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magnitude and consequences of these declines. Anecdotal evidence suggests

Handling Editor: Jorg Miller However, there is little empirical evidence of these declines that can be used to
put more recent population trends into historic context.

2. This study is a collaboration between academics and conservation practitioners to
develop molecular approaches capable of providing evidence of historic popula-
tion changes that can inform conservation status assessments and management.
We generated a genomic dataset of 46,872 SNPs for the Western barbastelle,
Barbastella barbastellus, a regionally Vulnerable bat species, including colonies
from across the species' British and Iberian ranges. We used a combination of land-
scape genetics and model-based inference of demographic history to identify both
evidence of population size changes and possible drivers of these changes.

3. Levels of genetic diversity increased and inbreeding decreased with increasing
broadleaf woodland cover around the colony. Genetic connectivity was impeded
by artificial lights and facilitated by rivers and broadleaf woodland cover.

4. The demographic history analysis showed that both the northern and southern
British barbastelle populations have declined by 99% over the past 330-548 years.
These declines may be linked to the loss of large oak trees and native woodlands
due to shipbuilding during the early colonial period.

5. Synthesis and applications. Genomic approaches can provide a better understand-
ing of the conservation status of threatened species, within historic and contem-

porary contexts, and inform their conservation management. Our findings of will
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1 | INTRODUCTION

Anthropogenically driven environmental changes over the past two
centuries have resulted in a period of mass global species extinction
(IPCC, 2022). Wildlife population sizes are estimated to have de-
clined on average by 69% since the 1970s (WWF, 2022). The ranges
of nearly a third of terrestrial vertebrate species across the globe
have decreased in the past century, indicating the disappearance of
populations (Ceballos et al., 2017).

Assessment of vertebrate population declines is commonly
based on either direct measure of changes in population sizes
(WWEF, 2022) or indirect indicators, such as proportion of range
loss over time (Ceballos et al., 2017). While both approaches offer a
good measure of change, they require baseline data, which are not
available for all taxa, and in particular all populations. Changes in
population size over time (the demographic history of a species) can
instead be reconstructed using genomic data because information
on ancestral genomes and the evolutionary forces that shaped them
is found within an individual's genome (Beichman et al., 2018). Time
series genomic data can improve estimations of genetic changes in
populations over time, but these analyses can also be performed
with contemporary samples (Habel et al., 2014) when combined
with modelling approaches to infer effective population sizes across
time points (Hoban et al., 2022). The advent of high-throughput se-
quencing technologies over the past 20years means that genome
sequence data are now widely available for nonmodel organisms, in-
cluding species of conservation concern, and therefore can be used
to inform their conservation management (Hohenlohe et al., 2021).

Anecdotal evidence based on range contractions suggests
European bat populations have suffered substantial declines in the
past few centuries following persecution and extensive land-use
changes (Racey & Stebbings, 1972). However, there is little empir-
ical evidence of these declines that can be used to put more recent
population changes identified through monitoring efforts in the past
30vyears (e.g. Barlow et al., 2015; van der Meij et al., 2015) into his-
toric context and set appropriate targets for species recovery. This
study is a collaboration between academics and conservation practi-
tioners aiming to address the lack of empirical evidence of historical
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directly influence the definition of the Favourable Conservation Status of the bar-
bastelle, in turn influencing considerations of the conservation of the species in
development plans. Knowledge gained will also help set species recovery targets.
Policymakers are interested in using our approach for other species. This study
shows how we can bridge the implementation gap between genomic research
and direct conservation applications. There is an urgent need to carry out such
collaborative studies for other priority species to enable informed species recov-

ery interventions via policy mechanisms and project delivery.

biodiversity loss, Chiroptera, conservation genomics, demographic history, land-use change,

declines, which has been identified by conservation practitioners as
a critical evidence need that impedes their work. Without histor-
ical context, it is difficult for practitioners and decision-makers to
accurately assess the importance of recently measured population
trends, particularly for species thought to be recovering from his-
torical declines.

We focus on the Western barbastelle, Barbastella barbastellus,
a globally Near Threatened bat species, distributed across Europe,
The Canaries, the Caucuses and Morocco (Piraccini, 2016). This bat
is classified as Vulnerable in Europe and is considered as a national
conservation priority across most European countries (Hutson
et al., 2007). The barbastelle has shown a slight increase in popula-
tion size in hibernation sites across Europe in the past 20years (van
der Meij et al., 2015). However, globally, their population trend is de-
creasing, with several reports of local declines (Piraccini, 2016). The
barbastelle is likely to be sensitive to anthropogenic land-use change
due to its strong association with mature native woodlands both for
roosting and foraging (Russo et al., 2004; Zeale et al., 2012). Because
these bats roost in trees and tend to switch roosts every few days
(Russo et al., 2020), surveying them is particularly challenging and
their actual population sizes are unknown both locally and nation-
ally, even in Britain (Mathews et al., 2018), where there is a national
bat monitoring programme (Barlow et al., 2015).

This study used molecular tools to provide evidence of his-
toric population changes, an estimation of the magnitude of these
changes and an evaluation of possible drivers of these changes. As a
collaborative study, the findings of this research will directly inform
conservation action and key policy and strategy approaches and
the national documentation that underpins these. Statutory bodies
in Britain are currently developing definitions for the ‘Favourable
Conservation Status’ of threatened species, which identify the con-
ditions they need to thrive (Hanna, 2021). In England, this assessment
has so far been limited to three bat species due to lack of knowledge
on the population sizes of British bats relative to their historic sizes
(Mathews et al., 2018) and on what healthy viable populations look
like. A robust methodology to inform on the scale of historic de-
cline and the drivers of changes is of paramount importance and has
been a missing key element for a considerable time. We apply our

85U8017 SUOWILIOD BAEa.D 3|t (dde aup Aq peussnob afe SsoiLe VO 8sn JO SNl 10} ARiqiT8UIUO /8|1 UO (SUORIPUOD-PUB-SWSIW0D A8 | IMAreIq U1 |UO//SANY) SUORIPUCD Pue swis 1 8Y} 88S *[7202/T0/2T] uo Akiqiaulluo A81iM ‘B.ex3 JO AiseAn Aq 0vSkT #992-G9ET/TTTT 0T/I0p/W0D A8 |imAIq Ul |uo's euInokaq)/:sdny ol pepeoumoa ‘T ‘v20Z ‘7992G9ET



RAZGOUR ET AL.

= Journal of Applied Ecology Eﬁtﬁm

approach to the barbastelle, focussing on the British population as
a case study, to (1) inform the conservation status of the species,
(2) identify landscape and environmental drivers of genetic diver-
sity and connectivity, (3) identify long-term population trends and
(4) show how genomic data can inform the development of conser-
vation management recommendations. The approach developed in

this study can be widely applied to other taxa and ecosystems.

2 | MATERIALS AND METHODS

2.1 | Field sampling

We sampled barbastelle bats (Figure 1b) during the summers of
2016-2019 in 15 forests across Britain and the Iberian Peninsula,
representing parts of the western edge of the species' range. The
study focusses on the British population because it is thought to
have undergone a population decline in the past few centuries
and its conservation status is unknown (Mathews et al., 2018).
To provide a wider context to the results of the British popula-
tion, we included four colonies from Spain and Portugal (Iberia), a
region that represented one of the glacial refugia of the species,

and therefore supported populations over extended periods of
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FIGURE 1

time (Rebelo et al., 2012). All forests sampled in Britain were old-
growth deciduous woodlands, while forests in Spain and Portugal
were a combination of deciduous and conifer forests. Bats were
caught using mist nets and harp traps with the help of local ex-
pert groups. We collected wing biopsy punches from each bat for
genomic analysis and stored the samples in RNAlater and -80°C
freezers. We included 95 individual bats in the study (76% fe-
males), 57 from Britain (10 sites, 81% females) and 38 from Spain
and Portugal (five sites, 66% females; Figure 1a; Table 1). Sites
were grouped together into colonies, defined here as bats cap-
tured in the same woodland or adjacent woodlands that are likely
part of the same breeding population. For population-level analy-
ses (genetic diversity, inbreeding, genetic differentiation and land-
scape genetics), we only included individuals from colonies with
five or more individuals. We grouped together two sites in Spain
with low sample sizes that are within the foraging range of this bat
(Zeale et al., 2012) (Table 1), to satisfy minimum sample sizes re-
quired to estimate within-population genetic diversity (Nazareno
et al., 2017).

Work was carried out under licences from Natural England
(2016-21488-SCI-SCI-1), the Home Office (PPL 30/3025), Spanish
Administrative regions (Junta de Andalucia, Gobierno de La Rioja
A/2016/048, Gobierno de Aragon and Xunta de Galicia), and the

(a) Sampling locations of barbastelle colonies marked with triangles and individual locations with circles and colour-coded

according to their population cluster assignment based on the PCA. (b) Photograph of a barbastelle in flight (credit: Antton Alberdi). (c)
Results of the PCA based on genetic distances between individual barbastelle bats (PCA Axis 1: 5%; Axis 2: 2.4%). Pink—bats from Iberia

(Spain and Portugal), blue—Britain south and green—Britain north.
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TABLE 1 Location, attributed colony, sample sizes (N) and sampling years (Year) for the barbastelle bat sampling sites included in the

study.

Site County Country
Parham Sussex Britain
Ebernoe Sussex Britain
Drove Sussex Britain
Goodwood Sussex Britain
Slindon Sussex Britain
Dartmoor Devon Britain
Whichford Warwickshire Britain
Norton Nottinghamshire Britain
Creswell Nottinghamshire Britain
Swineshead Bedfordshire Britain
Cazorla Jaén Spain
Cameros La Rioja Spain
Arguijo Soria Spain
Olalla Teruel Spain
Sabugal Sabugal Portugal

. BRITISH 163
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Colony Latitude Longitude N Year
Par 50.91 -0.49 11 2018
Eb 51.04 -0.61 11 2019
NA 50.93 -0.76 1 2016
Good 50.87 -0.75 7 2016
Slin 50.86 -0.65 5 2016
NA 50.61 -3.73 1 2016
War 52.01 -1.57 6 2016
Nott 53.13 -0.69 6 2016
Nott 53.26 -1.19 1 2016
Bed 52.29 -0.44 8 2016
Caz 37.95 -2.88 10 2016, 2018
Rio 4218 -2.74 3 2016, 2018
Rio 41.99 -2.52 4 2018
Ter 40.98 -1.14 11 2015-2016
Port 40.44 -7.02 10 2018

Note: Some sites were grouped together into colonies for the population-level analysis. These sites have the same colony code under the Colony
column (NA represents samples excluded from the population-level analysis).

Portuguese Environment Agency (452 | 2016/CAPT), and ethics
committee approval of the University of Southampton (41912).

2.2 | Generating the genomic datasets

We used double digest restriction-site-associated DNA sequenc-
ing, ddRADseq (Peterson et al., 2012), to generate a genomic dataset
containing thousands of anonymous single nucleotide polymorphisms
(SNPs) from across the species' genomes. From the raw sequencing
dataset, we generated a high-quality neutral SNP dataset with <5%
missing data, including 46,872 SNPs and 95 individual bats. We gener-
ated a smaller genomic dataset for the demographic history analysis,
including 85 bats and 25,844 SNPs, a sufficient number of SNPs to ac-
curately detect population trends using coalescent-based approaches
(Nunziata & Weisrock, 2018) (see Appendix S1 for laboratory and bio-
informatics procedures; Razgour, 2023, for SNP datasets).

2.3 | Characterising genetic composition

We calculated genetic diversity in Plink v1.9 (Purcell et al., 2007)
based on coefficient estimation of observed versus expected in-
dividual-level heterozygosity (het function, which is calculated as
follows: 1-(observed homozygous-expected homozygous)/(total
observations - expected homozygous)) and individual levels of in-
breeding based on estimates of nonrandom mating resulting in
excess of similar genotypes (ibc function, Fhat1, which is the var-
iance-standardised relationship minus 1). Heterozygosity and in-
breeding are commonly used measures of genetic diversity between

and within individuals, with low level of genetic diversity and high
levels of inbreeding being associated with small population sizes
(Hoban et al., 2022). We averaged individual values to generate
colony means.

We determined population genetic structure using a PCA of
Euclidian genetic distances based on allele frequencies, generated
with the R package Adegenet (Jombart, 2008). We then ran a dis-
criminant analysis of the principal components (DAPC) to identify
the optimal discriminant axes that maximise the between-group
variation while minimising the within-group variation. In addition, we
used admixture analysis to generate ancestry coefficient plots with
the snmf function in the R package LEA (Frichot & Francois, 2015).
We identified the number of population clusters existing in our data-
set based on cross-entropy values and plot visualisation. We tested
a range of 1-10 population clusters and ran five replicates for each.

We calculated the extent of genetic differentiation between col-
ony pairs using the F¢; and Jost's Dest measures in the R package
DiveRsity (Keenan et al., 2013). We tested whether differentiation
between pairs of colonies is significantly different from zero based
on 95% confidence intervals, using 100 bootstraps. As values of
genetic differentiation based on these measures were highly cor-
related (R2=O.822, p=0.0001; Table S3), we only included the re-
sults of the F¢; analysis.

2.4 | Identifying landscape drivers of
genetic diversity

We ran linear models and Spearman correlations in R (CRAN) to re-
late levels of genetic diversity and inbreeding in the bat colonies to
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landscape variables likely to be important for the species, including
per cent broadleaf forest, arable and urban land covers, differences
in their per cent cover between 1990 and 2019, habitat diversity, arti-
ficial lighting, mean patch area and aggregation index (Appendix S1).
This analysis was carried out for the full colony dataset as well as
separately for the British colonies. We selected the best supported
models based on Akaike's Information Criterion adjusted for small

sample sizes (AICc) and adjusted R? values.

2.5 | Landscape genetics analysis

We used the landscape genetics approach (Manel et al., 2003) to
identify barriers to genetic connectivity in the British populations
based on resistance surfaces representing hypothesised relation-
ships between landscape features and gene flow (Spear et al., 2010).
We compared eight candidate models containing resistance surfaces
generated from landscape variables thought to affect genetic con-
nectivity in the barbastelle (Russo et al., 2020) (Tables S1 and S2;
Appendix S1). Landscape resistance, calculated with Circuitscape
v4.0.5 (McRae, 2006), was compared with levels of genetic differ-
entiation (F¢;) between colonies. To account for the tendency of
geographically close individuals to be more similar genetically than
distant individuals due to dispersal limitations (isolation by dis-
tance), we divided log F; (adding 1 to avoid negative values) by log
Euclidean distance between colonies. We used the maximum likeli-
hood population effect approach (van Strien et al., 2012) and the R
packages Ime4 (Bates et al., 2015) and usdm (Naimi et al., 2014). To
reduce collinearity, candidate models with more than one landscape
variable only included variables with VIF (variable inflation factor)
<4. The best supported models were identified based on AlCc and

Bayesian information criterion (BIC) evidence weights.

2.6 | Approximate Bayesian computation
inference of demographic history

To identify evidence of historic changes in population size, we re-
constructed the demographic history of the British barbastelle
populations using the approximate Bayesian computation approach
(Beaumont, 2010) implemented in DIYABC-RF (Collin et al., 2021)
(Appendix S1). Generation length was estimated at 2years because
females commonly reach sexual maturity in their second year (age
1.25years), but some may become fertile in their first autumn when
only a few months old (Russo et al., 2020).

We first ran a preliminary analysis to determine whether the
British populationis increasing or decreasing. We divided the dataset
into two populations, Britain and Iberia, removing Portugal because
it was unlikely to be the source of colonisation for the British popula-
tion. We compared three demographic history scenarios (Figure S1):
a null model of no change in the British population size since splitting
from Iberia (51.1); a British population increase since splitting from
Iberia (51.2); and a recent decline in the British population (51.3). The

results of this preliminary analysis were used to inform the develop-
ment of scenarios for the second analysis.

In the second analysis, we divided the dataset into three popu-
lations: Britain South, Britain North and Iberia (excluding Portugal)
based on the results of the population structure analysis (see
Results section). We compared four demographic history scenarios
(Figure S2): a null model of no change in population size since the
British population split into north and south populations (52.1); a re-
cent population decline in both south and north British populations
(52.2); a recent population decline in only the south British popula-
tion with no change in north (52.3); and a recent population decline
in the north British population with no change in the south (52.4).

The following priors were used to inform the models: Iberian and
British population split dates ranged from pre- to post-Last Glacial
Maximum (1000-1,000,000 generations ago), split of the British pop-
ulation was set at 100-10,000 to reflect the postglacial colonisation of
Britain, and recent decline dates were set at 10-1000 generations ago.
The range of split time between the Iberian and British populations cov-
ers more ancient split times to reflect the findings of Rebelo et al. (2012)

that Iberia did not contribute to postglacial colonisation of Britain.

3 | RESULTS
3.1 | Population structure

We identified three population clusters. The main population split
was between British and Iberian samples (PCA Axis 1: 5%; DAPC Axis
1: 92.6%). Within Britain, there was a further split between north
(Bedfordshire, Nottinghamshire and Warwickshire) and south (Sussex
and Devon) population clusters (PCA Axis 2: 2.4%; DAPC Axis 2: 4.7%).
Within the northern cluster, the most differentiated samples were
from the northernmost colony, Nottinghamshire (Figure 1c; Figure S3
for ancestry coefficient plots; Figure S4 for DAPC). Difference in
the per cent variance accounted for by each axis based on PCA and
DAPC results relate to differences in what they measure, variance in a
genomic dataset of tens of thousands of SNPs versus per cent of the
variance captured by each axis. Levels of genetic differentiation among
colonies were moderate (mean FST=O.O484_rO.O2), with highest values
(Fsr>0.07) between British colonies and southern Spain and Portugal,
and lowest levels (Fs; <0.015) between Iberian colonies (Table S3).

3.2 | Landscape drivers of genetic diversity

The British colonies, with the exception of Nottinghamshire, had
the highest levels of genetic diversity (heterozygosity) and the low-
est levels of inbreeding (Table S4). In the full dataset, genetic di-
versity was strongly negatively correlated with levels of inbreeding
(Spearman correlations: $=420, p<0.0001, r=-0.909; weighted
correlation: wr=-0.912; Figure S5), meaning that colonies that
had high levels of genetic diversity had low levels of inbreeding.
Therefore, only results for inbreeding are shown here. Levels of
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inbreeding were negatively correlated with per cent broadleaf
woodland cover around the colony location (5=410, p=0.0012,
r=-0.864, wr=-0.864), broadleaf woodland aggregation (S=408,
p=0.0016, r=-0.854, wr=-0.858) and contemporary habitat di-
versity (=390, p=0.008, r=-0.773, wr=-0.772; Figure 2a-c).

In the British dataset, levels of inbreeding decreased with in-
creasing broadleaf woodland cover (S=100, p=0.048, r=-0.786,
wr=-0.745) and tended to decrease with broadleaf woodland ag-
gregation (§=98, p=0.066, r=-0.750, wr=-0.744). Genetic diver-
sity showed a trend of increasing with per cent forest cover around
the colony (LM: F=6.34, p=0.053, r=0.748; weighted Spearman
correlation: wr=0.394; Figure 2d-f). Low levels of inbreeding and
high levels of heterozygosity were found in areas with >20% broad-

leaf woodland cover (Figure 2; Tables S5 and S6).

Journal of Applied Ecology E EE‘E@,"’“

3.3 | Landscape drivers of genetic connectivity

Genetic differentiation among British colonies was highly correlated
with geographic distance (isolation by distance; F=126.8, R?=0.869,
p=0.0008). The landscape variables most strongly affecting genetic
connectivity between British barbastelle colonies were the extent of
artificial lights (R2:0.432, AlCcmin=0.256; connectivity decreased
with increasing artificial lights), followed by the combination of riv-
ers and broadleaf woodland cover (R2=O.411, AlICcmin=0.217; con-
nectivity increased with river and broadleaf cover). The confidence
intervals of both models did not overlap zero, supporting their effect
on gene flow (Table 2). Movement density maps based on the im-
pacts of artificial lights show limited landscape connectivity around

London and other large cities (Figure 3).
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FIGURE 2 Environmental drivers of genetic diversity in the barbastelle. The relationship between the average levels of inbreeding in
British and Iberian colonies and per cent broadleaf forest cover (a), current levels of habitat diversity (b) and broadleaf forest aggregation
index (c) within the colony home range; and between average levels of inbreeding in British bat colonies and per cent broadleaf forest cover
(d) and broadleaf forest aggregation index (e), and heterozygosity in British bat colonies and overall forest cover (f). Symbol size represents
the number of individuals in each colony, and symbol colour represents the population cluster individuals from the colony belong to (pink—

Iberia, blue—Britain south and green—Britain north).

TABLE 2 Results of the maximum
likelihood population effect models
comparing resistance costs based on
different landscape variables to levels of
genetic connectivity (F¢; corrected for
geographic distance) between British
barbastelle colonies.

Model

Broadleaf woods
Min temp autumn
River+woods
River

Artificial lights

Land cover

River +woods & Lights

Woods & Tmin

AlCc BIC cl
R? weights weights Cl2.5% 97.5%
0.363 0.169 0.165

0.338 0.067 0.065

0.411 0.217 0.212 4.47E-05 0.0002
0.353 0.114 0.111

0.432 0.256 0.250 5.70E-05 0.0003
0.339 0.078 0.076

0.453 0.068 0.083

0.386 0.031 0.038

Note: Significance for bold values p<0.01.

85U8017 SUOWILIOD BAEa.D 3|t (dde aup Aq peussnob afe SsoiLe VO 8sn JO SNl 10} ARiqiT8UIUO /8|1 UO (SUORIPUOD-PUB-SWSIW0D A8 | IMAreIq U1 |UO//SANY) SUORIPUCD Pue swis 1 8Y} 88S *[7202/T0/2T] uo Akiqiaulluo A81iM ‘B.ex3 JO AiseAn Aq 0vSkT #992-G9ET/TTTT 0T/I0p/W0D A8 |imAIq Ul |uo's euInokaq)/:sdny ol pepeoumoa ‘T ‘v20Z ‘7992G9ET



RAZGOUR ET AL.

= | g Applied Ecology E:Egﬁfg?svm

(a)
(b)
= T _ .
£ S
B ° *
,i“zou ° [ ] ®
2 8 o g © ° .
- © °
8 N ) [ [
°
s 5 ¢
2 27 e d
©
o -4®
®
w
g gL e
O oS T T T
10 15 20

Resistance distance (artificial lights)

(c)
(d)
= T N
£ S
> B [ J
7] [ ]
EL/a) [ ] L4
o L)
8’0‘ L] o ® [ J
= © )
[0] - [ ] [ ] [ ]
e o °
mf\
B S ° .
T ° o
(&) -
o,
& S - o
od I I I |
5 10 15 20

Resistance distance (rivers & broadleaf forests)

FIGURE 3 Results of the landscape genetics analysis. Predicted movement density potential between British barbastelle colonies based
on the effect of landscape resistance due to (a) the intensity of artificial lights at night and (c) rivers and broadleaf woodland cover. Maps
show electric currents crossing the matrix between pairs of colonies based on the resistance surfaces generated for landscape variables
included in the analysis. Colours represent the probability of movement across the landscape, ranging from low probability in dark blue

to high in yellow. White circles denote colony locations. (b) and (d) show the relationship between genetic connectivity (Fs; corrected for
geographic distance) among British barbastelle colonies and the two landscape resistance distances.

3.4 | Model-based inference of demographic
history

The best supported scenario in the preliminary analysis was a recent
decline of the British population (scenario S1.3; posterior probabil-
ity=0.720; Table S7). The best supported scenario for the second
analysis was a recent population decline in both British populations
(scenario S2.2; posterior probability=0.573). The observed data fell
within the cloud of simulated datasets (Figure Sé). The southern
and northern Britain populations were estimated to have declined
by 99% around a median of 548years ago (90% credibility inter-
vals: 126-1066 years ago) and 330years ago (72-816), respectively.
The British population was estimated to have split from the Iberian

population a median of 57,682 years ago, while the two British popu-
lations split a median of 8432years ago (Table 3; Figure 4).

4 | DISCUSSION

We show how genomic approaches can be applied to inform con-
servation status and identify evidence of population declines in
response to anthropogenic land-use changes. Applying landscape
genetics tools to the threatened barbastelle bat, we show that ge-
netic composition and population connectivity are affected by
broadleaf woodland cover and the extent of artificial lights at night.
Applying genetically informed demographic history models, we
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TABLE 3 Parameter estimation based
. 5% 95%

on the best supported scenario (52.2) Parameter Explanation Median uantile uantile

in the second DIYABC-RF model-based i q q

inference analysis provided as median and Na Britain S current effective population size 7590 1502 9872

95% credible intervals. Nb Britain N current effective population size 6711 1627 9873
N3 Iberian effective population size 357,295 98,634 892,148
N5 Britain S past effective population size 660,935 208,182 975,551
Né Britain N past effective population size 532,039 61,783 967,252
t3 Split time Iberia & Britain 57,682 15,980 122,004
t4 Split time Britain S & N 8432 1602 19,438
t5 Decline time Britain S population 548 126 1066
té6 Decline time Britain N population 330 72 816

Note: Time is calculated as number of years ago.

A
330ya
548ya |-~ T T T T T T T T 7
S N
1B
84Kyaj- — — — = = = = = = =
GB
57.7Kyal— — = — — — — — — —
S1 (null)

FIGURE 4 Graphical representation of the four demographic history scenarios compared in the second barbastelle demographic history
analysis (Figure S2 for full scenario representation), with the best supported scenario (52) in dark grey. The median parameter estimations for
the best supported scenario are displayed along the y-axis (IB, Iberian; GB, British; S, British south; N, British north populations) (Table 3 for

parameter estimation).

identify alarming levels of decline in British barbastelle populations,
likely attributed to woodland loss and declining habitat quality in
woodlands and the surrounding matrix. This decline corresponds to
the broader pattern of severe vertebrate population declines across
the globe, with 40% of studied European mammals showing 280%
range contractions in the past century (Ceballos et al., 2017).

4.1 | Impacts of anthropogenic land-use change on
genetic composition

The barbastelle can disperse over distances of up to 75km and rarely
up to 290km (Hutterer et al., 2005). Barbastelles have relatively long
wings and high wing loading values (Norberg & Rayner, 1987), which
enables them to fly fast for relatively long distances. We found evi-
dence for the presence of isolation by distance among barbastelle
colonies in Britain, supporting the relatively sedentary nature of this
bat (Russo et al., 2020) despite its longer distance dispersal ability.
Our landscape genetics analysis identified the combination of
rivers and broadleaf woodland cover as a key landscape variable fa-
cilitating genetic connectivity between British barbastelle colonies.
Barbastelles tend to commute to foraging grounds following natural
tree lines along watercourses (Greenaway, 2004; Zeale et al., 2012),
likely avoiding open areas due to predation risk (Russo et al., 2020).

Longer distance dispersal may be limited by the strong association of
barbastelles with old-growth mature broadleaf woodlands for roost-
ing and foraging (Russo et al., 2004; Zeale et al., 2012), a habitat type
that is particularly rare and fragmented in Britain (Reid et al., 2021).

Genetic connectivity between colonies is also affected by the
extent of artificial lights at night. Artificial lights are a key threat
to nocturnal biodiversity, like bats, that can have negative physio-
logical and demographic consequences (Gaston et al., 2015; Voigt
et al., 2021). Barbastelles tend to avoid artificially lit areas and their
activity is reduced when foraging or drinking sites are artificially il-
luminated (Russo et al., 2017). Artificial lights can also affect insect
densities (Owens & Lewis, 2018) and consequently prey availability
for bats. Hence, the continuing expansion of artificial lights in Britain
may fragment barbastelle populations, impede genetic connectivity
and affect foraging success. Artificial lights can be a proxy for other
aspects of human disturbance, such as the expansion of urban areas
and roads, habitats avoided by the barbastelle (Zeale et al., 2012).
Lower levels of urbanisation and light pollution across the Iberian
Peninsula could explain the higher gene flow rates among Iberian
colonies.

Broadleaf woodland cover and aggregation are key variables asso-
ciated with patterns of genetic diversity and inbreeding in barbastelle
colonies. Genetic diversity increases and levels of inbreeding decrease
with increasing broadleaf woodland cover and aggregation around the
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colony, suggesting that a higher extent of broadleaf woodland cover
and more connected woodlands within the colony home range sup-
ports larger population sizes. Summer maternity colonies are mainly
found in tree cavities, often in standing dead trees. Barbastelles select
relatively tall and wide deciduous trees, usually oak (Quercus spp.) or
beech (Fagus sylvatica), for roosting (Russo et al., 2020). Maternity col-
onies on average switch roosts every 3.5days and therefore require
several large trees that can form an expansive roosting network (Russo
et al., 2005). Hence, large mature broadleaf woodlands are needed to
support a large enough population to avoid inbreeding and loss of
genetic diversity. Many native woodlands have been lost or replaced
by plantation forests across Europe, and the remaining woodlands
are fragmented and degraded (Estreguil et al., 2012). This situation is
even more acute in Britain, where the proportion of native and ancient
woodlands is particularly low due to historic losses (Reid et al., 2021).

Genetic diversity also increases with increasing habitat diversity
across the landscape. We would expect levels of inbreeding to be
lower in colonies found in good-quality habitats that can support
larger populations because inbreeding is associated with small pop-
ulations. Barbastelles forage in a variety of habitats across the wider
landscape, including woodlands, riparian habitats, freshwater wet-
lands and unimproved grasslands (Zeale et al., 2012). Hence, nega-
tive correlations between inbreeding and habitat diversity mean that
colonies are likely to be larger in areas with a diversity of foraging
habitats that can support high densities of moths, their main prey
(Goerlitz et al., 2010).

4.2 | Broadleaf woodland loss as a driver of
population decline

For the first time, using our genomic dataset and demographic his-
tory models, we were able to provide evidence that confirms sus-
pected historic population declines in the barbastelle. Our models
show that both the northern and southern British populations have
declined by 99% in the past 330 and 548 years, respectively. Despite
these severe population declines, contemporary levels of inbreed-
ing are low in British colonies and heterozygosity is high relative to
Iberian colonies, indicating that effective population size is still high
enough to prevent substantial losses of genetic diversity (Frankham
et al., 2014). Moreover, levels of heterozygosity in the British colo-
nies are higher than in British colonies of the grey long-eared bat,
Plecotus austriacus, which has experienced similarly high levels of
population decline in the past century (Razgour et al., 2018).

The estimated median time of the start of the British barbastelle
population declines is set at the mid-15th to late 17th century. This
period in European history is referred to as the ‘Age of Discovery’
representing the first wave of European colonialism. Extensive ship-
building to support colonial explorations and wars required vast
quantities of wood (Davey, 2011), especially ‘outsized’ mature oak
trees (Melby, 2012), the same trees favoured by barbastelles for
roosting (Russo et al., 2020). Historic documents from that period
raise concerns about wood shortage in Britain (Warde, 2006). An

Act of Parliament from 1503 states that the woodlands in England
had been ‘utterly destroyed’ due to increased demand for timber for
shipbuilding, houses and iron smelting, linked to the development
of overseas trade and expanding human population (Holmes, 1975).
The 15th-early 17th century saw extensive oak woodland loss due to
naval expansion (Childs, 2009), corresponding to the estimated de-
cline time of the British south population. Losses continued through-
out the 17th-18th centuries, corresponding to the estimated decline
time of the British north population, with government policy trying
to restrict felling oak to supplying timber to the Navy (Holmes, 1975).
Across England, woodland cover decreased from an estimated 15%
in 1086 to 8% in the 17th Century and down to 5.1% in 1924, before
increasing to 10.2% by 2022 (Forest Research, 2022). Therefore,
the severe decline of the British barbastelle populations may be at-
tributed to the loss of maternity colony roosts following the felling of
large oak trees for shipbuilding to support colonial explorations and
the overall decline in woodland cover that continued until the late
20th Century. More recently, agricultural intensification and insect
declines in open landscapes and inside forests (Seibold et al., 2019)

likely impede the recovery of this and other bat species.

4.3 | Applying genomic approaches to assess
historic population declines

Genomic data can improve the accuracy and precision of estimates
of population size and demographic history and provide higher
power than genetic markers, meaning that the analysis is less limited
by sample size (Shafer et al., 2015). Although more work is needed
to assess when approaches to estimate effective population size
are reliable (Hoban et al., 2014), genetic estimates can accurately
reflect declines in population size (Pierson et al., 2018), even when
declines are not as severe as those identified in this study (Razgour
et al., 2021). A comparison of museum specimens to contemporary
samples can improve the estimation of historic population sizes and
genetic changes in populations over time (Habel et al., 2014) for
species with adequate collections and when sufficient funding is
available.

Previous studies applied genomic approaches to identify more
ancient wildlife population declines from the last glaciation period,
for example in the Scandinavian wolverine population (Ekblom
et al., 2018) and the giant panda, which also experienced a subse-
quent decline around 2800years ago (Zhao et al., 2012). Our study
shows that genomic approaches can identify recent historic popula-
tion declines, occurring in the last few hundred years, and therefore

can be relevant for informing current conservation management.
4.4 | Applying genomic approaches to inform
policy and conservation management

Genomic approaches can inform our understanding of the historic con-
text of current population estimates and timelines for changes, as well
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as help identify reasons for declines in population size, reduced genetic
diversity and increased inbreeding. While research in the last 20years
(reviewed in Russo et al. (2020)) has revealed some key landscape, habi-
tat and roosting requirements of the barbastelle, these all represent the
species survival in an anthropogenically changed landscape. We need
a longer-term understanding of how species inhabit the landscape and
how they have been affected by landscape changes. As we show in this
study, genomic data can offer this longer-term perspective. Genomic
data can be combined with ecological data on demography, reproduc-
tive success and behaviour to provide a broader perspective on how
populations are responding to environmental changes.

The findings of this study are currently being applied in con-
servation management of the barbastelle and used to inform
policy to support British bats. This study helps place current and
future estimates of British barbastelle population sizes, trends and
indices into historic context. Understanding this along with the as-
sociated drivers of historic change is vital in producing Favourable
Conservation Status definitions. The findings of this study are cur-
rently being used to inform the Favourable Conservation Status
definition which awaits publication by Natural England. This work
also directly informs other key national and local policies such
as targets for species recovery and mapping importance in Local
Nature Recovery strategy priorities and the focus of agri-environ-
mental schemes. The impact of these actions is measured based
on the Favourable Conservation Status definition. The lack of a
robust historic context and associated drivers of change has com-
promised the evaluation of the conservation status of bats and
other priority species. This gap in our knowledge has serious im-
plications for not only practical actions and targets for species
recovery but also for the appropriateness and applicability of na-
tional policy and related schemes and initiatives. This study shows
that genomic approaches have an important role in overcoming
omissions in current conservation policy and in applications used

in species recovery programmes.

5 | CONCLUSIONS

Genomic approaches can be applied to inform conservation status
and identify evidence of historic population declines in response
to anthropogenic land-use change. For the first time, we provide
evidence that confirms suspected historic population declines in
the barbastelle bat. Our models show that both the northern and
southern British populations have declined by 99% in the past few
hundred years and this decline is likely related to the loss of mature
broadleaf woodlands, possibly linked to shipbuilding and woodland
loss during the early colonial period. These alarming results place
current and future British barbastelle population sizes, trends and
indices into context and are being used to inform recovery targets
for this species.

Despite their promises, genomic approaches have not been
widely applied in conservation management due to challenges asso-
ciated with translation into conservation practices and insufficient

Journal of Applied Ecology E EE‘E@JW

engagement between academic researchers generating the genomic
tools and conservation practitioners (Shafer et al., 2015). This study
shows how we can bridge the implementation gap, as well as the
disciplinary and thematic gaps, which limit the contribution of sci-
ence to conservation (Habel et al., 2013). Through co-designing
studies with conservation practitioners, we can address evidence
needs identified by practitioners and co-develop evidence-based
management targets and recommendations. Therefore, this study
contributes to better integration of genomic data into national re-
porting on biodiversity conservation targets and monitoring (Hoban
etal., 2022; O'Brien et al., 2022).
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