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Abstract: Fencing wildlife populations can aid wildlife management goals, but potential benefits
may not always outweigh costs of confinement. Population isolation can erode genetic diversity and
lead to the accumulation of inbreeding, reducing viability and limiting adaptive potential. We used
microsatellite and mitochondrial DNA data collected from 640 white-tailed deer confined within
a 1184 ha fence to quantify changes in genetic diversity and inbreeding over the first 12 years of
confinement. Genetic diversity was sustained over the course of the study, remaining comparable to
unconfined white-tailed deer populations. Uneroded genetic diversity suggests that genetic drift
is mitigated by a low level of gene flow, which supports field observations that the fence is not
completely impermeable. In year 9 of the study, we observed an unexpected influx of mtDNA
diversity and drop in inbreeding as measured by Fis. A male harvest restriction imposed that year
increased male survival, and more diverse mating may have contributed to the inbreeding reduction
and temporary genetic diversity boost we observed. These data add to our understanding of the
long-term impacts of fences on wildlife, but also highlight the importance of continued monitoring
of confined populations.

Keywords: fence ecology; microsatellite; gene flow; inbreeding; genetic diversity; high tensile electric
fence; Odocoileus virginianus; management; conservation

1. Introduction

Fences are ubiquitous features used worldwide for many purposes [1,2], including
as tools for enhancing wildlife research, conservation, and management [3,4]. Fencing
can benefit focal species by effectively reducing mortality, defending against disease and
invasive species, and facilitating population recovery [5-8]. But fencing also can exact
conservation costs, for example, by inhibiting animal movement, elevating infection risk
within enclosures, or restricting access to critical resources [9,10]. There also are unintended
effects of fencing that extend beyond the focal species, and the ramifications are either
positive or negative for nontarget species [10-13]. Empirical research on the impacts of
fences is sparse thematically and taxonomically, and knowledge gaps are wide. Recent
reviews [3,4] highlight the complex, widespread, and poorly understood effects of fences,
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and serve as a call to action for further study of both broad community-level and context-
specific outcomes.

There is a wide range of fence designs, and each has advantages and disadvantages
for different management objectives. For instance, high-tensile electric fences are efficient
for deer research, management, and harvest control. The high-tensile strength of strands
is an effective physical barrier to deer, and the high-voltage current serves as an effective
behavioral deterrent [14]. When fence breaches do occur, crossings are primarily at gaps
or holes in the fence (e.g., at roads or stream crossings) [15,16]. Even without completely
blocking deer movement, high-tensile electric fences can reduce movement sufficiently to
facilitate management. Confined deer populations have lower rates of trespass and illegal
harvest, allowing better control of annual harvest limits to meet management goals (e.g.,
sex ratios, age structure) [17]. Additionally, confined populations often exhibit increased
survival and improved physical condition when the enclosure is well-managed, harboring
sufficient resources and habitats [17-19].

It is unclear whether the potential benefits of fences outweigh the negative effects of
isolation. Fences restrict natural movements and can constrain normal behavior [20-22]. Iso-
lated populations can be less demographically stable than large populations and are more
susceptible to erosion of genetic variation by genetic drift [23]. In confined populations
with little or no gene flow, the loss of genetic variation through genetic drift is unmitigated.
A lack of genetic variation leaves populations vulnerable to inbreeding depression [24],
making the population less able to adapt to changing environmental conditions [25] and
ultimately impacting the long-term health of the population. Intensive management of
habitats and harvest quotas are helpful in mitigating the negative effects of isolation, but
factors like altered breeding and dominance patterns in confined populations exacerbate
effective management [26].

To test the hypothesized effects of isolation in confined populations, we collected
empirical data from a confined white-tailed deer (Odocoileus virginianus) population in
Oklahoma. The population has been confined since 1993 in a 1184 ha area surrounded by a
2.5 m tall, 15-strand high-tensile electric fence. The fence is semi-permeable with observed
cross-fence movement, but around 90% of the population is effectively confined when fence
breaks are efficiently repaired [16]. It is unclear if cross-fence movement successfully leads
to gene flow. We used microsatellite and mitochondrial DNA data to quantify temporal
changes in genetic diversity and inbreeding in this confined population. These data will
add to the paucity of information related to the long-term impact of fences on wildlife;
these findings come at a time when fences are proliferating rapidly worldwide, while their
cumulative impacts, both ecologically and genetically, remain poorly understood [3,4].

2. Materials and Methods

The study area is 1214 ha located in the Cross Timbers region of Oklahoma (at the
intersection of Coal, Hughes, and Pontotoc counties), which is approximately 60% wooded
and 40% open habitats with a high degree of interspersion [27]. The property was formerly
owned and managed by the Samuel Roberts Noble Foundation (now known as the Noble
Research Institute, LLC, Ardmore, OK, USA). A 2.5 m, high-tensile electric fence containing
15 smooth wire strands was completed in 1993 to discourage human trespass and facilitate
white-tailed deer management programs [16]. Density of deer within the enclosure ranged
from 1 deer/19 ha to 1 deer/5.9 ha [28]. Hunting was permitted on both sexes until 1999
(male harvest restricted through harvest criteria), limited to females only in 2000 and 2001,
and restricted for both sexes after 2002 due to ongoing, long-term research projects. In
years where harvest occurred, it was moderate for females (1 deer/80 ha) and limited for
males (1 deer/500 ha), most of which were adults >2.5 years of age [29].

Deer tissue and antler samples were collected each year from 1992 through 2005,
covering the entire confined space (Figure 1). Samples were collected from all harvested
deer (n = 84 tissue samples), deer captured on the property as part of other ongoing research
(n =588 tissue samples), and shed antlers or carcasses found during routine activities on the
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property (n = 137 antler core drillings or tissue samples). Spatial locations were recorded
for all 809 samples collected, and sex was recorded for most samples. Tissue samples
were frozen upon collection and stored at —20 °C. We extracted DNA from samples using
DNeasy Blood and Tissue Kits (Qiagen, Hilden, Germany), adding 0.6 mg proteinase K
and overnight incubation to the initial lysis step.
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Figure 1. Sampling map of white-tailed deer confined population in Oklahoma. Sampling locations
within the study area are designated; each symbol can represent multiple individuals sampled at
that location.

We amplified 17 microsatellite loci using protocols outlined in [30,31]. Amplification
products were electrophoresed on an ABI Prism 3130 Genetic Analyzer (Applied Biosys-
tems, Foster City, CA, USA), and allele sizes were scored in GeneMapper software (Applied
Biosystems, Foster City, CA, USA) against a GeneScan 500 ROX size standard (Chimerx,
Milwaukee, WI, USA). We removed duplicate genotypes (e.g., deer captured in multiple
years, a harvested male with a genotype matching a shed antler from a prior year, deer cap-
tured in one year and harvested later; n = 150) and samples with >50% missing genotypes
(n =19). The final dataset contained 640 individuals (17 = 263 females, n = 326 males, and n
= 51 sex unrecorded) genotyped at 17 microsatellite loci, with 0.7% missing data. We used
PGDSpider (version 2.1.1.5) [32] to convert our data for different input formats.
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We also generated nucleotide sequence data from a 646-bp portion of the mitochon-
drial control region for a subset of 219 individuals. We amplified the fragment in 25 uL
reaction volumes containing 10-50 ng genomic DNA, 0.4 nM each primer (primers 283 and
1115) [33], 200 mM dNTPs, 25 mM MgCl,, and 1 U AmpliTaq Gold (Applied Biosystems,
Foster City, CA, USA) in GeneAmp 10x PCR bulffer II (Applied Biosystems, Foster City,
CA, USA). The thermocycler profile included an initial denaturation step at 94 °C for
12 min, followed by 35 cycles of 94 °C for 35 s 51 °C for 30 sec, and 72 °C for 1 min, with a
final extension at 72 °C for 15 min. We used enzyme-purified PCR products (ExoSAP-IT;
Applied Biosystems, Foster City, CA, USA) as templates for sequencing reactions using the
BigDye Terminator Cycle Sequencing Kit v1.1 (Applied Biosystems, Foster City, CA, USA).
We removed unincorporated dye terminators using the DyeEx 2.0 Spin Kit (Qiagen, Hilden,
Germany) and sequenced each sample in both directions on an ABI Prism 3130xl Genetic
Analyzer (Applied Biosystems, Foster City, CA, USA). We aligned and edited sequences
using Lasergene (v4.03, DNAStar Inc., Madison, WI, USA) and CLUSTAL X [34].

We estimated basic genetic diversity statistics for microsatellite data in GenAlEx
(version 6.51b2) [35,36] and SpaGeDi (version 1.5 d) [37]. These estimates included the
number of alleles, expected and observed heterozygosity, and Fjs. Statistical significance
for Fis was assessed using permutation tests with 10,000 randomizations of alleles among
individuals, and false discovery rate correction for multiple tests [38]. Sequence diversity
was estimated in DnaSP (version 6.12.03) [39] and includes the number of polymorphic
sites (S), haplotype number (H), haplotype richness (Hd), nucleotide diversity (7), and the
average number of nucleotide differences (k). We estimated genetic diversity at nuclear
microsatellites and mtDNA sequence data for the total dataset and for each sex separately.

We used three complementary approaches to characterize population genetic struc-
ture, including Bayesian clustering methods in STRUCTURE [40] and BAPS [41], and the
multivariate statistical technique principal coordinates analysis (PCoA). We ran STRUC-
TURE five times at each K for K =1 to K = 12 with 50,000 burn-ins and 500,000 MCMC
iterations and used CLUMPAK to compile and graphically represent the results [42]. We
ran BAPS using the “spatial clustering of groups” option because we had samples with
identical coordinates. We ran a PCoA in GenAlEx using a standardized covariance matrix.
The presence of isolation by distance, in which allele frequencies vary gradually across a
region, can confound population structure detection. We tested for isolation by distance
using a Mantel test for correlation between genetic and geographic distance matrices in
GenAlIEXx, excluding 62 samples without spatial coordinates.

Our sample set contained presumed mother-offspring (1 = 25) and sibling pairs (n = 19;
unknown as to whether full- or half-sibs). For population genetic analyses, we retained
only one sample per family. However, these samples’ existence allows testing of our ability
to detect relatives in our dataset using this panel of loci. We calculated pairwise kinship [43]
in SpaGeDi for all pairs of individuals in the dataset, and for known mother-offspring and
sibling pairs.

To better assess temporal changes in the confined population, we split the data by year.
Individuals with known ages were replicated according to the years they were inferred
as present in the population. For example, if a deer was captured in 1996 and harvested
in 1998, it also was included in the 1997 dataset. Temporal analyses were restricted to
the years 1992-2003, where sufficient sample sizes existed (1 > 20/year for microsatellite
data and n > 10/year for mtDNA data). We estimated genetic diversity for each year as
described above. We also estimated relatedness using the Lynch and Ritland estimator [44]
in GenAlEx, with significance assessed by 999 permutations.

3. Results

The final microsatellite dataset contained between 2 and 20 alleles per locus, with an
average of 10.7 (SD = 5.79). Mean unbiased expected heterozygosity was 0.711 and mean
observed heterozygosity was 0.674 (Table 1). The final mitochondrial sequence dataset
contained 7 haplotypes with 61 segregating sites across 646-bp. Haplotype diversity (Hd)
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was 0.456 (SD = 0.037), nucleotide diversity (7r) was 0.026 (SD = 0.002), and the average
number of nucleotide differences between individuals (k) was 16.7. Both microsatellite and
haplotype diversity were similar in males and females, and we observed no significant
genetic differentiation between the sexes (microsatellite Gs = 0.001, p = 0.2934; haplotype
Gst = 0.00650, p = 0.2873). Microsatellite diversity was nearly identical in both sexes
(AR Mates = 10.00, AR Femates = 9-65; HE Mates = 0.708, HE Females = 0.713), although haplotype
diversity was slightly higher in males than females (Hdp,;es = 0.534, Hdpepa1es = 0.385); none
of the differences were significant (pairwise t-tests, all p > 0.12).

Table 1. Locus-specific genetic diversity estimates for n = 640 deer in the total population. Allelic
richness (Ag), observed heterozygosity (Hp), unbiased expected heterozygosity (Hg), and Wright's
inbreeding coefficient (Fjs) are provided. Significance of Fjs is given using permutation tests with
10,000 randomizations of gene copies among individuals; significant values in bold.

Locus AR Ho HE FIS PVﬁl(FIS # 0)
BovPRL 2.00 0.309 0.294 —0.053 0.187
Cervidl 14.81 0.868 0.867 —0.002 0.896

ILSTS011 9.98 0.775 0.844 0.082 0

INRAO11 5.99 0.676 0.667 —0.013 0.581
N 19.17 0.763 0.871 0.124 0
Q 19.38 0.810 0.841 0.037 0.020

BL25 4.00 0.498 0.530 0.059 0.053
BM6438 12.79 0.657 0.817 0.195 0

BM848 12.82 0.816 0.843 0.032 0.061

K 3.99 0.417 0.394 —0.059 0.116

O 6.72 0.531 0.543 0.023 0.425

BM4208 20.00 0.900 0.906 0.007 0.616
BM6506 10.57 0.712 0.806 0.116 0
D 12.75 0.745 0.818 0.089 0

OarFCB 13.76 0.846 0.806 —0.051 0.004
P 9.96 0.697 0.816 0.146 0

R 3.00 0.442 0.430 —0.027 0.505
Mean 10.69 0.674 0.711 0.052 0

Population isolation is predicted to reduce genetic diversity over time. In this confined
deer population, we did not observe any change in genetic diversity over the period 1992—
2003 in the microsatellite data, regardless of the metric we used (Figure 2). Mitochondrial
sequence data showed a decline in haplotype diversity across the study, with some recovery
in the years 2000 and 2001 (Figure 3). Nucleotide diversity (7r) and the average number of
nucleotide differences between individuals (k) showed trends mirroring those observed in
haplotype diversity, declining from 1992-1999, increasing in the years 2000 and 2001, and
declining again in 2002-2003.
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Figure 2. Genetic diversity over time, based on 17 microsatellite loci. The effective number of alleles (Ne, top-left panel),
observed heterozygosity (Hp, bottom-left panel, orange circles) and expected heterozygosity (Hg, bottom-left panel, gray
triangles), and relatedness (r, top-right panel) are constant over time. Wright's inbreeding coefficient (Fjg, lower-right panel)

shows a significant deficiency of heterozygotes (positive Fjs) during the years 1994-2000.

We observed an overall deficiency of heterozygotes relative to Hardy-Weinberg expec-
tations. Though small, it was statistically significant (Fjs = 0.052, p < 0.0001) and attributable
to disequilibrium at 6 loci (Table 1). These 6 loci all exhibited a significant deficiency of
heterozygotes (mean Fjg for these 6 loci was 0.125). It is possible that these 6 loci exhibited
null alleles, creating the observed global heterozygote deficiency. Three of the loci that
exhibited heterozygote deficiencies in our dataset (N, BM6506, and D) were observed to
have null alleles of >10% in [45], so it is possible that the global heterozygote deficiency
we observed is at least partially attributable to the presence of null alleles at these three
loci. However, we did not observe any evidence for null alleles in our dataset based on
repeated genotypes and genotypes from the known mother-offspring pairs.

A global heterozygote deficiency could also result from cryptic population structure
(Wahlund effect), inadvertent inclusion of related individuals in the dataset, or mating
among relatives (inbreeding). Multiple, complementary approaches (STRUCTURE, BAPS,
and PCoA) were used to evaluate the presence of cryptic population genetic structure
that might explain the observed heterozygote deficiency. None of these methods revealed
evidence of structure. STRUCTURE and BAPS indicated a single group, and PCoA revealed
no discernable grouping of samples, with the first axis explaining only 4.35% of the
variation (Figure 4). Likewise, there was no significant support for isolation by distance
(R? = 0.0002, p = 0.220), a pattern of genetic structure that can limit the power of clustering
approaches [46].
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The observed heterozygote deficiency also does not appear to be an artifact of sam-
pling related individuals. Our sample contained known mother-offspring (n = 25) and
sibling pairs (1 = 19; unknown whether full- or half-sibs). Though we retained only one
sample per family for all population genetic analyses, the estimated kinship between
these mother-offspring (0.237, SD = 0.080) and sibling pairs (0.220, SD = 0.089) matches
theoretical expectations (0.25 for parent-offspring and full-sibs, 0.125 for half-sibs). When
we evaluated the remaining individuals in the dataset, we found no evidence that the pres-
ence of close relatives in the dataset was driving global heterozygote deficiencies (average
kinship = 0.0000104, SD = 0.077). Taken together, these results suggest that either weak
population structure exists but is too faint to be detected using clustering and ordination
approaches [47] or that inbreeding is present in this population.

The inbreeding coefficient (Fjs) was dynamic over time in contrast to genetic diversity,
which remained stable. Mean pairwise relatedness also remained stable over time, and was
not significantly different from zero in any year. We observed an increase in the inbreeding
coefficient (Fis) early in the study (1992-1994), which remained elevated during the middle
years (1995-2000) and then decreased (2001-2003) (Figure 2).

4. Discussion

Fences represent pervasive features on the landscape and are an important emerging
issue for the conservation of global biodiversity [48], yet the full effects of fences remain
understudied [3,4]. Fences are often effective for managing focal species but may uninten-
tionally restrict movement. Restriction of movement, particularly immigration, may lead
to isolation of populations, resulting in a loss of genetic diversity and accumulation of in-
breeding whereby long-term population persistence may be affected. Despite the potential
for isolation, our genetic diversity data support field observations of fence crossings [16]
and suggest that the fence is not completely impermeable.

Overall, genetic diversity in the confined deer population is comparable to white-tailed
deer populations in other parts of their range. This includes populations with no history of
population size reductions [45,49-51] and populations that have undergone bottlenecks or
founder events (e.g., through translocation or introductions) [31,52]. Genetic diversity of
deer within our study population is considerably higher than in populations with known
long-term isolation and small population sizes, such as Key deer (O. v. clavium) [53] and
Columbian white-tailed deer (O. v. leucurus) [54]. Relatedness was also stable over the
course of the study and hovered around zero (unrelated), consistent with estimates from
both fenced and unfenced populations [49,55,56]. Levels of genetic variation that are high
and comparable to wild populations with no history of size reduction or isolation suggest
that, despite confinement, there is efficient long-term retention of genetic variability. Of
course, rates of change in allele frequencies and overall heterozygosity relates to the number
of migrants that successfully reproduce each generation, with genetic drift playing a role
in isolated populations with small effective sizes. So, it is possible that the length of time
that the population was confined may be too short for major genetic effects to be observed.
Alternatively, genetic diversity in the confined population may be maintained by movement
across the high-tensile electric fence [17]. Maintenance of genetic variation through high
reproductive capacity and low-level gene flow across fences was also observed for white-
tailed deer in a fenced urban metro-park, in particular when matrilineal groups remain
intact [55].

Further support for the maintenance of genetic variation in our study population of
deer comes from the temporal analysis of microsatellite diversity, which shows sustained
levels of genetic diversity over time. In contrast, the mitochondrial sequence data show a
conflicting pattern—a steady decline in diversity, mitigated by modest recovery in 2000.
The increase in mitochondrial diversity in a confined population was unexpected. The
most plausible explanation is an influx of new individuals with novel haplotypes, either
females who would transmit novel haplotypes to their offspring, or males who would
bring in new haplotypes transiently. This is a plausible explanation given the empirical
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evidence from GPS tracking and long-term tagging of white-tailed deer in the study area,
which shows that GPS collared individuals left and returned to the study area, and tagged
deer were harvested outside of the enclosure [16,17]. If deer are able to leave the study
area through breaches in the fence [16], then it is just as conceivable that deer outside of
the enclosure can find their way into the study population.

The presence of a global heterozygote deficiency suggests either weak and cryptic
population genetic structure or mating between related individuals. Inbreeding is predicted
to accumulate in isolated populations, where the number of individuals contributing to the
next generation is limited [24]. We observed a steady increase in Fjs following fence con-
struction for three years, and values remained positive for 7 years. The increased inbreeding
and excess of homozygosity is consistent with the hypothesized effect of confinement.

On the other hand, the decrease in Fjg values from 2001-2003 was unexpected and
might be caused by several factors. First, deer were sampled opportunistically, and it is
possible that sampling bias exists across years. This explanation seems unlikely, as the
number of deer collected in these years was high and similar to other years, and because
the spatial distribution of samples was not different among years. Second, there might
be accumulated weak spots (e.g., holes and water gaps) in the fence after several years of
use, resulting in increased cross-fence movement [16] and thus decreased inbreeding and
F1s. Mobile species have been found to continually patrol fence borders for breaks and can
identify them quickly [21]. In this deer population, 80% of crossings were at or near a hole,
water gap, or temporary non-electrified portion of the fence [16]. Third and most likely,
the decreased Fjs might reflect the restriction of harvest on males since 2000. Patterns of
inbreeding accumulation that mirror changing hunting regulations suggests that hunting
may affect genetic structure when populations are under confinement. White-tailed deer
have a tending-bond mating system where there is a wide distribution of reproductive
success among males without skew or individual dominance [57]. After male harvest
was restricted, male survival increased markedly from 58% to 99% [17], which might lead
directly to more diverse mating and contribute to the decreased inbreeding since 2001.
Increased male survival after 2000 could also be a source of individuals contributing to the
temporary increase in mtDNA diversity we observed.

In summary, our results of high genetic diversity indicate that gene flow, likely at a low
level, is probably maintained between the confined and wild populations by occasional deer
movements across the fence. Temporal changes in Fjs indicate an increase in inbreeding
shortly after confinement, which might be further driven by male harvest in the population,
albeit limited, during 1993-2000. The restriction of male harvest after 2000 may have helped
limit inbreeding and increase mtDNA diversity, albeit briefly. However, it is also likely that
the 12-year temporal span is not long enough to detect a strong signal of genetic change in
confined deer populations, and it is unknown if gene flow by cross-fence movement will be
maintained despite fence repair or improvement. Continued data collection and analysis in
this population can be used to measure genetic changes after a longer time of confinement
and to include evaluations of other potential negative effects (e.g., restricted evolutionary
potential) or effects on nontarget species [4,58] to better understand the cumulative impacts
of fences. The impact of fences on infectious disease transmission between confined and
unconfined populations e.g., [59,60] is particularly relevant to white-tailed deer, given
the increasing occurrence of chronic wasting disease (CWD) and the importance of deer
movement and spatial structure to transmission dynamics [50,61,62], though CWD is not
currently found on or near this study site. Our genetic data agree with previous studies
that the fence surrounding our study area has been so far effective, and protective for
white-tailed deer population management [17], but we also highlight the statement by [58]
that fences for conservation and management should be temporary and should avoid
permanent changes to the landscape.
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