suggest it is likely, e.g. Stumpf et al. (2017). As 
the current limited evidence suggests individuals do not 
visit more than one autumnal swarming site (or complex of 
geographically proximal sites), we assumed that individual 
colonies of Natterer’s bat were more or less exclusively 
associated with individual swarming sites, even though 

Fig. 7  Network of haplotypes 
from CytB sequences from 12 
sampled individuals, coloured 
by the geographic origin of 
the samples. The size of the 
pie depicts the total number of 
individuals sampled with that 
haplotype and the colours of the 
pie depict the populations those 
samples came from

Fig. 8  Network of haplotypes 
from ND1 sequences from 14 
sampled individuals, coloured 
by the geographic origin of 
the samples. The size of the 
pie depicts the total number of 
individuals sampled with that 
haplotype and the colours of the 
pie depict the populations those 
samples came from
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those sites might serve a geographical catchment compris-
ing many colonies. Extending this further, we assumed an 
individual summer community would be associated with its 
closest (or at least most accessible) swarming site, which 
would support the common reports of isolation by dis-
tance in studies of population genetics for the Natterer’s 
bat or its close relatives (Rivers et al. 2006; Halczok et al. 
2017) or the similar patterns more distantly related North 
American congeners demonstrate towards the cold edges 
of their range, e.g. (Norquay et al. 2013; McLeod et al. 
2015; Davy et al. 2015). Therefore, we expected three of 
our sites (Low Catton, Wintringham and Harpham), con-
sidered by previous authors to be associated through WP 
as their known proximal autumnal swarming site, to show 
a relatively high gene flow between them compared to the 
two other sites, which were either closer to an alternative 
known swarming complex (Wycoller and cave systems in 
the Yorkshire Dales; Fig. 1) or were at much greater dis-
tance (Wallington). However, this was not the case, as gene 
flow was higher between Wallington and Low Catton (dis-
tant sites) compared to Low Catton, Wintringham and Har-
pham. This suggests some Natterer’s bats may either not 
use the closest swarming site or they may attend multiple 
geographically distant swarming sites over their life-times. 
In this respect, our findings have more in common with 
those reported for some north American Myotids which 
may travel considerable distances to their swarming sites or 
hibernacula, e.g. > 500 km for M. lucifugus (Norquay et al. 
2013) M.sodalis (Kurta and Murray 2002). Also, it could 
be possible that some swarming sites and hibernacula may 
be separate (e.g. Norquay et al. 2013), or that swarming 
may include visits to sites beyond the closest (e.g. John-
son et al. 2015). As natural swarming sites are often spa-
tially and temporally cryptic, it seems unlikely that bats 
discover these sites individually (i.e. opportunistically) 
after travelling 100’s of kilometres from their natal sum-
mer landscapes. Swarming sites may be spatially cryptic 
to individual bats because they often present as very small 
entrances to underground spaces surrounded by vegetation, 
and may be temporally cryptic because their use for mating 
is often ephemeral (e.g. a few hours only on suitable nights 
in autumn). Learning the location and timing for the use of 
swarming sites or hibernacula, therefore seems to imply the 
transmission of information (i.e. a tradition or behaviour), 
especially if some bats go on to migrate to multiple swarm-
ing or hibernation sites in their lifetimes.

Summer roost population structure

For the first time, we have found genetically differentiated 
populations of Natterer’s bats in the UK corresponding to 
the summer roost sites. The differentiation identified by the 
STRU CTU RE analysis supports this finding of at least four 

evolutionary units, with some mixing of individuals between 
sites. Within summer colonies, we also found unexpectedly 
low rates of close kin relationships. This is contrary to the 
theory of female philopatry at summer colonies, which would 
likely result in close relationships, such as half siblings and 
mother–offspring. This suggests a higher rate of female dis-
persal than previously described (Castella et al. 2001; Kerth 
et al. 2000, 2002a) which may be more similar to the observa-
tions made for M. lucifugus at it natal roosts where a higher 
number of females than males moved between maternity sites 
(Norquay et al. 2013). Scott et al. (2018) also found low lev-
els of relatedness in Natterer’s bat summer community boxes 
(sampled once per year) but suggested that this may be due to 
bats using a network of roosts and being dispersed throughout 
the network rather than female dispersal. We agree with the 
hypothesis that bats use a network of roosts, but at Wallington 
we sampled from a wide variety of roosts as well as from free 
flight and therefore accounted for a large proportion of the 
population (38 individuals at Wallington from an estimated 
effective population size of 42). Despite this, we still found 
low levels of relatedness (0.03 at Wallington), which supports 
the possibility of some female dispersal from their summer 
landscape. We also note that our study was conducted towards 
the cold edge of the range for this species (i.e. < 150 km from 
the most northerly summer colonies in Scotland) as well as 
in a more variable climate than some previous studies on 
similar species. In principal, the population dynamics of 
some individual summer colonies may be marginal, i.e. sink 
sub-population (Hanski and Gilpin 1991), especially towards 
range edges. At the same time, the structure of the gene flow 
across the population may also be temporally dynamic. In 
this context, sink sites associated with increased mortality 
and decreased productivity may show increases in an index 
of relatedness and reductions in genetic diversity where immi-
gration is low (e.g. Harpham) or the converse of this where 
immigration may be high (e.g. Wallington). Using fine-scale 
population genetic approaches, to identify source and sink 
sub-populations within a wider meta-population system, may 
permit the environmental characteristics of each (e.g. differen-
tial foraging and roost provision) to be identified more quickly 
than the lengthy process of estimating traditional demographic 
parameters (e.g. mortality, fecundity) in slow living cryptic 
species, such as bats. In this way, prescriptions for interven-
tions to improve the conservation status of bat species, might 
be directly linked to the defining characteristics of successful 
(source) sub-populations, rather than inferred from studies on 
sub-populations in marginal (sink) locations.

Regional population structure

We found limited evidence to support the hypothesis that 
there is regional structure of Natterer’s bat populations shar-
ing a swarming site. Rivers et al. (2005), found a negative 
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correlation between genetic assignment of Natterer’s bats 
to WP and geographical distance to capture sites in sum-
mer colonies. This coincides with the limited evidence for 
isolation by distance here (at relatively low levels) at both 
the regional and northern England scale, to suggest that 
the likelihood of a summer community using a swarming 
site declines with the increasing distance between them, 
and consequently that a variable proportion of more distant 
colonies may use one or more additional swarming sites. 
However, here we also find evidence that geographically 
proximal sites (the three Yorkshire sites; Wintringham, 
Low Catton and Harpham), with a known association to 
the WP complex of swarming sites (Rivers et al. 2006) are 
genetically differentiated, whilst substantially more distant 
sites are gentically similar (Wallington in Northumberland 
and Low Catton in Yorkshire). Therefore, some Natterer’s 
bats in Northern England may travel further than previously 
thought (Halczok et al. 2017; Rivers et al. 2006) to alterna-
tive swarming sites rather than visiting the closest (Dekeuke-
leire et al. 2016; Johnson et al. 2015). This is also supported 
with relatively high migration rates between relatively dis-
tant sites, e.g. Wallington and Low Catton (Fig. 6). In addi-
tion to this, our findings of admixed individuals at summer 
sites, support the hypothesis that bats from the same summer 
community may visit different swarming or hibernation sites 
(Dekeukeleire et al. 2016; Johnson et al. 2015; Norquay et al. 
2013; Kurta and Murray 2002). Swarming site catchments 
may therefore be much larger than previously described, 
with this study suggesting that individual Natterer’s bats in 
northern England travel up to 115 km to mate, approaching 
the maximum migration distances described for this spe-
cies in Europe (Hutterer 2005), though much less than the 
distances travelled by similar congeners in North America 
(Kurta and Murray 2002; Norquay et al. 2013).

Although this study, and that of Rivers et al. (2005) 
sampled across parts of the same landscapes, distinct dif-
ferences in our interpretation is evident. As up to 15 years 
elapsed between the field work, it is not clear if the differ-
ences in interpretation between that study and this are the 
consequence of changes in the bats across this period, or 
the more precise description facilitated by the increased 
number of loci available here (fifteen compared to seven). 
Although individual bats might still associate exclusively 
with a single swarming site, it is now clear that a number 
of differentiated swarming sites may be associated with 
a single community (Dekeukeleire et al. 2016; Norquay 
et al. 2013). The contribution of each swarming site to 
the genetic character of the summer community may not 
be temporally stable. For example, it is not yet clear how 
juvenile bats find either their swarming or hibernation sites 
when these can be so cryptic and distant to their natal 
landscapes. Current speculation suggests that they either 
follow their mothers to these sites (Stumpf et al. 2017), or 

other experienced adults from their natal roosts (Rivers 
et al. 2006) producing a transmissible tradition. Small sus-
tained changes in the quality of these distant sites (either 
as mating sites or survival where they are also used as 
hibernacula) would promote changes in the relative pro-
portions of individuals and their offspring returning to the 
natal landscape year on year. Thus, Wycoller and Walling-
ton, though geographically distant from the WP swarming 
complex, appear to share a strong traditional connection to 
this gene-exchange system, despite Wycoller being much 
closer to another known swarming complex (Yorkshire 
Dales) and Wallington being over 115 km from WP. Simi-
larly, the site at Low Catton, despite its relative proximity 
to WP, appears to support a substantial tradition in the use 
of an alternative unknown site (Divergent FST relation-
ships with most other sites).

National/international population structure

Mitochondrial DNA (mtDNA), being maternally inherited 
is used to estimate genetic variation within maternal line-
ages. The mtDNA population diversity is known to reflect 
maternally-directed natal-site fidelity, whereas genome-
wide bi-parentally inherited nuclear DNA markers assist 
in quantifying levels of gene flow among subpopulations 
for both sexes (Hoffman et al. 2009). The mtDNA analy-
sis, revealed that haplotypes were identical, or very simi-
lar, to those of Natterer’s bats from middle and northern 
Europe (Salicini et al. 2013), including their two UK sam-
ples (Cumbria and Essex), and also the middle and north-
ern European samples from their later studies. The new 
haplotype for CytB found at Harpham and Wintringham, 
with one SNP different from the most common haplotype, 
may indicate an exchange of females between Harpham 
and Wintringham. This is supported by the high relative 
migration values (GST) seen in the microsatellite analysis 
(Table 5). Also, three of the seven Harpham individuals 
have a new, unique, haplotype for ND1, differing by one 
SNP from the majority. Combining the CytB and ND1 
data indicate that many of the individuals at Harpham are 
genetically different than the other populations and this 
may indicate that there are fewer (or no) females mov-
ing from Harpham to the other sites with the exception 
of Wintringham, which again is supported by  GST val-
ues, but this needs larger sample sizes to confirm this. 
Although this study found more mitochondrial haplotypes 
in England than found by Salicini et al. (2011), this is not 
surprising since Salicini et al. included only two individu-
als from England in their study. More individuals of both 
sexes from the North of England populations need to be 
sequenced to draw firm conclusions on the number of hap-
lotypes present in the UK.
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Conclusion

The increased distance bats may travel to swarming 
areas compared to previous studies, is positive in terms 
of maintaining genetic diversity within species. In addi-
tion, the population structure observed here shows sites as 
genetically differentiated. This could be due to long-term 
site fidelity to summer roosting sites by both males and 
females with limited summer dispersal, and some fidelity 
to swarming sites (Rivers et al. 2006). Our results high-
light the importance of protecting both swarming and sum-
mer roosting sites.
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