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Abstract

Loss and fragmentation of habitat led to the near extirpation of the disjunct pygmy rabbit
(Brachylagus idahoensis) population in the Columbia Basin of Washington state. In 2003, the
Columbia Basin pygmy rabbits was listed as an endangered distinct population segment under the
United Stated Endangered Species Act. In 2001, 16 Columbia Basin pygmy rabbits were taken from
the last remaining population in Sagebrush Flat wildlife area and used to start a captive breeding
program. To counteract the high levels of inbreeding among the rabbits, a genetic rescue was
performed by adding 4?7 pygmy rabbits from Idaho. In 2011, with the main goal of reintroduction of
rabbits back to the state of Washington, the captive breeding program transitioned to on-site breeding,
where genetic and demographic rescue was performed by introducing an additional 100ish pygmy
rabbits from regional populations across the species range. Since the first translocations in 2012, over
1900 mixed-ancestry rabbits have been translocated into the Sagebrush Flat wildlife area. Two
additional populations were established later in Beezley Hills Preserve (2017) and Chester Butte
wildlife area (2018).

Monitoring of these translocated populations of endangered species rabbits is crucial for
evaluating and informing conservation strategies to maximize the chances of a successful recovery.
We used noninvasive invasive genetic sampling to evaluate demographic and population genetic
parameters on three reintroduced populations of pygmy rabbits over 8 years (2012-2020). For each
population, we evaluated spatial distribution, apparent survival rates, post-release dispersal distance,
genetic diversity, reproduction, and the persistence of Columbia Basin ancestry. For five groups of
pygmy rabbits maintained in large breeding enclosures within native habitat, we estimated genetic
diversity and Columbia Basin ancestry from 2012-2020. Over the course of this study, 1479 rabbits
(Sagebrush Flat), 461 rabbits (Beezley Hills), and 38 rabbits (Chester Butter) were reintroduced by a
cooperation between state and federal agencies. Through winter and summer monitoring surveys, we
identified 168 released rabbits and 420 wild-born rabbits in Sagebrush Flat, 13 released rabbits and 2
wild-born in Beezley Hills, and 16 released rabbits in Chester Butte. Survival differed across years

and was positively influenced by release date, release weight, and heterozygosity (Chapter 1).

To better understand the mixed-ancestry rabbits within Washington, we needed to evaluate
the genomic diversity across the species’ range. We used restriction site-associated DNA sequencing
(RADseq) approach on 123 rabbit samples, including pure Columbia Basin pygmy rabbits, to identify
single nucleotide polymorphisms (SNPs) and determine population genetic structure across the
pygmy rabbit range, assess the distinctiveness of the Washington population, and test for genomic

signatures of adaptive divergence among populations. Using 12,084 SNPs, we identified four distinct
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genetic groups: (1) Washington, (2) Great Basin (California, Nevada, Idaho, Montana), (3) northern
Utah/Wyoming and (4) southern Utah. The Washington population was most divergent compared to
the other genetic groups, reinforcing its federal protected status as a distinct population segment.
Identifying genetic markers for ancestry from the multiple pygmy rabbit populations will help
monitor variation in the admixed Washington population and assess the consequences of genetic

rescue efforts (Chapter 2).

Through winter monitoring surveys performed between 2012 and 2020 on the wild
population at Sagebrush Flat wildlife area, we observed a shift in spatial distribution of pygmy rabbit
burrows from native shrub-steppe habitat (Sagebrush Flat) to Conservation Reserve Program (CRP)
habitat that had been revegetated with native shrub-steppe flora in the mid-1990s. We compared
vegetative and soil characteristics to test hypotheses about factors driving pygmy rabbit habitat
selection. We identified that shrub canopy cover, living canopy cover, and composition of the canopy
(living sagebrush) were higher in occupied sites and sagebrush was more nutritious in CRP habitat.
These findings can help guide management strategies and provide the necessary tools to identify
suitable habitat for future release efforts for the endangered Columbia Basin pygmy rabbit and have
demonstrated the value of habitat restoration efforts like CRP (Chapter 3).
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(CRP) land where pygmy rabbit burrows transitioned from native shrub steppe habitat in SBF to CRP
habitat. A represent active pygmy rabbit burrow locations identified during winter monitoring
surveys from 2012-2015. e represent active pygmy rabbit burrow locations identified during winter
monitoring surveys from 2015-2020. ........cccerciiriiiiiieiierie ettt sae et stae e sseesneenes 116
Figure 3.2. Site locations at Sagebrush Flat Wildlife Area (SBF - white), Washington and surrounding
Conservation Reserve Program (CRP - grey) for each of the stratified categories where vegetative and
soil samples were taken from May-August 2017 and 2018. Samples size for each stratified category
are (1) Currently occupied CRP (n=31), (2) currently occupied SBF (n=19), (3) Previously occupied
SBF (n=27), and (4) never occupied SBF (1=20). .......cccverirriieiieieerieerieecieeieereeie e esseeseeseeseennees 117



Xvil

Figure 3.3. Stacked bar-chart illustrating the number of sites in each soil type identified using US
Department of Agriculture’s WebSoil survey
(https://websoilsurvey.sc.egov.usda.gov/App/WebSoilSurvey.aspx). Soil types are 14 - Alstown silt
loam, 0 to 8 percent slopes, 17 - Alstown-Renslow complex, 0 to 8 percent slopes, 21 - Argabak very
cobbly loam, 0 to 20 percent slopes, 25 - Argabak-Horseflat complex, 0 to 30 percent slopes, 26 -
Argabak-Horseflat-Toler complex, 0 to 20 percent slopes, 55 - Benwy-Alstown complex, 0 to 8
percent slopes, 57 - Benwy-Selah-Alstown complex, 0 to 8 percent slopes, 192 - Haploxerolls, nearly
level to gently sloping, 287 - Renslow silt loam, cemented substratum, 0 to 8 percent slopes, 371 -
Strat-Tubspring complex, 0 to 8 percent slopes, 411 - Toler ashy silt loam, 0 to 3 percent slopes, 412 -
Toler ashy silt loam, 3 to 8 percent slopes, 420 - Toler-Horseflat complex, 3 to 8 percent slopes, 421 -
Toler-Horseflat complex, 8 to 15 percent slopes , and 423 - Toler-Horseflat-Benwy complex, 3 to 8
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Chapter 1: Long term noninvasive genetic monitoring guides recovery of

the endangered Columbia Basin pygmy rabbits (Brachylagus idahoensis).

Abstract

Loss and fragmentation of habitat from agricultural conversion has led to the near extirpation
of the pygmy rabbit population in the Columbia Basin (CB) of Washington, USA. Recovery efforts
began in 2002 and included captive breeding, translocations, and reintroduction into native habitat. We
used noninvasive invasive genetic sampling to evaluate demographic and population genetic
parameters on three translocated populations of pygmy rabbits (SBF, BH, CHB) over 8§ years (2012-
2020). For each population, we evaluated spatial distribution, apparent survival rates, post-release
dispersal distance, genetic diversity, reproduction, and the persistence of CB ancestry. For five
populations of pygmy rabbits maintained in large enclosures within native habitat, we estimated
genetic diversity and CB ancestry from 2012-2020. Over the course of this study, 1479 rabbits (SBF),
461 rabbits (BH), and 38 rabbits (CHB) were reintroduced by a cooperation between state and federal
agencies. Through winter and summer monitoring surveys, we identified 168 released rabbits and 420
wild-born rabbits in SBF, 13 released rabbits and 2 wild-born in BH, and 16 released rabbits in CHB.
Observed heterozygosity (Ho) values ranged from 0.62-0.84 (SBF), 0.59-0.80 (BH), and 0.73-0.77
(CHB). Allelic richness (AR) ranged from 4.67-5.35 (SBF), 3.71-5.41 (BH), and 3.69-4.65 (CHB).
Effective population (Ne) within SBF varied from 12.3 (2012) to 44.3 (2017). CB ancestry persisted
in all three wild populations, ranging from 14.85%-27.46%. CB ancestry persisted in 99% of wild-
born juveniles identified in SBF. Post-release dispersal at SBF averaged 988 m for juveniles and 783
m for adults but did not differ significantly by sex or age. Dispersal distances of rabbits detected in a
2nd year were greater for males (804 m) than females (351 m). Apparent survival of juvenile rabbits
differed across years (1 - 39%) and was positively associated with release date, release weight, and
genetic diversity. Survival of adults (0 - 43%) was positively influenced by release day, with some
evidence that genetic diversity positively influenced adult apparent survival. Rabbits were directly
released into the wild at SBF (hard release), whereas rabbits released into CHB and BH were placed in
release pens until the pens were breached in winter (soft releases). Dispersal distances were
significantly shorter for soft release methods (BH — 178 m, CHB — 286 m) compared to hard releases
(SBF - 988 m), and apparent survival increased 22 - 32% with soft releases. Survival of juveniles

deployed to release pens was positively influenced by release day. Our findings provide critical



information on the success of the reintroduction efforts and provide information for future

conservation and management efforts.

Introduction
The loss of biodiversity is one of the most important environmental problems facing the world

today (Pimm et al. 2014). Rapid human population growth, environmental change, and habitat
fragmentation all pose ever-greater threats to biodiversity and highlight the need for increasingly
aggressive conservation efforts (Hedrick et al. 2014). Conservation biologists use an interdisciplinary
tool set to develop management plans and evaluate the sustainability of species and populations. Key
tools for biodiversity monitoring use methodological approaches that rely on genetic tools for
evaluating change (Stetz et al. 2011). Genetic monitoring studies have been used to address many
conservation issues, including population abundance (Blouin et al. 1996; Koskinen 2003; Maes et al.
2006), population assignments and population structure (Cooper et al. 2010; Khrustaleva et al. 2017),
parentage analysis (DeMay et al. 2017), and population bottlenecks (Osborne et al. 2016).
Noninvasive genetic sampling has become a common method for sample collection in many genetic
monitoring studies. Noninvasive genetic sampling allows researchers to monitor populations through
the collection of feces, hair, saliva, feathers, or any other biological material left behind by an animal
(Taberlet et al. 1999; Waits and Paetkau 2005), without capturing, disturbing, or even observing
individuals (Taberlet et al. 1999; Beja-Pereira et al. 2009).

Endangered species and isolated populations typically face genetically related threats such as
loss of genetic variation and inbreeding that can ultimately lower the fitness of the individual and
population (Tallmon et al. 2004). Genetic rescue has the potential to be one of the most powerful
means to conserve small and declining populations, yet it remains controversial and is rarely applied
(Mills and Allendorf 1996; Edmands 2007; Frankham et al. 2011; Whiteley et al. 2015). A major
concern with genetic recues is that gene flow can decrease fitness through outbreeding depression,
potentially increasing the risk of extinction (Edmands 2007). Genetic rescue has increased genetic
variation and resulted in population recovery for a variety of terrestrial wildlife species including
Mexican wolves (Canis lupus baileyi; Fredrickson et al. 2007), Florida panthers (Puma concolor
coryi; Pimm et al. 2006), greater prairie chicken (Tympanuchus cupido; Mussmann et al. 2017), arctic
fox (Vulpes lagopus; Hasselgren et al. 2018), and bighorn sheep (Ovis canadensis; Miller et al. 2012).
Monitoring for potential negative consequences of genetic rescue is crucial in assessing the outcome

of the genetic rescue of the population (Robinson et al. 2020).

Here we present an 8-year study that uses traditional tissue sampling and noninvasive fecal

DNA sampling to monitor the world’s smallest rabbit, the pygmy rabbit (Brachylagus idahoensis).



Pygmy rabbit populations are found mostly across the Great Basin of the western United States
including the states of Wyoming, Utah, Nevada, Oregon, California, Montana, Colorado, and Idaho.
A small, disjunct population occurs within the Columbia Basin (CB) of central Washington (Figure
1.1). The CB population in Washington has been spatially and genetically isolated for at least 10,000
years but present in the area for nearly 100,000 years (Lyman 1991; Warheit 2001). The CB pygmy
rabbits were considered a distinct population segment, the smallest division of a species warranted
protection under the Endangered Species Act, and were state listed (Washington) in 1993, and
federally emergency listed (Endangered Species Act) in 2001, with a final ruling in 2003 (WDFW
1995, 2003; U.S. Fish and Wildlife Service 2003; Becker et al. 2011). At the time of federal listing,
the population included fewer than 30 individuals in the wild, and the geographic distribution in
Washington was reduced from 6 populations in five counties in the 1990s to a single population at
Sagebrush Flat (SBF) in Douglas County (WDFW 1995, 2003; U.S. Fish and Wildlife Service 2003;
Becker et al. 2011).

In an attempt to save the population from extinction, the last remaining 16 individuals were
captured and brought into captivity in 2001, to establish a captive breeding population to support
future reintroduction efforts (Becker et al. 2011). Decreased reproductive success in captivity and low
genetic diversity suggested that the CB population was experiencing inbreeding depression (Warheit
2001; Elias et al. 2013). To counteract potential inbreeding depression and provide a genetic rescue,
four Idaho pygmy rabbits were introduced into the captive breeding program in 2003 (Becker et al.
2011; U.S. Fish and Wildlife Service 2012). Breeding was carefully managed to prevent inundating
the captive CB population with Idaho genetic variation and to preserve unique CB ancestry while

maintaining genetic health (Elias et al. 2013).

With the main goal of the CB Recovery Program to establish a sustainable wild population,
the captive breeding program ended in 2011 and transitioned to semi-wild onsite breeding enclosures
(U.S. Fish and Wildlife Service 2012). To provide further genetic rescue and the necessary numbers
needed for release, 111 wild pygmy rabbits were translocated from Oregon, Nevada, Utah, and
Wyoming, and were kept in the same large enclosures to encourage interbreeding. Since the first
releases in 2012 onto the Sagebrush Flat wildlife area (SBF) in Washington (Figure 1.1), a total of
1,947 pygmy rabbits have been released (1782 juveniles and 165 adults) (Hayes 2018). Monitoring of
these mixed ancestries, released individuals and reproduction in the wild is crucial to the overall goal
of a sustainable population. Additionally, in summer 2018, two new populations were established in

the Beezley Hills (BH) and Chester Butte (CHB) recovery areas (Figure 1.1).



DeMay et al. (2016) used microsatellite loci to perform parentage analyses to assess the influence of
ancestry, population density, and genetic diversity on reproduction and mating system within the
breeding enclosures. As population densities increased, male reproductive output decreased as genetic
diversity declined. Males with >50% Columbia Basin ancestry had higher reproductive output
whereas males of northern Utah/Wyoming ancestry had lower reproductive output. Female
reproductive output decreased with Nevada/Oregon ancestry (DeMay et al. 2016). This information
indicates that ancestry plays a role in reproductive fitness in wild/released populations and should be

monitored in the wild and enclosure populations.

Noninvasive genetic sampling of fecal pellets has become a valuable method for monitoring
the reintroduced CB pygmy rabbit populations (DeMay et al. 2013, 2017). The goal of our genetic
monitoring project was to combine data from 2012- 2020 to (1) assess habitat occupancy and spatial
distribution of wild populations, (2) estimate dispersal distances of released rabbits, (3) assess
demographics of the wild population from 2017-2020 when no releases occurred, (4) estimate genetic
diversity and persistence of CB ancestry of wild and enclosure populations, (5) assess apparent
survival of released rabbits in the SBF population and determine which genetic and/or demographic
factors influence survival, and (6) compare apparent survival rates and dispersal distances in hard vs.

soft release efforts (Table 1.1).

First, we predicted that burrow establishment would be closer to release sites within the SBF
area, as was seen in the 2012-2014 cohorts (DeMay et al. 2017), with minimal occupancy on the edges
of SBF. Secondly, we predicted that dispersal distances would differ between adults and juveniles but
would not differ between sexes. DeMay et al. (2017) documented that median dispersal distance
differed between released juveniles and adults (770m and 471m, respectively) in the 2012-2014
cohorts, and juveniles released later in the year dispersed shorter distances. Therefore, we expected to
find similar results in 2015 and 2016 cohorts that were released into SBF. For our third and fourth
goal, we monitored demographic factors, genetic diversity and determined genetic estimates of CB
ancestry in the enclosure populations, release cohorts, and wild populations, effectively guiding
management strategies. We predicted that CB ancestry will be maintained in enclosure and wild
populations since juveniles with higher CB ancestry were retained as breeders. We expected a
decrease in heterozygosity, over the 8 years in wild and in enclosure populations, because of the
limited number of founders and Ne < 100. Preserving the adaptive differences in this distinct
population segment by persistence of CB ancestry is a main goal of the species recovery plan (U.S.

Fish and Wildlife Service 2012).



For our fifth goal, we predicted juvenile apparent survival rates in the SBF population would
be positively influenced by year, release weight, release day, and homozygosity, and adult apparent
survival would be positively influenced by release day and heterozygosity (DeMay et al. 2017; Scott et
al. 2020). We expected that apparent survival rates would increase for rabbits released later in the year
because they were vulnerable to predation for a shorter amount of time before winter surveys. We also
expected that older juveniles would have a higher probability of survival because they had more time
in the breeding enclosures with high-quality food and protection from predators and could achieve
better body condition prior to being released compared to those released at younger ages (Rddel et al.
2004). Finally, we predicted that survival rates would be higher and dispersal rates lower in the soft

release pens in BH and CHB than the hard releases performed in SBF.

Methods and Materials

Study Area

The study areas for this project are SBF (1514 ha), Dormaier (DM; 146 ha), Chester Butte
(893 ha) in Douglas County in central Washington, and Beezley Hills (83 ha) in Grant County in
central Washington (Figure 1.1). All study sites were located on the Columbia Plateau Province (Crab
Creek sub-basin). SBF, CHB and DM were three of four geographically separate units of the larger
Sagebrush Flat Wildlife Area (SFWA) managed by Washington Department of Fish and Wildlife
(WDFW) and the only ones containing pygmy rabbits. The SFWA was managed specifically for
endangered and threatened pygmy rabbits, sage grouse (Centrocercus urophasianus), and sharp-tailed
grouse (Tympanuchus phasianellus; WDFW 2006). BH was a combination of private land and land
owned/managed by The Nature Conservancy (Washington chapter) (Hayes 2018). These sites were
characterized by dense sagebrush (4rtemisia sp.), deep soils, and mounded micro-topography (Tullis
1995; WDFW 2006). SBF is the only site characterized by mima mounds, which are natural mounds
composed of loose, unstratified sediment that is overthickened with sagebrush and other grasses and
forbs. All sites were surrounded by state, federal, and private lands, with a land cover mosaic of
sagebrush steppe and wheat fields. The SBF Unit was also surrounded by Conservation Reserve
Program (CRP) lands, which are agricultural fields that were revegetated with sagebrush-steppe flora
in the mid-1990s (WDFW 2006) (Figures 1.2,1.3). Predators of pygmy rabbits within SFWA and BH
include badgers (Taxidea taxus), long-tailed weasels (Mustela frenata), coyotes (Canis latrans), short-
eared owls (4sio flammeus), and several other raptor species. Temperatures (30-year average) ranged
from an average minimum of -6°C in December to an average maximum of 31.2°C in July (Western

Regional Climate Center 2020). This semi-arid environment averages about 20.3 cm of annual



precipitation, over half of which is from snow (WDFW 2006; Western Regional Climate Center
2020).

Two types of breeding enclosures were used. Four large, predator-resistant enclosures (2.2-
4.4 ha) were located at BH (1), DM (1), and SBF (2). All on-site breeding occurred at these
enclosures from 2011-2017. Because of the decrease in reproductive success and habitat degradation
within these large enclosures in which thousands of pygmy rabbits had bred, managers began phasing
them out in 2017. In June 2017, the Sutherland Canyon fire destroyed the BH enclosure and damaged
a large portion of the surrounding habitat used for releases. At this time, new smaller mobile breeding
enclosures were designed and implemented. These 1.21-ha circular enclosures were semi-predator-
resistant and could easily be moved every 2-3 years to prevent habitat degradation and would house no
more than 10 adults (Hayes 2018). The first of the mobile breeding enclosure was implemented at BH
(2017). From 2018-2019, onsite breeding was conducted only at the large DM enclosure and the

mobile breeding enclosure at BH.

Field Methods

Juveniles were captured from breeding enclosures and released to the wild or kept for
breeding during the 2012-2019 breeding seasons. Individuals were captured using Tomahawk live
traps (Tomahawk Live Trap Co., Tomahawk, Wisconsin) set at burrow entrances or known rabbit
trails and covered with burlap to minimize stress on the individual. In large enclosures, juveniles were
captured from open-ended artificial burrows (buried 10-cm diameter drainage tubes, approximately 1-
m long) using a modified version of a plumber snake with a tennis ball on one end to easily push
juveniles into a pillowcase on the opposite end. Starting in 2017, net panels were designed to capture
juveniles where rabbits were herded toward a wall of net panels, enabling researchers to flush rabbits

to an area. Captures and releases occurred from late April to late September.

Initially, release efforts concentrated on juveniles with minimal trapping efforts on adults
(Table 1.2). In 2014, to minimize the overcrowding within the larger enclosures, we released a larger
number of adults. From 2012-2014, all released individuals were translocated to SBF. In 2015, we
released 153 individuals (149 juveniles and 4 adults) into SBF, but to establish a second population,
we released 420 individuals (369 juveniles and 51 adults) into the BH recovery area. In 2016, we
released all individuals into SBF. Due to a wildfire that burned 119km?2 of sagebrush steppe habitat in
June 2017 that destroyed the BH enclosure (Sutherland Canyon fire), no rabbits were released in 2017.
In a second attempt by managers to establish a population at BH, and a new reintroduced population in
the CHB recovery area, all rabbits from 2018-2020 were released to one of these areas. No further
augmentation to the SBF population occurred after 2016. We released rabbits into the BH and CHB



release areas followed a soft release protocol. Rabbits were placed into 0.40-ha circular pens with
temporary fencing made of chicken wire. These release pens were left in place until the end of winter,
but rabbits were known to move in and out of the release pens across this time span. Depending on
snowfall, the release pens may have been breached before the end of winter, which enabled us control
of the movement of pygmy rabbits in the newly established recovery areas since most of the

surrounding land was privately owned.

All juveniles and adults trapped in the enclosures were weighed, sexed, and treated for
parasites with Advantage I kitten formula (BayerDVM, Shawnee Mission, Kansas). We collected a
2-mm skin biopsy from the ear, that was stored in 95% ethanol, and frozen at -20°C until laboratory
analysis could be performed. Juveniles that were retained as breeders typically contained high levels
of CB ancestry (X =29.08%=+13.86%). All individuals retained for breeding were microchipped (Avid
Identification Systems, Inc., Norco, California). Individuals were also swapped among the enclosures

to increase genetic diversity of future breeding.

Individuals released at SBF followed mostly hard-release methods where rabbits were released
at mima mounds across 2-6 release areas (17-37 release sites per area) as described in DeMay et al.
(2017). Atrtificial burrows, auger holes and supplemental food were provided at release sites. We
placed rabbits into artificial burrows (up to 2 rabbits per release site, 1 per burrow, on a given release
day) in which burlap was used to plug each end for approximately 5 minutes and the burlap was then
removed quietly. This minimized the stress on the animal after translocation (DeMay et al. 2017).
Augmentation in the SBF population ended in 2016; beginning in summer 2017, juveniles were placed
in temporary release pens (0.40 ha) to increase survivorship and limit dispersal distances. These
release pens were considered a soft release protocol, allowing for acclimatization to the new habitat, in
which the pens were breached during winter months. No more than 10 juveniles were placed into a

release pen.

Because of the limited number of individuals in the enclosures, in summer (2018-2019), we
trapped and translocated wild-born juveniles in the SBF population to breeding enclosures and release
pens in the BH and CHB release areas. Wild trapping protocols were the same as the enclosure
trapping protocols described above. All wild adult rabbits caught were weighed, sexed, and a genetic
sample was obtained through a 3-mm ear biopsy. Adults were then immediately released back into the
burrow they were trapped from, and traps were removed from the burrow system. All methods were
approved by the University of Idaho Animal Care and Use Committee (Protocol 2012-23, 2017-25,
and 2020-13), were consistent with the standard for use of wild mammals in research established by

the American Society of Mammologist (Sikes and the Animal Care and Use Committee of the



American Society of Mammologists 2016) and were performed in accordance with applicable laws

governing the use of endangered species.

We conducted winter surveys each year following releases to locate active burrows and collect
fecal pellets for genetic analysis. Ideally, surveys were conducted under fresh snow conditions, but in
years with relatively low snowfall, some surveys were performed with no to minimal snow on the
ground. We performed surveys of 35-50-m wide belt transects by foot, prioritizing release sites and
areas with active burrows from previous years, and then expanding outward. When snow was present,
we followed rabbit tracks and trails to active burrows. From 2012-2017, all winter surveys were
conducted at SBF. From 2018-2020, winter surveys were conducted at SBF, BH and CHB release
areas. The area surveyed each year (8.9 - 23.6 km2) depended on the availability of WDFW
personnel, volunteers, and accessibility to survey areas (Table 1.2, 1.3). Total area surveyed was
calculated by the global positioning system (GPS) track files from each surveyor or if track files were
unavailable, the overall area was calculated by a polygon in ArcMap (ESRI, Redlands, California). At
each active burrow, the GPS coordinates, number of entrances, activity level, and visual confirmation
of a rabbit were recorded. A minimum of three fecal pellets were collected to ensure adequate amount
of DNA for genetic analysis (Adams et al. 2011). Fecal pellets were collected from a single, distinct
pile of pellets to increase the probability that the sample represented a single individual. Fecal
samples were stored in paper envelopes, desiccated with silica gel beads, and kept a room temperature

(~23°C) until laboratory analysis could be performed.

Beginning in 2018, we initiated summer monitoring in SBF and in 2019 for BH and CHB
(Table 1.2, 1.3). Priority was given to areas near release pens or active burrows from the previous
winter. At each active burrow, we used the same protocol described above for winter monitoring.
Since juveniles and adults are present during the summer, multiple fecal samples were often collected
from the same burrow system. Juvenile pellets were identified as pellets <2.5 mm in diameter, where

adult pellets were typically 4-5mm in diameter. Fecal pellets were stored as described above.

Laboratory Methods

DNA was extracted from tissue samples collected from rabbits using Qiagen DNeasy blood
and tissue kits (Qiagen Inc., Valencia, California) following the methods described in DeMay et al.
(2015). We amplified extracted DNA in duplicate across 19 microsatellite loci (18 autosomal loci and
1 Y-chromosome locus) within 3 polymerase chain reaction (PCR) multiplexes (DeMay et al. 2015).
Samples were run on an Applied Biosystems 3130x1 Genetic Analyzer (Applied Biosystems Inc.,

Foster City, California), and results were analyzed in Genemapper 5 (Applied Biosystems Inc.) and



confirmed visually. Any unknown adult sample was compared to previously known individuals to

determine if there was a match or if the individual was a new rabbit.

DNA of fecal pellets collected during winter and summer monitoring was extracted for DNA
using the Qiagen QIAmp DNA Stool Mini Juvenile (Qiagen Inc., Valencia, CA) in a laboratory
dedicated to low quantity-DNA samples (Waits and Paetkau 2005). We performed species ID tests
using a 294-bp fragment of the mitochondrial DNA cytochrome b gene following the protocols
described in Adams et al. (2011). The species ID test was designed to distinguish between pygmy
rabbits and sympatric cottontail species (Sylvilagus nuttallii, S. audobonii, S.floridanus). For the
2012-2013 and 2013-2014 surveys, all samples underwent a species ID test but after further testing, it
was determined that cottontail samples did not amplify or produced out-of-bin alleles at various
microsatellite loci (DeMay et al. 2017), which could successfully exclude these individuals without
performing a species identification (ID) test. During 2014-2018, only samples that failed the
microsatellite analysis were run on the species ID panel. In 2018, we reinstituted the species ID panel
on all samples before analysis on the microsatellite panels due to declining numbers of pygmy rabbits.
Any sample that failed to amplify on the species ID test or amplified as cottontail was excluded from

the remainder of the analyses.

We initially amplified all samples that were confirmed pygmy rabbit in duplicate, on the first
PCR multiplex consisting of 8 loci (A12, A124, A140, Sat7, Sat8, Sol08, Sol44, sex locus-Y05)
following the protocols described in DeMay et al. (2015). Genotypes at these loci were then compared
to the genotypes of known individuals to determine if there was a match but also to screen out low-
quality samples. Pellets had to amplify at > 5 of the loci (excluding the sex loci) in the first to move
on to the second multiplex consisting of 7 loci (A113, A121, A133, A2, D118, Sat5, and sex-locus
YO05), and >4 loci were required (excluding the sex locus) to meet P(ID)sibs < 0.01 and verify a match
from 2012-2017 (Waits et al. 2001; Waits and Paetkau 2005). In 2018, we used the 2nd and 3rd PCR
multiplexes (5 autosomal loci — A128, A129, D103, D2, and 7LID3) in combination rather than the 1st
PCR multiplex to increase statistical power in distinguishing individuals as the degree of relatedness
among individuals increased. A minimum of § loci was required to meet P(ID)sibs < 0.01 and verify a
match using multiplex 2 and 3 from 2018-2020. We ran pellet samples a minimum of four times and
up to eight times to produce a consensus genotype. Two repeats of each allele were required to
confirm a heterozygous genotype and 3 repeats to confirm a homozygous genotype (DeMay et al.
2013). Using the 12 loci, consensus genotypes were compared to one another to determine matching

genotypes at multiple locations and matching to genotypes of previously released rabbits. Fecal
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samples that did not match a known rabbit were considered new wild-born individuals and amplified

for all remaining loci.

Analytical Methods

All tissue and fecal genotypes were added to a reference database, which also included
morphological and demographic parameters on released and enclosure-born individuals. Fecal sample
genotypes and unknown adult tissue genotypes were matched using GenAlEx 6.51 (Peakall and
Smouse 2006, 2012). Matchings that contained 1 or 2 mismatches were further analyzed for human
error or allelic dropout that resulted in the mismatches. We used locus A124 for individual identity
and we removed it from all downstream analysis due to the high frequency of null alleles (DeMay et

al. 2017). All parentage and population genetic analyses were conducted with the remaining 17 loci.

We analyzed all samples, enclosure and wild, for parentage using a strict exclusion approach
in Cervus 3.0.7 (Marshall et al. 1998; Kalinowski et al. 2007). Parentage assignments that
mismatched at 1-2 loci were once again examined for genotyping error, where a mismatch at a single
locus, representing a single stepwise mutation, was accepted as a match. We used the program
STRUCTURE to assess ancestry based on the predefined groups identified (CB,
Oregon/Idaho/Nevada, northern Utah/Wyoming, and southern Utah), genetic estimates for all
individuals in this study, including wild-born individuals, released individuals and enclosure
individuals. STRUCTURE was run ten times with for K = 4 under an assumption of admixture,
correlated allele frequencies and the LOCPRIOR model (prior information on the identified
populations), with 100,000 cycles of burn-in (BURNIN = 100 000) and 500,000 Markov chain Monte
Carlo samples (NUMREPS = 500 000). We estimated allele frequencies for each genetic cluster from
individuals known by pedigree or capture records for each of the four predefined clusters and were
used to estimate the CB ancestry for all non-founding individuals. Based on the variation observed in
the CB estimates for individuals from other states assigned to predefined clusters other than the CB
(range 0-4.89%), only individuals with estimates of >5% CB ancestry were identified as containing

CB ancestry (Table 1.4-1.7).

We characterized genetic diversity and CB ancestry estimates for each enclosure or release
pen per year and winter survey years (Tables 1.4-1.7). We defined the enclosure population as all
trapped juveniles born in an enclosure, all individuals detected as parents for the given year (through
the method described above), and all trapped adults that may not have been detected as parents for the
given year. The wild population was defined as all new wild-born individuals, released individuals
and previously detected individuals sampled within a single year. We evaluated allelic richness (AR)

using the R program hierfstat (Goudet 2005) and rarefied to a sample size of 5. Observed
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heterozygosity (Ho) and unbiased expected heterozygosity (He) were calculated using GenAlEx 6.5.1
(Peakall and Smouse 2006, 2012). He and AR were calculated only for sample sizes >5. Year to year
and initial year to final year comparisons of Ho, CB, and AR were evaluated using Welch two-sample
t-test in R (R Core Team 2020). Comparison of sex ratios from year to year were analyzed with two-
sided Fisher’s exact test in R. We determined Ne for each winter survey year using the linkage
disequilibrium model with random mating, minor allele frequency equal to 0.05, and 95% intervals in
the parametric model, in the program NeEstimator V2.1 (Do et al. 2014) using the co-ancestry method
(Nomura 2008) for the SBF populations only. We reported Ne estimates for sample sizes >7 because
smaller sample sizes produced infinite estimates. Density estimates were based on the minimum count

of rabbits identified each survey period/potential habitat (ha) within each recovery area.

To assess dispersal distances, we measured straight-line dispersal from release area to location
of burrow during winter/summer surveys. 2nd year detection dispersal distances were also measured
as straight-line dispersal distances from the first year’s burrow location to the second year’s burrow
location. Differences in age-biased and sex-biased dispersal were assessed for statistical significance

using 2-sided Wilcoxon rank sum tests.

Apparent Survival Models

Apparent survival was defined as the detection of a released pygmy rabbit from fecal DNA
collected during winter and/or summer surveys. Wild born rabbits were not included in the apparent
survival models because their life stage was unknown. In the SBF recovery area, we used logistic
regression to assess juvenile and adult apparent survival, with winter/summer detection as the
explanatory variable as previously described (DeMay et al. 2017). A priori model sets were evaluated
using Akaike’s Information Criteria corrected for small sample size (AICc), log-likelihood values, and
model average parameter estimates with 85% confidence intervals (Arnold 2010) using R package,
AICcmodavg (Mazerolle 2020). We averaged parameter estimates across all the candidate models that
included each given parameter. DeMay et al. (2017) only evaluated adults released in 2014 because of
the small number of adults released in 2012-2013 but our models set also included adults released in

2015 and 2016.

For apparent survival of adults, we included the explanatory variables release day, sex, release
weight, homozygosity by loci (HL) calculated using the R package GENHET (Coulon 2010), and
genetic estimate of CB ancestry derived from the protocols described above. Our candidate model set
included all 30 possible combinations of the explanatory variables and the null model (Table 1.9).
Typically, before release, all juveniles were trapped and weighed, but in the case of released adults,

weights were not always taken at time of release. The top model without release weight as an
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explanatory variable was compared to the top model including release weight for those individuals that

had a recorded weight at time of release.

For apparent survival of juveniles, we included each combination of the explanatory variables
with release year (categorical variable, 2012-2016). We used 2014 as a reference year, as was done in
DeMay et al. (2017) due to the large sample size. Our candidate model set included year (p < 0.0001)
in each model and all possible remaining combinations, for a total of 32 models (Table 1.8). For
apparent survival in release pens, the same explanatory variables were used as the juvenile model in
SBF (Table 1.10). The top model for release pen survival was compared to the top juvenile model to

test for a difference in survival rates between the hard-release and soft-release approaches.

Results
Sagebrush Flat Population

Survey Efforts and Spatial Distribution

Surveying efforts of the SBF area ranged from 5.89 — 24.28 km?, with an average of 12.70
km? across the eight years of surveys (Table 1.2). During 2012-2014, a common 6.7-km? area was
surveyed each year because burrows predominantly occurred in this area, but in 2015 (Figure 1.2a-c),
most pygmy rabbit burrows shifted into the CRP area to the east and south (Figure 1.2d). Winter
2016-2017 had the greatest survey coverage (24.28 km?) because SBF and CRP fields were both
surveyed. A decrease in areas surveyed occurred in 2017-2020 because efforts were mainly placed on
the CRP fields and only areas of SBF bordering CRP or areas known to have rabbits were surveyed in
SBF.

The SBF population fluctuated in its population numbers during 2012-2020. Since 2012, the
minimum count of rabbits identified in winter surveys ranged from 8 to 158 (Table 1.2, 1.4). During
2012-2016, the main augmentation to the SBF population occurred through reintroductions from the
enclosure populations with the number of released individuals ranging from 104 to 717 juveniles and 1
to 113 adults (Table 1.2), but during 2017-2020, no rabbits were augmented into the SBF area. During
2012-2014, the number of juveniles and adults released into SBF increased because of the increased
productivity within each of the enclosures. In 2014, to minimize the negative habitat effects resulting
from many pygmy rabbits in the enclosure, most adults and juveniles were released into the SBF area
(Table 1.2). This resulted in significantly fewer released individuals in SBF in 2015-2016. In 2017,
the loss of the BH enclosure due to the Sutherland Canyon fire, greatly reduced the overall numbers in

the enclosure populations, resulting in no further releases into SBF.
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During 2012-2014, rabbits were spatially distributed, with most across SBF and fewer than
10% of all active burrows identified found on CRP (Figure 1.2a-c). In winter 2014-2015, more active
burrows (~28%) were located on the eastern and south-eastern border between SBF and CRP (Figure
1.2¢). In winter 2015-2016, ~20% of burrows located were in the SBF area and the remaining
burrows (~80%) were found in CRP (Figure 1.2d). By winter 2016-2017, over 75% of all active
burrows were located in CRP, 18.5% of burrows were located on private land to the west (Figure 1.2¢)
and 6.5 % in SBF. Samples presumed to be pygmy rabbit, based on size, were also collected from
Sheep’s Canyon (approximately 16.1 km southeast of SBF), but the samples did not amplify on any
genetic tests. The spatial distribution of rabbits exhibited in 2016 was also observed in winter 2017-18
(Figure 1.3a), but with a decrease in the number of burrows on private land to the west. By winter
2018-2019, less than 6% of all burrows identified were located in SBF (Figure 1.3c), and by winter
2019-2020, all active burrows were located in CRP (Figure 1.3d). The summer 2018 survey also
exhibited a similar spatial distribution as the winter 2018-2019 surveys, where burrows within SBF
were limited to two small pockets in the west and north-east corner and the remaining burrows were

found in the CRP to the east and south (Figure 1.3b).

Post-Release Dispersal

Juveniles dispersed slightly farther than adults (mean dispersal for juveniles = 988m and 783m
for adults (Figure 1.4a), but the difference was not significant (p = 0.10). The 61 juvenile male rabbits
with recorded dispersal from their release site averaged 1139 m, ranging from 80 to 3546 m. Juvenile
female rabbits (n=72) dispersed a shorter average distance (859 m, range 11 - 3009 m) from their
release sites (Figure 1.4b). The distribution of dispersal distance was right skewed for both male and
female juveniles, with fewer rabbits making longer dispersals (median for males = 869 m and 746 m
for females). Post-release dispersal distance for juvenile rabbits did not differ between sexes (p =
0.13). Thirty-eight percent of released juveniles (n=50) dispersed > 1 km, with no difference between
male and female juveniles. Likewise, adult dispersal distance did not vary with sex (p = 0.61).

Female adults (n=15) with recorded dispersal distances ranged from 69 to 2078 m and male adult
rabbits (n=12) ranged of 236 - 2559 m (Figure 1.4c). The average dispersal distance was likewise
right skewed for both male and female adult rabbits (median for males = 501 m, and 464 m for
females). Twenty-six percent of adult rabbits (n=7) dispersed >1 km, in which five were female and
two were male. Wild rabbits dispersed significantly shorter distances (p < 0.0003) from first year of

detection to subsequent year’s detection compared to released rabbits (Figure 4).

Dispersal of 2™ year detection wild-born rabbits, (n=22), averaged 495.3 m (range: 48 -2025
m). Dispersal distances significantly differed between sexes (p = 0.02). Wild-born male rabbits (n=7)
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dispersed farther than females, averaging 804 m (range: 129 — 2025 m; Figure 1.4d). Female rabbits
(n=15) dispersed on average 351 m (range: 48 - 1781m). The female rabbit that dispersed the farthest
(1781 m) moved from the edge of SBF, east into CRP, and the male rabbit that dispersed the farthest
(2025 m) moved from the eastern edge of CRP to the southwest CRP fields. Most of the rabbits
dispersed less than the right-skewed average for both sexes (median for males = 633 m and females =

187 m).

Species Identification, Minimum Count, Sex Ratios, and Rabbits/Burrows

Successful species ID amplification ranged from 78-97% and was first implemented
consistently starting in winter 2018-2019. Most of the pellets collected each year were identified as
pygmy rabbit with very few cottontail pellets collected (0 - 51%, X = 10%) except in the winter 2019-
2020 survey effort where 51% of pellets collected were identified as cottontail. Of the pellets that
were identified as pygmy rabbit, individual identity was successfully determined 20-83% of the time
(X = 60 +20%). Years with lower success rates typically resulted from collection with minimal to
no snow present and/or rain on snow events with much freeze thawing. During 2012-2014, very few
wild-born rabbits (3 - 16% of detected rabbits) were identified, and most individuals detected were
released that year (77 - 96% of detected rabbits) (Table 1.2, 1.4). Beginning in 2015, a higher number
of wild-born rabbits (89 - 100%) were detected with a smaller proportion of released individuals
detected (6 - 8%). Only 1% (n=25) of released or wild-born individuals were detected a second year,
and wild-born rabbits were more likely (5%) to be detected a second year than released rabbits (4%).
Only one wild-born individual, identified in 2016 (0.1%), was identified in three consecutive winter
surveys (2016-2018). Initially (2013-2015) the individuals detected a 2nd year were released
individuals but as the number wild-born individuals increased, detection of 2nd year individuals were
of wild-born descent (2016-2019). The highest detection of 2nd year wild-born individuals was in
winter 2018-19 (14 individuals — 10% of rabbits detected that winter).

In summer 2018, a monitoring approach was used which allowed us to identify the age class
of the rabbit (adult or juvenile) based on the pellet size. Two wild-born rabbits from the winter 2017-
2018 monitoring season were identified and 49 new wild-born adult rabbits that were not identified
during winter 2017-2018 surveys, and three wild-born juveniles. Most of the rabbits identified in the
winter 2018-2019 surveys were new wild-born rabbits (123 rabbits), but 14 of the 15 recaptured
individuals (93%) were from the summer 2018 monitoring. The winter 2019-2020 survey indicated a
significant decline in the population with the minimum count of rabbits at eight individuals. Most of
the individuals detected were new wild-born rabbits (63%) whereas the other rabbits (38%) were

detected in the previous survey year or during the summer 2018 monitoring (Table 1.2). Across all
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monitoring years, the sex ratio of all detected rabbits maintained an approximate 1:1 relationship
(49.5% males and 50.5% females). The male to female (M:F) ratio varied by year, where the number
of males detected in the surveys initially showed lower number of males compared to females during
2012-2015 (range 1:1-1:1.6), but with no differences from year to year or between sexes (p = 0.76 -
1.00; Table 1.4). The number of males significantly decreased in the summer 2018 survey (1:1.8)
from winter 2017-2018 (p = 0.007) but returned to male dominant by winter 2018-2019, producing the
largest M:F sex ratio difference (1.9:1).

During 2012-2020, the number of rabbits per active burrow system averaged 0.74 + 0.22
rabbits/burrow with a range of 0.33-1.00 (Table 1.4). The winter 2019-2020 survey produced the
lowest number of rabbits/burrow system (0.33 rabbits/burrow), and the 2015-2016 survey produced
the highest (1.00 rabbits/burrow) where every burrow found represented a new individual. Sixty-seven
percent of the years (6/9) fell above the mean, and 89% (8/9) were above 0.56 rabbits/burrow.
Rabbits/burrow decreased during 2012-2014 but increased in 2015 (1.00) as rabbits shifted to CRP
(Table 1.4). Density estimates varied year to year, ranging from 0.004 (2019-2020) to 0.09 (2017-
2018), averaging 0.04 + 0.03 for the SBF/CRP recovery area (Table 1.4).

Genetic Diversity and CB Ancestry

Diversity did not significantly vary between the initial diversity in winter 2012-2013 to the
end of the study (winter 2019-2020; p = 0.08-0.10). Genetic diversity across the SBF population has
remained relatively consistent, across the years, for H, and H. (H, = 0.74 + 0.07, range 0.62-0.84,
and H, = 0.79 + 0.03, range 0.72-0.82) (Table 1.4) but there was a significant increase in 2017 to
0.75 (p <0.001). During the summer 2018 surveys, we saw a significant decline in H, to 0.76, (p =
0.02) compared to winter 2017-2018 (Table 1.4). The samples that were collected during this survey
effort included adults and juveniles that were closely related, likely causing the decrease in the H,. By
winter 2018-2019, the H, decreased (p < 0.001) compared to winter 2017-2018 to its lowest (0.62) and
remained consistently into winter 2019-2020 survey period (Table 1.4). Although there was
variability from year to year in H,, the decrease in H, over time (2012 compared to 2019) was only
marginally significant (p = 0.05). AR (5.10 £ 0.21) varied minimally throughout the survey periods
from 2012-2020, ranging from 4.67-5.35 with no significant differences from year to year (p = 0.16-
0.96).

As expected, we documented a decrease in Columbian Basin ancestry over time that was
influenced, in part, by translocations of individuals from other populations. CB ancestry varied from
2012-2019, averaging 18.20 + 10.89% (Table 1.4). From 2012-2016, there were no significant
differences in CB ancestry (p-values > 0.05). In winter 2017-2018, CB ancestry significantly declined
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(p = 0.01) in the identified individuals, resulting in averaged CB estimates of 15.31%. CB ancestry
increased significantly (p = 0.01) by summer 2018 (18.48%) and was maintained each subsequent
year. In 2012, only 48.89% of individuals detected in winter surveys had estimates of CB ancestry
>5% because many of the individuals released were obtained from populations in other states and
placed in the on-site breeding enclosures. By 2013, there was an increase to 88.64% of individuals
with detectable CB ancestry but then a decline in 2014 to 71.43%. During 2015-2020, all individuals
detected in winter and summer monitoring surveys contained > 5% CB ancestry. All individuals that
were wild-born from 2012-2020 contained detectable Columbia Basin ancestry, except for two
individuals (Table 1.4). During 2012-2019, the predominant ancestry in identified rabbits was from
the Nevada/Oregon/Idaho genetic group (61.04 + 14.93%) and the Wyoming/N. Utah ancestry was
also represented (18.79 + 13.00%). The S. Utah ancestry had nearly been removed from the SBF
population during 2012-2019 (1.98 + 7.18%). Initially, in 2012, S. Utah ancestry estimates averaged
10.05% but from 2013-2019, estimates ranged from 0.33-3.63%. N. increased from 2012-2014,
ranging from 15.4-30.4 (Table 1.4). In winter 2015-2016, N, decreased to 19.3, and the minimum
count of rabbits that year was also at its second lowest (n=18). The lower and upper bound of the 95%
confidence interval fell within or was near the confidence intervals for the previous years. N. of the
SBF population appears to peak and stay somewhat consistent in 2016 and 2017, with values ranging
from 40.7 - 44.3 individuals and overlapping confidence intervals (2016: 35.0 - 47.9, and 2017: 40.6 -
48.5). A decline in the overall N, was observed in 2018 (both summer and winter survey estimates
staying consistent between 26.9 - 27.6 individuals) and then declined even further in 2019 to 12.3

individuals.
Beezley Hills Population

Survey Efforts and Species Identification

The first attempt to re-establish the BH population occurred during summer 2015 but
immediately after the release of rabbits, surveys identified numerous pygmy rabbit corpses, and it was
later determined that nearly all the rabbits released contained lethal to sub-lethal levels of the parasite,
coccidia (Eimeria brachylagia). Additionally, these sick rabbits were released during a drought year
(Gallie 2016). That following winter (2015-2016), informal transect and helicopter surveys were
performed but no rabbits or active burrows were identified (Table 1.3). Additional surveys were
conducted in summer 2016, but still no rabbits were detected (Gallie 2016). In winter 2017-2018, a
small survey effort (0.21 km?) was conducted because rabbits that were stocked into the new mobile

breeding enclosure at BH had escaped. Five escaped individuals were identified during this survey
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period (Tables 1.3,1.5), but there was no evidence of individuals (or their descendants) from earlier

releases (2015).

Formal reestablishment of the BH recovery area was attempted again in summer 2018. Winter
and summer survey efforts were initiated after their release in which 0.69 - 1.21 km? were surveyed
around the release pens (Table 1.3). Three individuals were detected in winter 2018-2019 in BH.

Two of the individuals (67%) were captively bred and released in 2018 whereas the other rabbit (33%)
was a wild juvenile translocated from the SBF population in 2018. During summer 2019 monitoring,
seven individuals were identified; two (29%) were enclosure born juveniles that were released that
summer, three juveniles (43%) were from the mobile breeding enclosure at BH but had escaped, and
two wild-born rabbits (29%) were identified. During the winter 2019-2020 surveys in BH, five
individuals were identified; four were released enclosure born rabbits from summer 2019, and the
other was a wild juvenile translocated from the SBF population in summer 2019 (Tables 1.3, 1.5).
Species identification success rates ranged from 80-93% (X = 86 + 7%) with very few cottontail
pellets collected (0-2 samples per survey period). Species ID success rates varied in the winter
surveys (2018: 80%, and 2019: 97%), and were high during the summer 2019 survey (85%).
Individual identity success rates varied from 67 - 92% (X = 81 + 11%) where 3-7 individuals were
identified (Tables 1.3, 1.5). Success rates varied across the winter surveys (2017: 75%, 2018: 88%,
and 2019: 92%) and had the lowest success during the summer 2019 survey (67%; Table 1.3).

Post-Release Dispersal and Demographics

Pygmy rabbits identified during summer and winter monitoring were located at burrows
within release pens or near the mobile breeding enclosure (49 - 530 m) and any one of the release pens
(14 — 503 m; Figure 1.5). In BH, 14 rabbits were assessed for dispersal distance if they were identified
during summer or winter monitoring outside of a release pen. The average dispersal distance for BH
rabbits was 178 + 135 m (range: 14 - 454) from the pen in which it was released (Figure 1.4g), but
dispersal distances did not differ significantly between sexes (p > 0.05; Figure 1.4e). The number of
identified rabbits per active burrow varied from 0.42 - 0.70 rabbits per burrow system (X = 0.51 +
0.13 rabbits/burrow). The fewest rabbits/burrow (0.42) occurred in winter 2017-2018 when rabbits
were first establishing burrows in the area and peaked in summer 2019 (0.70). Rabbit density in BH
varied between 0.04-0.09, averaging 0.06 + 0.02. The highest observed value in rabbit density
occurred during summer monitoring (0.09). The M:F sex ratio has varied from year to year in BH

with no significant differences detected from year to year due to the small sample size (Table 1.5).
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Genetic Diversity and CB Ancestry

Genetic diversity across the BH population varied from 0.57-0.80 across the years, for H,
(H, = 0.73 + 0.11; Table 1.5). During 2017-summer 2019, H, ranged from 0.75-0.80, with no
significant differences (p > 0.05) until a decline in winter 2019-2020 (0.59) from the summer 2019
(0.80; p=10.002). The decrease was not significantly different from diversity in the previous winter (p
=0.07), but was different from the initial levels of heterozygosity identified in winter 2017-2018 (p =
0.01). AR varied throughout the survey periods during 2017-2019, ranging from 3.71-5.41 (X =
4.31 + 0.54). There was a significant decrease (3.82, p = 0.003) in summer 2019, where AR showed
no significant difference into winter 2019-2020 (3.71, p = 0.73). AR levels during winter 2017-18
were comparable to SBF values with no significant differences for any given year at SBF (p > 0.05).
AR values observed during summer 2019 and winter 2019-2020 were significantly lower compared to
any year at SBF (p < 0.0001). Due to the small sample size, N. estimates could not be accurately
estimated for most years for BH, except for during summer 2019, where N. was estimated to be 9.3
individuals (Table 1.5). From 2017-2019, CB ancestry did not differ significantly among years (p =
0.86 - 0.99) with CB ancestry ranging from 22.87-27.46% (X = 24.46 + 7.98%) (Table 1.5). All
individuals that have been detected and released into BH have retained > 5% of CB ancestry. The
predominant ancestry in identified rabbits was Nevada/Oregon/Idaho (X = 62.35 + 9.90%, range
40.18%-74.75%) and the Wyoming/N. Utah ancestry was still represented across the years (X =
10.69 =+ 8.08%, 1.72-31.84%). The S. Utah ancestry had nearly disappeared from the BH population
(X = 2.51 +1.22%, range 1.16-7.00%).

Release Pens

Juveniles released into the BH recovery area were placed into one of two temporary release
pens starting in summer 2017, but unfortunately, all juveniles were killed in the 2017 fire. BH release
pens contained 5-7 individuals each (Table 1.6). Five rabbits were kept in each release pen in summer
2018, where each consisted of three females and two males. In summer 2019, each BH release pen
contained seven individuals, three females and four males in BH-1, and 4 females and three males in
BH-2. Each year, release pens contained enclosure born individuals and juveniles translocated from
the wild SBF population. Within BH release pens from 2017-2020, average H, level ranged from
0.65-0.72, with no significant differences across years. Initially, the pens had higher levels of H,
(0.77, 0.78) but decreased in summer 2019 (0.70, 0.61), although the differences are not significant (p
= 0.06; Table 1.6). This occurred because the majority of juveniles produced within the mobile

breeding enclosures were half siblings or full siblings, since only a single male survived through
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winter. CB ancestry was maintained in release pens across years, and between pens, averaging

20.51 + 6.36% (Table 1.6).

Chester Butte Population

Survey Efforts and Species Identification

The CHB recovery area was established in summer 2018 with the release of 17 juveniles into
temporary release pens, and then augmented with an additional 21 juveniles in summer 2019 (Table
1.3, 1.6). From 2018-2020, 1.07-2.43km? of habitat surrounding the temporary release pens was
monitored (Table 1.3), increasing the area of each monitoring survey after the initial release (winter
2018-2019: 1.07 km?, summer 2019: 1.53 km?, and winter 2019-2020: 2.43 km?). Species
identification success rates ranged from 81-93% (X = 91 + 9%) with very few cottontail pellets
collected (0-2 samples per survey period). Winter species ID success rates (2018: 95%, 2019: 97%)
were higher than summer rates (80%). Individual identity success rates varied from 67-92% ( X =
86 + 6%) where 5-10 individuals were identified (Table 1.3). Individual identity success rates were
higher during summer monitoring (93%), compared to winter (2018: 84%, 2019: 81%). All rabbits
that were identified during winter surveys were rabbits that had been released into release pens that

year. There was no evidence of wild-born rabbits in CHB.

During winter 2018-2019 surveys, six rabbits were identified in which one individual (16.7%)
was an enclosure born rabbit and the remaining five rabbits (83.3%) were juveniles translocated from
SBF. During summer 2019 surveys, five of the 21 (23.8%) juveniles that had been released into pens
were identified outside of release pens, all were enclosure born rabbits. In winter 2018-2019, 10
rabbits were identified either in the released pens or in the wild. Nine of the ten rabbits (90%) were

enclosure born rabbits and one rabbit (10%) was a juvenile translocated from the wild SBF population.

Post-Release Dispersal and Demographics

Pygmy rabbits that were identified during summer and winter monitoring were burrowing
within close proximity to one of the release pens (1 — 558 m) (Figure 1.6). In CHB, 11 rabbits were
assessed for dispersal distance from the release pen. The average dispersal distance for CHB rabbits
was 286 + 196 m (range: 37 - 748m) from the pen in which it was released (Figure 1.4g). There
were no significant differences in dispersal distances between sexes (p = 0.32; Figure 1.4f). The
number of identified rabbits per number of active burrows varied from 0.35-0.50 rabbits per burrow
system (X = 0.43 = 0.08 rabbits/burrow). Winter 2018-2019, following the initial release of rabbits
into the area, resulted in 0.45 rabbits/burrow. By summer 2019, the average number of rabbits to

active burrows was 0.50 rabbits/burrow and by winter 2019-2020, we observed the lowest value, 0.35
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rabbits/burrow. The average across winter surveys only is 0.40 + 0.07 rabbits/burrow (range 0.35-
0.45) (Table 1.5). Rabbit density in the CHB recovery area remained consistent across years at 0.01
rabbit’/ha. The M:F sex ratio has varied slightly but there were no significant differences from year to

year due to the small sample size (Table 1.5).

Genetic Diversity and CB Ancestry

Genetic diversity across the CHB population has remained somewhat consistent, across the
years, for H, (H, = 0.75 + 0.02, range 0.73-0.77) (Table 1.5) with no significant differences detected
from year to year or from initial establishment (2018) to winter 2019-2020 (p = 0.43-0.93). Mean AR
at CHB (4.31) was similar to the mean AR of BH (4.31). AR values ranged from 3.71-4.65 from
2018-2020, with no significant differences detected (p = 0.87), until a decline in winter 2019-2020
(3.69, p=0.02). AR values in CHB for were similar to AR in SBF, except for winter 2017-18 (p =
0.04). Winter 2019-2020 values for CHB were significantly lower than all years at SBF (p > 0.05).
Due to the small sample size, N. estimates could not be accurately estimated. From winter 2018-2019
to summer 2019, there was a significant change in CB ancestry (p = 0.01), with CB ancestry
increasing from 14.85% (winter 2018-2019) to 20.89% (summer 2019) with no significant differences
detected in subsequent surveys (Table 1.5). All individuals that have been detected and released into
CHB have contained > 5% CB ancestry, averaging 18.46 + 3.45% . The predominant ancestry in
identified rabbits is Nevada/Oregon/Idaho (X = 67.77 + 6.41%, range 55.42%-77.36%) and the
Wyoming/N. Utah ancestry is still represented across the years (X = 12.05 + 7.96%, ranging from
4.84%-27.10%). The S. Utah ancestry has nearly been removed from the CHB population. S. Utah
estimates are below the 5% threshold considered to be significant (X = 1.73 + 0.80% , range 0.85-
3.81%).

Release Pens

Release pens were augmented with approximately the same number of male and female
rabbits during 2018-2020 (Table 1.6). Each year, release pens contained enclosure born individuals
and juveniles translocated from the wild SBF population. Within CHB release pens, overall H, level
ranged from 0.72-0.78 across years (Table 1.6), with no significant differences detected from year to
year (p = 0.30), or between release pens each year (p = 0.76-0.99). Overall CB ancestry among pens in
CHB was significantly higher in 2018 (17.16%) than 2019 (21.78%) (p < 0.0001), and all individuals
contained > 5% CB ancestry. CB ancestry persisted in each release pen, averaging 19.29 +

3.57%across the years (Table 1.6).
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Enclosure Populations

Breeding enclosures SE and LE (located at SBF) were initiated in 2012, and population sizes
increased steadily until 2015 when numbers began to decline (Table 1.7). Enclosures DE (Dormaier
area) and BE (BH area) were initiated in 2013 and 2014, respectively, and population size was at its
maximum during year 2 then declined sharply. Most of the rabbits in each enclosure were juveniles
born that year and were either released into the wild or used as breeders in other enclosures. In 2015,
managers chose to greatly reduce the populations in LE, SE, BE and DE to minimize the negative
effects of the rabbits on the breeding enclosure habitat (Table 1.7). SE was being phased out in 2016
but as a result of the loss of BE due to the Sutherland Canyon fire (2017), surviving rabbits had to be
translocated into SE, LE and DE. Additionally, with the loss of BE, a new mobile 3-acre breeding
enclosure (MBE) was implemented in October 2017 (Table 1.7). In 2019, LE and SE were phased
out, and all remaining adult rabbits were transferred to DE, and all juveniles were transferred to the

mobile breeding enclosure or released into BH or CHB.

Genetic diversity was maintained in each enclosure with minimal differences occurring
between initial establishment (2012) of enclosures and the end of this study for LE (2020; Table 1.7).
H, (H, = 0.80 + 0.03, range 0.76 - 0.83) and H. (H, = 0.79 + 0.02, range 0.75 - 0.81) remained
consistent in LE across the years with no significant differences from year to year or from initial
establishment (2012) to the final cohort (2018; p = 0.09 - 0.94; Table 1.7) Over the years, AR
averaged 5.00 £ 1.00 for LE with no differences occurring from initial establishment (2012) until the
final cohort (2018; Table 1.7). CB ancestry was initially low in LE (2.77%) since only four
individuals in the enclosure (3.4%) contained CB ancestry (Table 1.7) but increased in 2013 (17.70%,
p <0.0001) when 55.5% of individuals contained CB ancestry. In 2015, CB ancestry significantly
increased (18.33%, p = 0.03) and 99.1% of individuals contained CB. By 2018, due to the limited
number of individuals within LE, CB ancestry declined (17.32%, p = 0.01). All individuals from
2016-2018 contained > 5% CB ancestry. Overall, CB ancestry averaged 15.98 + 14.37% in LE,
Nevada/Oregon/Idaho ancestry averaged 64.34 + 21.51%%, Wyoming/N. Utah ancestry averaged
16.68 + 19.72%, and S. Utah ancestry averaged 2.68 + 11.00%.

Overall genetic diversity was maintained in the SE enclosure from 2012-2016, but as the
breeding population declines, a loss of diversity was observed. H, remained relatively consistent
across the years in SE with no significant differences from year to year or from initial establishment
(2012) to the final breeding population (2018) (H, = 0.76 + 0.04, range 0.70-0.80, p = 0.41 - 0.92;
Table 1.7). AR averaged 4.38 + 1.30 across years in SE (2012-2018), maintaining genetic diversity
during peak years (2012-2016; Table 1.7). As SE began to be phased out in 2016, the number of
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rabbits within SE was minimal, thus resulting in decreased AR (4.13, p=0.06) in 2017, and then
further decreasing to in 2018 (3.06, p = 0.01). The decreases in AR during 2017 and 2018 were
significantly lower compared to the initial establishment of the enclosure (2012). CB ancestry in SE,
initially averaged 25.58% where 62% of individuals contained CB ancestry (Table 1.7) but decreased
in 2013 (16.77%, p < 0.001), although an increase in the proportion of individuals containing CB
ancestry (76.5%) was observed. CB ancestry declined in 2014 (12.47%, p = 0.001) with a decline in
the proportion of individuals containing CB ancestry (64.7%). During subsequent years, CB ancestry
stabilized and all individuals within the breeding population contained CB ancestry (Table 1.7).
Overall, CB ancestry averaged 16.82 + 16.92%% in SE, Nevada/Oregon/Idaho ancestry averaged
64.87 + 20.94%, Wyoming/N. Utah ancestry averaged 11.58 + 15.43%, and S. Utah ancestry
averaged 6.59 + 11.08%.

Although there were significant changes detected from year to year in genetic diversity within
DE, there were no differences from the initial establishment of the enclosure (2013) and the 2019
cohort. DE averaged 0.73 + 0.03 for H,, from 2012-2019 and 0.71 + 0.04 for H. (Table 1.7).
During DE’s inaugural year (2013) H, was at its lowest (0.68) but increased in 2014 (0.74, p = 0.04)
and H, remained consistent in subsequent years (p = 0.60 - 0.93) or from initial establishment (2013)
to the final breeding cohort (2019, p = 0.25). DE’s AR averaged 4.17 £ 0.90 across the years.
During the first year (2013), AR was 3.93 and then increased in 2013 (4.21, p = 0.03). During 2014-
2016, a significant decrease in AR occurred, resulting in the lowest value across years (3.74, p = 0.03).
In 2017, AR significantly increased (4.53, p-value=0.03) with no differences in subsequent years. AR
did not differ significantly between the initial establishment of the enclosure (2013) and the 2019
population (p = 0.31). CB ancestry initially (2013) averaged 1.84% where 5.5% of individuals
contained CB ancestry (Table 1.7). DE’s initial augmentation was comprised of mostly out of state
rabbits, with minimal rabbits containing CB ancestry but because of rabbits with higher CB ancestries
being retained for breeding, CB ancestry increased in 2014 (9.69%, p < 0.0001) with an increase in the
proportion of individuals containing CB ancestry (34.5%). In 2015, there was a single individual in
DE containing 29.65% CB ancestry and then an increase from 2014 to 2016 (31.04%, p < 0.0001) but
another decline in 2017 (23.74%, p = 0.03). The continued fluctuation in the breeding population
resulted in a single individual (2017) containing 23.74% CB ancestry. There was a final increase in
2019 (22.07%, p = 0.004) as the rabbit population increased once again (Table 1.7). All individuals
from 2015-2019 contained CB ancestry. During 2013-2019, CB ancestry averaged 8.39 + 12.93%,
Nevada/Oregon/Idaho ancestry averaged 28.97 + 24.07%, Wyoming/N. Utah ancestry averaged
55.95 £+ 33.21%, and S. Utah ancestry averaged 6.39 + 13.84%.
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Among enclosures, BE had the least variation in genetic diversity across years (2014-2017).
H, averaged 0.78 £ 0.02, H. averaged 0.77 + 0.01, and AR averaged 4.77 + 1.00 with no significant
differences from year to year (p = 0.24-0.94) or from initial establishment (2014) to the final cohort
(2017; p=0.98-1.00; Table 1.7). CB ancestry initially averaged 29.18% where 86.3% of individuals
contained CB ancestry (Table 1.7) but declined in 2015 (22.93%, p < 0.0001) yet the proportion of
individuals containing CB ancestry increased (99.1%). During subsequent years, CB ancestry was
maintained, and all individuals contained detectable CB ancestry. During 2014-2017, CB ancestry
averaged 24.10 + 13.31%, Nevada/Oregon/Idaho ancestry averaged 57.90 + 14.83%,
Wyoming/N. Utah ancestry averaged 15.55 + 11.15%, and S. Utah ancestry averaged 2.12 +
3.33%.

With the loss of BE in June 2017, MBE was implemented in October 2017 and augmented
with 14 rabbits from LE that escaped by winter 2017-2018; additional augmentations occurred in
summer 2018 (Table 1.7). H, and H. varied significantly from 2017 to 2018 due to the different origin
of the augmented rabbits (enclosure in 2017 vs wild in 2018). During 2017-2019, H, averaged 0.80 +
0.10 and H. averaged 0.72 + 0.07, with significant differences detected from 2017 (H,= 0.92, H.=
0.80) to 2018 (H,=0.75, H.= 0.69, p = 0.004, 0.001). There were no significant changes in 2019 (p =
0.34 -0.79) in H,. AR averaged 4.59 % 1.34 during 2017-2019. Upon initial establishment (2017),
AR declined in 2018 (4.79, p = 0.19), and declined further in 2019 (3.57, p=0.01; Table 1.7). CB
ancestry averaged 21.87 + 4.24%, during 2017-2019 and was maintained across years where all
individuals contained CB ancestry (p < 0.05; Table 1.7). During 2017-2019, Nevada/Oregon/Idaho
ancestry averaged 62.04 + 8.85%, Wyoming/N. Utah ancestry averaged 12.70 + 6.52%, and S.
Utah ancestry averaged 1.95 + 0.63%.

Apparent Survival

For rabbits released from 2012-2016 at SBF, the apparent survival of released rabbits to the
following winter was 39%, 13%, 10%, 0.1%, and 9% respectively (X = 14 + 15%; Table 1.2). One
hundred forty-one juveniles were detected from the 1354 juveniles that were released into the SBF
area, resulting in an average juvenile apparent survival rate across all winter surveys of 10%. As for
adults, 125 were released into the SBF area and 25 were detected, resulting in an averaged adult
apparent survival rate of 20% across all years. Only five released juveniles were ever detected a
second winter, resulting in an average adult apparent survival rate to their second winter of 4%; no
released adults were ever detected a 2™ winter. As for wild-born rabbits, 420 wild-born individuals
have been identified from winter monitoring surveys across the years (Table 1.2). 20 of the 420 wild-

born individuals were detected a 2™ winter after their first detection, resulting in an average adult
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apparent survival rate to their second winter of 4.8%, although the difference is not significant
compared to released juveniles (Fisher’s exact test, p-value=0.64). One juvenile that was detected

during the summer 2018 survey was also detected during the winter 2019-2020 survey, 1.5 years later.

The year in which rabbits were released played a significant role in apparent survival for
released juvenile rabbits in SBF (Table 1.11). During 2012-2014, there was a positive influence on
apparent survival. 2015 had the largest negative effect on apparent survival but 2016 also reduced
apparent survival, although estimates for 2016 overlapped zero. Released juvenile survival was
positively influenced by release day, release weight, and genetic diversity (Figure 1.7, Table 8, Table
1.11). Weight and release day were moderately correlated (Pearson’s correlation coefficient = 0.62, p
<0.0001). Rabbits that were released after the breeding season ended in July weighed more, driving
this correlation. Sex and CB ancestry appeared in the top model sets but their addition to the top
model did not improve the log-likelihood and 95% confidence intervals around the model-average
estimates (Table 1.11). These parameter estimates overlapped zero suggesting that they are not
actually significant in the model (Anderson 2008). Apparent survival of released adults in the winter
following their release was influenced by release day only (Figure 1.7, Table 1.9, 1.11). Of the 44
individuals that were released earlier in the year in the larger data set (2014), only 7% were detected in
winter; whereas the 45 adults released later in the year had a 47% detection rate. Genetic diversity
showed weak evidence for a positive effect on adult survival (Table 1.11) but still overlapped zero for

its parameter estimates.

Apparent survival in release pens from 2018-2019 varied between individual release pens and
sites. At CHB, apparent survival ranged from 13% to 100% in 2018 (X = 54 + 44%), and 25% to
71% (X = 49 + 23%) in 2019 (Table 1.6). At BH, apparent survival ranged from 20% to 40% (X =
30 + 14%) in 2018 and 29% to 43% (X = 36 4 10%) in 2019 (Table 1.6). Apparent survival of
juvenile juveniles released into pens was only slightly influenced by release day and the 95%
confidence interval overlaps zero slightly, attributing to the minor significance of the parameter (Table
11). All the parameters that were included in the released juvenile models at SBF were examined but
no other parameters made it into the top model set, where the null model followed just behind the top
model (Table 1.10). Overall release pen (soft release) apparent survival (X = 44 + 26.13%) was
significantly higher compared to the apparent survival of released juveniles in SBF (hard release) (X =

14 + 15%; p <0.0001; Tables 1.2,1.6).

Discussion
Our study intensively and effectively applied genetic tools to monitor demographic and

genetic parameters of the Columbia Basin pygmy rabbit recovery program for eight years following
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reintroductions. Monitoring methods were designed in collaboration with managers and frequent
updates of results were provided to allow continuous adaptive management of this endangered
population. Genetic samples were obtained from all enclosure-born individuals, which allowed us to
assess the genetic diversity, parentage, and ancestry composition of each enclosure and implement
adaptive management protocols necessary to retain individuals of higher CB ancestry. Noninvasive
genetic sampling has allowed us to monitor the wild populations for spatial expansion, apparent
survival of released individuals, dispersal distances, overall genetic health and ancestry, minimum
population size, and document reproduction in the wild, a critical parameter for success. We
documented the persistence of CB ancestry in wild populations over the eight years since the first
reintroduction, where by 2015, all individuals detected in winter survey efforts contained detectable
CB ancestry > 5%. Through noninvasive genetic sampling and winter survey efforts, we documented
dispersal distances of released and wild-born rabbits in SBF, BH, and CHB, allowing us to assess the
difference in dispersal between hard releases at SBF, and soft releases, using release pens, at BH and
CHB. Released juvenile and adult rabbits dispersed average distances of just under lkm in SBF,
whereas dispersal distances in BH and CHB, averaged >300m. We monitored the spatial distribution
of rabbits across SBF, identifying a striking shift in the use of habitat in 2015 to CRP fields, providing
insight into possible future release site habitat preference. By monitoring individual rabbits, we
documented reproduction in the wild and determined that survival to a second detection year did not

significantly differ between wild-born rabbits and released rabbits.

Through our genetic monitoring, we modeled apparent survival in SBF and determine that
release day, release weight, and genetic diversity positively influence apparent survival in released
juvenile rabbits, and only release day positively influenced apparent survival in released adults. The
significant relationship between apparent survival and individual homozygosity supports the
conclusion that genetic rescue is effective in this population, showing that fitness may be increased by
increasing heterozygosity. This information can be used to manage releases and possibly increase
survivorship in all released rabbits. Additionally, we were able to determine an average number of
rabbits to the number of active burrows found in each survey region, allowing management to
determine an approximate number of rabbits in each area from field surveys, if genetic monitoring
efforts cannot be conducted. Using genetic sampling of both tissue and fecal pellets, we have
effectively and efficiently monitored the endangered Columbia Basin populations, providing the

necessary insight to properly manage and reintroduce this species.
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Spatial Distribution, Post-release dispersal, Reproduction and Apparent Survival

Contrary to results of other studies (Pierce et al. 2011), our data shows more active burrows in
disturbed habitats (defined as any non-shrub-steppe/CRP habitat within a seasonal home range radius
around the active burrow) than intact native shrub-steppe habitat found within SBF. As hypothesized,
active burrows within the SBF population were predominantly detected within the SBF native shrub-
steppe habitat from 2012-2014, with minimal detections in CRP. Yet as the population began to
increase, the shift to CRP became predominant in 2015 with subsequent years resulting in
predominant CRP burrow establishment. As wild-born rabbits continued to expand their distribution
and recolonize habitat, this shift to early successional stages of replanted sagebrush raises many
questions as to the reasons behind the move. WDFW considers CRP habitat to be highly fragmented
and patchy, since patch sizes are small and most areas are surrounded by agricultural fields (Gallie and
Zinke 2019). Most literature suggests fragmentation negatively affects specialist species including
pygmy rabbits (Pierce et al. 2011). Many sagebrush steppe species including sage grouse
(Centrocercus urophasianus; Schroeder and Vander Haegen 2011), mule deer (Odocoileus hemionus)
and jackrabbits (Lepus californicus, Lepus townsendii; Schroeder and Vander Haegen 2006) have
chosen to occupy CRP habitat, containing sagebrush, over adjacent, undisturbed sagebrush habitat.
Additionally, increased nest survival has been documented in CRP habitat in Brewer’s sparrows
(Spizella breweri) and sage thrashers (Oreoscoptes montanus; Vander Haegen et al. 2000). CRP fields
may help connect fragmented patches of shrub-steppe habitat, creating a relatively continuous

vegetative community for the dispersal of sagebrush obligates (i.e., Lupis et al. 2006).

During our study in Washington, pygmy rabbits were identified at 1-6 burrow systems within
a winter survey period; this finding is comparable to the number of burrow systems used by rabbits
within their home range during non-breeding seasons in Idaho pygmy rabbits (Sanchez and Rachlow
2008). Pygmy rabbits are typically not observed together at burrow systems and are known to occupy
more than one burrow system, swapping throughout the year (Wilde 1978; Sanchez and Rachlow
2008). Home ranges during winter months have been shown to be more restricted than other seasons
(Sanchez 2007; Sanchez and Rachlow 2008). Through our pellet surveys, from 2012-2020, the
number rabbits identified per the number of active burrows identified averaged 0.63 rabbits/burrow
with a range of 0.33-1.00 across all populations. Further analysis of this information can provide a
means for estimating the relative abundance through burrow counts, rather than relying strictly on
genetic monitoring. Burrow counts for indexing abundance have been evaluated previously in pygmy
rabbits and revealed that the density of burrows can serve as an index for monitoring changes in
abundance of pygmy rabbits in eastern Idaho, although their models were based on radio-collared

rabbits (Price and Rachlow 2011).
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SBF/CRP density estimates ranged from 0.01-0.09 rabbits/ha, CHB was 0.01 rabbits/ha, and BH
ranged from 0.04-0.09 rabbits/ha suggesting that our findings are similar to lower density estimates for
specific regions in Idaho. Density estimates for seven established populations within east central
Idaho ranged from 0.02-0.46 rabbits/hectare (Price and Rachlow 2011). CHB estimates are low
compared to the Idaho, SBF/CRP, and BH estimates, but this population is only in its first 2 years of
establishment. The CHB habitat has the greatest potential for pygmy rabbits due to the continuous
sagebrush-steppe habitat in the area (Gallie and Zinke 2019). BH on the other hand, has higher
density estimates due to the much smaller size of the recovery area (79ha). Potential habitat has been
identified in surrounding private land parcels, in which a larger number of active pygmy rabbits’

burrows have been identified to the east of the BH recovery area.

As the shift to CRP habitat began in 2015 and release sites were located in native shrub-steppe
habitat in SBF, the dispersal distances of the released juveniles nearly doubled (1947m) compared to
the mean distance observed in 2012-2015. DeMay et al. (2017) found that dispersal rates of released
juveniles in SBF from 2012-2015 mimic natural natal dispersal distances in Idaho populations.
Juveniles and adults hard released from 2012-2015 settled relatively close to their release sites, and
median distances were < 1 km (mean dispersal distance of juveniles was 988 m, and adults were 783
m). The juveniles and adults were all taken from on-site breeding enclosures with habitat similar to
that of the release sites; yet dispersal to the CRP habitat appeared to be a priority. The mechanisms
driving this shift are unclear but could be explained by differences in habitat quality, rabbit population

density, predator abundance or other environmental conditions.

In our study, we found a trend towards longer dispersal distances in male released juveniles
and adults in the SBF population compared to females, but contrary to our hypothesis, there was a
high degree of variability and these differences were not statistically significant. Yet, when evaluating
average dispersal distance post settlement (i.e., from year 1 to year 2), we detected a significant pattern
of increased dispersal distances in males (804m) compared to females (351m). Sex-biased dispersal
was observed in pygmy rabbit natal dispersal where females dispersed greater distances after emerging
from the natal burrow (Estes-Zumpf and Rachlow 2009). Greater dispersal distances by females are
suggested to be due to competition for resources, whereas greater male dispersal may be due to
inbreeding avoidance and greater potential for mates (Jones et al. 1988; Bray et al. 2007). The greater
dispersal in male rabbits during breeding season may explain the differences observed in our M:F ratio
in summer 2018, where female rabbits were detected in higher proportion than males in SBF/CRP; yet
overall winter M:F ratios reflected the 1:1 relationship. In all cases of second year detection dispersal,

rabbits moved toward areas of higher rabbit density, suggesting environmental conditions and habitat
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quality may differ in SBF compared to the CRP habitat. Further investigation into differences in
environmental conditions and habitat quality should be a management priority to gain a better

understanding of the mechanisms behind these dispersals and shift in habitat by pygmy rabbits.

Allowing animals to acclimate in specially constructed release pens in the new environment
before release, is generally assumed to increase translocation and reintroduction viability by reducing
the biological cost of release experienced by individuals (Carbyn et al. 1994). With the limited
number of rabbits within the breeding enclosures and the loss of the BE enclosure to fire, a soft release
approach using temporary release pens was implemented in 2017 with the goal of increasing survival
rates of released rabbits. Previous translocation studies on rabbits identified a 57% mortality rate
within the first three days after hard release of European rabbits (Oryctolagus cuniculus) into a new
habitat (Letty 1998). Soft release studies on the European rabbit showed higher rates of survival in
female rabbits that were acclimatized in soft release pens and the complete opposite for males (Letty et
al. 2000). Soft release methods were used in the translocation of the endangered western burrowing
owl, in which soft release protocols limited dispersal (86% stayed near release sites) and increased
survivorship by 20% compared to hard release methods (Mitchell et al. 2011). Pygmy rabbits have a
very high and variable annual survivorship rate, documented at 0.3%-17% in Nevada/Oregon
(Crawford et al. 2010) and 7 -45% in Idaho (Sanchez 2007). Juvenile mortality in Idaho was 69% and
89% for male and females, respectively, with the highest mortality occurring within the first two
months of emergence from natal burrows (Estes-Zumpf and Rachlow 2009). The average survival rate
for hard releases in the SBF population was 14%, and survival rates using the release pens increased
survivorship of released juveniles to 43% and 33% for CHB and BH, respectively, supporting our
hypothesis that release pens increased survival rates. It is important to note that SBF, CHB, and BH
are different treatment sites but BH and CHB were chosen by managers as release sites because they
contained habitat variables that were thought to be optimal and comparable to preferred pygmy rabbit
sites at SBF (Gallie and Zinke 2018, 2019). Initial apparent survival rates in SBF (2012) for juvenile
pygmy rabbits was 39%, comparable to the results observed in CHB and BH. Yet by the second year
of releases into SBF, juvenile apparent survival dropped to 12%. Contrary to SBF, CHB and BH
increased apparent survival during the second-year releases, suggesting that the release pens are

maximizing survivorship across multiple years.

Rabbits released into soft release pens had maximal dispersal distances of 530m and 588m for
CHB and BH, respectively. Experimental reintroductions for other wildlife species have shown that
another benefit of the soft release method is that it can enhance site affinity and social group cohesion

(Price 1989; Bright and Morris 1994; Wanless et al. 2002; Sasmal et al. 2015). In contrast, animals
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that are hard released are expected to display greater dispersal rates and distances when released into
an unfamiliar environment. This dispersal away from the chosen release environment can result in
higher individual mortality (Bright and Morris 1994). Juvenile pygmy rabbits have been known to
disperse large distances greater than 7km (Estes-Zumpf & Rachlow 2009; DeMay et al. 2015), and the
release pen implementation appears to have minimized dispersal distance which is necessary in the

newer recovery areas where private land safe harbor agreements must be developed (Figure 1.4g).

Within the SBF wild population, the average survival rate of identified individuals during
winter monitoring surveys was 14% from 2012-2016. Each year that rabbits were released, we
detected a decreasing trend of survivorship of released individuals. The very low 0.1% apparent
survival rate of released individuals in 2015 may be attributed to a combination of the sub-lethal to
lethal levels of coccidia identified in released individuals, a drought year, low individual identification
success rates due to unfavorable weather conditions and lower survey efforts compared to 2014
(Gallie 2016; Gallie and Zinke 2018). The decreasing trend of survivorship among enclosure born,
released rabbits continued with 2nd year detection, although the 4% 2™ year detection was comparable
to wild-born rabbits (5%). The release year for juvenile rabbits in SBF was highly significant and was
retained in each of the apparent survival models, suggesting that other environmental variables across
that landscape each year may play a role in the apparent survival of released rabbits. The decrease in
survival after the first year could be explained by an increased response of predators across the
reintroduction landscape as has been documented in other studies (Korpimaki and Norrdahl 1991;
Sinclair et al. 1998; Gilg et al. 2006). Differences in predator densities may have also led to the shift
in spatial distribution across the landscape in 2015. Preliminary data of terrestrial predator visitations
at pygmy rabbit burrows in 2017-2018, using game cameras, revealed significantly fewer terrestrial
predator occurrences near CRP burrows compared to SBF burrows in summer and fall months, but by
winter, predator occurrences at burrow sites were similar between SBF and CRP (Gallie and Zinke

2019).

Timing of the release date for both adults and juveniles significantly influenced apparent
survival at the SBF population and in the release pens at CHB and BH. The later they were released,
the greater their chances of being detected in winter survey efforts likely due to the decreased intervals
of being exposed to predation, especially raptors (Goodrich and Smith 2008; Crawford et al. 2010) and
other mortality sources. High mortality rates typically occur in juveniles during the two months
following emergence from natal burrows (Estes-Zumpf and Rachlow 2009). Thus, allowing rabbits to
develop longer in the breeding enclosures or temporary release pens may increase their overall

survivorship to winter. Multiple factors might influence variation in survival of leporids spatially and
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temporally, including variability in predator populations, climatic conditions, forage quality or
quantity, soil characteristics, parasites, and disease (O’Donoghue et al. 1997; Gillis 1998; Bond et al.
2001; Rodel et al. 2004). Juvenile apparent survival was also positively influenced by release weight,
and release age; the older the rabbit, the more it weighs. DeMay et al. (2017) raised the concern that
juveniles kept in enclosures longer may have lower survival due to possible acclimatization to humans
and decreased exposure to predators, but as their model and ours showed, there appears to be no effect.
By keeping juveniles in the enclosures longer, juvenile body condition and weight could increase,

increasing their overall chances of survival.

Increased genetic diversity positively and significantly influenced the apparent survival rate of
juveniles in the SBF population. Although not significant, increased genetic diversity followed the top
model in adults as well, suggesting overall genetic diversity may play a role in survivorship of all life
stages. Increased individual heterozygosity has also been shown to be a an important indicator of
survival in the translocation of Mojave desert tortoises (Gopherus agassizii) (Scott et al. 2020). The
influences of increased genetic diversity may be attributed to preventing effects of inbreeding in the
population, favoring those of higher genetic diversity from random mating (Willi et al. 2006), and thus
preventing a deleterious effect on population fitness (O’Grady et al. 2004). Low levels of genetic
diversity and high levels of inbreeding are thought to have contributed to the low reproductive success
and juvenile survival in the captive breeding program (U.S. Fish and Wildlife Service 2012; Elias et
al. 2013). The genetic rescue conducted in 2001-2002, helped increase genetic diversity, increasing
pregnancy rates and juvenile growth and survivorship within the captive breeding program (Elias et al.

2013).

During 2012-2014, the number of wild-born rabbits identified was only 14, and as DeMay et
al. (2017) suggested, the SBF population did not appear to be a sustainable wild population due to the
low apparent survival and reproduction rates. In 2015, the wild-born rabbit total (16) surpassed the
2012-2014 total and continued to increase during 2015-2018 with 401 wild-born rabbits identified.
This suggests that the SBF population may be in early stages of being a sustainable wild population
since reproduction rates have significantly increased since the findings in DeMay et al. (2017),
although apparent survival rates have only slightly increased from 13% to 14%. Additionally, due to
the small population size at SBF, the population is vulnerable to other stochastic effects, as we saw in
winter 2019-2020’s decline. Most rabbits that are found each year during survey efforts appear to be
new wild-born juveniles, rather than adults that have survived multiple years. Annual survival rates of
radio-collared pygmy rabbits ranged from 7 — 45% in Idaho (Sanchez 2007), and from 0.3 — 17% in

Oregon and Nevada (Crawford et al. 2010). Although we are using pellets to assess apparent survival
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and thus likely underestimate survival, our estimates fall in these ranges demonstrating the value of

this noninvasive genetic sampling approach.

As a result of the increased reproductive productivity observed in the SBF wild population and
declining numbers in the breeding enclosures, supplemental releases were halted in 2017.
Unfortunately, a significant decrease in numbers of rabbits (~94% decline in individuals detected) was
detected in winter 2019-2020. The causes of this decline are unknown. One possibility is that heavy
flooding in March 2019 from the large amount of snow received in February occurred within the SBF
recovery area, possibly negatively affecting the natal burrows and overall spatial distribution within
SBF. Given the sudden shift in the use of habitat seen from 2015 onward, it is also possible that
managers may not be looking in the right areas during survey efforts. 26% of released adults and 38%
of released juveniles dispersed >1km, suggesting that rabbits may have dispersed beyond the
SBF/CRP survey areas. Further efforts, such as helicopter surveys and the use of conservation canine
units could increase the efficiency and spatial extent of the search for active burrows. In fact, during
the winter 2020-2021 surveys, a new population of pygmy rabbits was identified ~5.63km north-east
of the SBF/CRP population, on private CRP habitat. Further analysis of genetic data will reveal if this
population is an extension of the SBF/CRP population or remnants of the original pure CB population

thought to be extirpated in 2001.

At the end of our study, BH and CHB populations were still in early stages of establishment
and could not yet be considered sustainable wild populations. Pygmy rabbits had not resided in CHB
since the 1980s and most of the burrows that were identified during surveys were either newly created
or modified badger digs. By 2019, no wild-born individuals were detected in CHB and only two wild-
born rabbits were detected in BH. In the SBF population, wild-born rabbit production did not
significantly increase until its fifth year, thus we can expect a similar pattern in these reintroduction
areas. Initial attempts in 2015 to establish a population in BH were unsuccessful due to translocated
juveniles being infected with coccidia (Gallie and Zinke 2018). Both areas are still early on in their
establishment (<5 years) and follow similar trends from the SBF population, in which most rabbits
detected were ones released that same year (Table 1.2). Summer monitoring of both populations was
completed in 2020 and will provide insight into how rabbits are spatially distributing across the habitat
and if wild reproduction is beginning to increase. Unfortunately for the CHB population, in
September 2020, the Pearl Hill fire swept through the CHB area, destroying nearly 97,124 ha
(InciWeb 2020, https://inciweb.nwcg.gov/incident/7169/). All wild rabbits, release pen rabbits, mobile

enclosures, and the DE enclosure were destroyed. CHB had the greatest overall potential for
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expansion due to the large amount of connected sagebrush steppe habitat in the state of Washington.

This loss was a great hit to the Columbia Basin pygmy rabbit recovery program.

Ancestry and Genetic Diversity

The CB pygmy rabbit population has undergone both genetic (2001) and demographic rescues
(2011), contributing to the increase of genetic diversity compared to that observed in the original CB
populations (Warheit 2001). Our analysis allowed us to tease apart the CB and Idaho ancestry that was
examined in DeMay et al. (2015), providing a genetic estimate of CB ancestry for all pygmy rabbits in
the project. We determined that four distinct genetic ancestries were represented in our mixed
ancestry rabbits, (1) CB, (2) Nevada, Oregon, and Idaho, (3) northern Utah and Wyoming, and (4)
southern Utah. Although CB ancestry played a role in the second top model in juvenile apparent
survival in SBF, it did not significantly influence apparent survival of adults or juveniles in any of the
models. DeMay et al. (2015) provided evidence of fitness benefit associated with Columbia Basin
ancestry with the enclosure populations. Males with Columbia Basin ancestry estimates had increased
reproductive output whereas males with high levels of northern Utah/Wyoming ancestry and females
with high levels of Nevada/Oregon ancestries had decreased levels of reproductive output. Within the
SBF population, all wild-born rabbits detected, other than two individuals in winter 2014-15,
contained CB ancestry. Since 2015, all individuals detected during winter or summer monitoring
surveys contained CB ancestry suggesting that selection may be favoring ancestry in the wild
population. Managers must balance the needs for demographic rescue and numbers of reintroduced
individuals with the preservation of locally adapted genes. Introducing genetically divergent or
geographically distant individuals into a population can cause outbreeding depression, a decrease in
fitness caused by the breaking up of co-adapted traits or the loss of locally adapted alleles (Lynch
1991; Tallmon et al. 2004; Hedrick et al. 2011).

Yet, overall estimates of heterozygosity and AR did not significantly differ across the 8 years
within SBF/CRP providing evidence that genetic diversity has been maintained within the wild
population. AR values within the SBF/CRP population reflected the AR values from the breeding
enclosures, since the population was founded and augmented with individuals from each enclosure.
Heterozygosity levels for both the wild and enclosure populations have nearly doubled (H,=0.62-0.84)
compared to the estimates from the remnant SBF population in 2001 (H=0.40; Warheit 2001).
Reintroduction efforts are often challenged by a small number of founders and the rapid loss of genetic
diversity (Leberg 1993; Earnhardt 1999; Miller et al. 2009, 2012). Additionally, reintroductions of
pygmy rabbits are often accompanied by high mortality rates during the rabbit’s first year (Estes-
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Zumpf and Rachlow 2009; Crawford et al. 2010; DeMay et al. 2015, 2017), which may reduce the

effective population size and genetic diversity within the wild population.

Genetic diversity was maintained in the enclosure populations, with little differences across
years from initial establishment to the final enclosure populations. A loss of diversity in 2018 was
detected in SE, but this was mainly due to limited number of individuals within the enclosure and the
relatedness of a single male to many of the rabbits within the enclosure. Other male rabbits, who were
survivors of the BE enclosure fire, had been translocated into SE in 2017, but many died of smoke
inhalation complications weeks to months after translocation (Gallie and Zinke 2019). The variation
and significant changes in DE’s AR values from 2013-2019 can be attributed to either augmentation of
more diverse individuals from other enclosures in 2013 and 2017, or the decline of breeders as the
case in 2016. In 2017, survivors of the BE enclosure fire were also translocated to DE enclosure, in
which over 20 rabbits could be accounted for in February 2018, but for unknown reasons, only a
single female could be documented by late April 2018. Although male augmentation from the LE

enclosure was immediately performed, no juveniles were produced in the DE enclosure during 2018.

The BH and CHB populations had many fewer founders compared to the SBF population,
resulting in the lower AR (4.31 alleles per locus), yet observed heterozygosity (H,=0.74) was
comparable to SBF/CRP. AR and heterozygosity were comparable to estimates found in Idaho
(He=0.73 across all sites, allelic richness = 4.3-5.6; Estes-Zumpf et al. 2010), but much higher
compared to the Wyoming populations (He=0.58, AR = 2.8-3.1; Thimmayya and Buskirk 2012).
However, results are not directly comparable because both studies used a subset of our loci (10). The
genetic and demographic rescues performed in 2001 and 2011, respectively, successfully increased

and maintained the genetic diversity within the captive and wild CB populations.

All N. point estimates for the SBF/CRP populations were under 50 individuals. For many
species, an effective population size greater than N, >100 is considered sufficient for short term
persistence of a population, preventing inbreeding depression (Frankham et al. 2014), yet in highly
dynamic populations, N.>300 is recommended (Newmark 1995; Fenderson et al. 2014). Yearly N
estimates within SBF are similar to those found in the small and endangered (state listed) populations
of New England cottontail (average N. = 3.2-36.7; Fenderson et al. 2014; Bauer 2018). Concern about
the persistence of all CB pygmy rabbit populations should be a major priority and augmentation into
each of the populations may be necessary to maintain genetic diversity for the unforeseeable future,

until N, estimates increase.
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Conservation Management

Genetic monitoring has been an increased focus in conservation biology and wildlife
management (Schwartz et al. 2007; Stetz et al. 2011) and is becoming widely used in monitoring and
adaptive management of reintroduced populations (Adams et al. 2007; De Barba et al. 2010; Bohling
et al. 2013; Gese et al. 2015; Woodruff et al. 2015, 2016; Clendenin et al. 2020). Our study has helped
effectively guide conservation management strategies for the Columbia Basin pygmy rabbit recovery
program. Characteristics of the pygmy rabbit reintroduction that helped retain high genetic diversity
included a large founding population from multiple sources, supplementations of more animals into
the wild each year, short generation times, promiscuous mating systems (DeMay et al. 2016, 2017),
and high reproductive output. Additionally, a portion of juveniles known to have high Columbia Basin
ancestry were retained in the breeding enclosures each year for future breeding in relatively safe
conditions compared to the wild, thereby retaining more Columbia Basin ancestry for future releases.
Conversely, low survival rates and dispersal away from the release site remove potential breeders from

the population and contribute to the loss of genetic diversity.

Evaluating the genetic diversity present in both the founding population and subsequent
generations of the reintroduced populations allowed us to monitor the population’s genetic response to
reintroduction and assess the success of the reintroduction in genetic and demographic terms. One of
the main goals of the Columbia Basin pygmy rabbit recovery program was to maintain the Columbia
Basin ancestry, and our monitoring data has shown that nearly all wild-born rabbits (99.3%) have
maintained > 5% native CB ancestry. We acknowledge that ancestry estimates based on 18
microsatellite loci can be imprecise and have wide confidence intervals, thus we are currently using
RADseq approaches (Ali et al. 2016) to identify thousands of single nucleotide polymorphism loci
(SNPs) from the founders of this population that can be used for future ancestry estimates. Also,
further investigation of adaptive loci is necessary to understand which regions of the genome are under

selection within the Columbia Basin population.

The SBF population showed initial signs of being a sustainable wild population based on high
reproductive rates, moderate survival rates and large numbers of wild-born rabbits identified from
2015-2019 but based on the population crash in 2019 and N. estimates, augmentation of the
populations will likely be needed in the future. Noninvasive genetic sampling has proven to be an
effective and efficient tool in monitoring this reintroduced population an in helping managers address

the goal of the Columbia Basin recovery project of establishing multiple sustainable wild populations
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within the sagebrush steppe-habitat of Washington. The results of this study have helped effectively
guide monitoring strategies in the past and can be used to inform future recovery efforts for the CB

pygmy rabbit. This study can also be used as a guide for other genetic management studies.

Literature Cited

ADAMS, J.R., C. S. GOLDBERG, W. R. BOSWORTH, J. L. RACHLOW, AND L. P. WAITS. 2011.
Rapid species identification of pygmy rabbits (Brachylagus idahoensis) from faecal
pellet DNA. Molecular Ecology Resources 11:808—812.

ADAMS, J. R., C. LUCASH, L. SCHUTTE, AND L. P. WAITS. 2007. Locating hybrid individuals in
the red wolf (Canis rufus) experimental population area using a spatially targeted
sampling strategy and faecal DNA genotyping. Molecular Ecology 16:1823—-1834.

ALIL O. A.ET AL. 2016. RAD Capture (Rapture): Flexible and Efficient Sequence-Based
Genotyping. Genetics 202:389—-400.

ANDERSON, D. R. (ED.). 2008. Information Theory and Entropy. Pp. 51-82 in Model Based
Inference in the Life Sciences: A Primer on Evidence. Springer, New York, NY.

ARNOLD, T. W. 2010. Uninformative Parameters and Model Selection Using Akaike’s
Information Criterion. The Journal of Wildlife Management 74:1175-1178.

BAUER, M. L. 2018. Assessing the effects of habitat restoration on shrubland specialists: case
study on the New England cottontail and shrubland birds. Thesis, University of New
Hampshire, Durham, NH.

BECKER, P. A., D. W. HAYS, AND R. D. SAYLER. 2011. Columbia Basin Pygmy Rabbit
Reintroduction and Genetic Management Plan. Washington Department of Fish and
Wildlife, Olympia, WA.

BEJA-PEREIRA, A., R. OLIVEIRA, P. C. ALVES, M. K. SCHWARTZ, AND G. LUIKART. 2009.
Advancing ecological understandings through technological transformations in
noninvasive genetics. Molecular Ecology Resources 9:1279-1301.

BLOUIN, M. S., M. PARSONS, V. LACAILLE, AND S. LOTZ. 1996. Use of microsatellite loci to
classify individuals by relatedness. Molecular Ecology 5:393—401.

BOHLING, J. H., J. R. ADAMS, AND L. P. WAITS. 2013. Evaluating the ability of Bayesian
clustering methods to detect hybridization and introgression using an empirical red
wolf data set. Molecular Ecology 22:74-86.

BonD, B. T., J. L. WES BURGER, B. D. LEOPOLD, AND K. D. GODWIN. 2001. Survival of
Cottontail Rabbits (Sylvilagus floridanus) in Mississippi and an Examination of
Latitudinal Variation. The American Midland Naturalist 145:127-136.

BRAY, Y., S. DEVILLARD, E. MARBOUTIN, B. MAUVY, AND R. PEROUX. 2007. Natal dispersal
of European hare in France. Journal of Zoology 273:426-434.



36

BRIGHT, P. W., AND P. A. MORRIS. 1994. Animal Translocation for Conservation:
Performance of Dormice in Relation to Release Methods, Origin and Season. Journal
of Applied Ecology 31:699-708.

CARBYN, L. N., H. J. ARMBRUSTER, AND C. MAMO. 1994. The swiftfox reintroduction program
in Canada from 1983 to 1992. Pp. 247-269 in Restoration of Endangered Species:
Conceptual Issues,Planning and Implementation. Cambridge University Press,
Cambridge, MA.

CLENDENIN, H. R., J. R. ADAMS, D. E. AUSBAND, J. A. HAYDEN, P. A. HOHENLOHE, AND L. P.
WAITS. 2020. Combining Harvest and Genetics to Estimate Reproduction in Wolves.
The Journal of Wildlife Management 84:492—-504.

COOPER, A. M., L. M. MILLER, AND A. R. KAPUSCINSKI. 2010. Conservation of population
structure and genetic diversity under captive breeding of remnant coaster brook trout
(Salvelinus fontinalis) populations. Conservation Genetics 11:1087-1093.

COULON, A. 2010. genhet: an easy-to-use R function to estimate individual heterozygosity.
Molecular Ecology Resources 10:167—169.

CRAWFORD, J. A., R. G. ANTHONY, J. T. FORBES, AND G. A. LORTON. 2010. Survival and
causes of mortality for pygmy rabbits (Brachylagus idahoensis) in Oregon and
Nevada. Journal of Mammalogy 91:838-847.

DE BARBA, M., L. P. WAITS, P. GENOVESI, E. RANDI, R. CHIRICHELLA, AND E. CETTO. 2010.
Comparing opportunistic and systematic sampling methods for non-invasive genetic
monitoring of a small translocated brown bear population. Journal of Applied Ecology
47:172-181.

DEMAY, S. M., P. A. BECKER, C. A. EIDSON, J. L. RACHLOW, T. R. JOHNSON, AND L. P. WAITS.
2013. Evaluating DNA degradation rates in faecal pellets of the endangered pygmy
rabbit. Molecular ecology resources 13:654—662.

DEMAY, S. M., P. A. BECKER, J. L. RACHLOW, AND L. P. WAITS. 2017. Genetic monitoring of
an endangered species recovery: demographic and genetic trends for reintroduced
pygmy rabbits (Brachylagus idahoensis). Journal of Mammalogy 98:350-364.

DEMAY, S. M., P. A. BECKER, L. P. WAITS, T. R. JOHNSON, AND J. L. RACHLOW. 2016.
Consequences for conservation: population density and genetic effects on reproduction
of an endangered lagomorph. Ecological Applications 26:784-795.

DEMAY, S. M., J. L. RACHLOW, L. P. WAITS, AND P. A. BECKER. 2015. Comparing telemetry
and fecal dna sampling methods to quantify survival and dispersal of juvenile pygmy
rabbits. Wildlife Society Bulletin 39:413—421.

Do, C.,R. S. WAPLES, D. PEEL, G. M. MACBETH, B. J. TILLETT, AND J. R. OVENDEN. 2014.
NeEstimator v2: re-implementation of software for the estimation of contemporary



37

effective population size (Ne) from genetic data. Molecular Ecology Resources
14:209-214.

EARNHARDT, J. M. 1999. Reintroduction programmes: genetic trade-offs for populations.
Animal Conservation 2:279-286.

EDMANDS, S. 2007. Between a rock and a hard place: evaluating the relative risks of

inbreeding and outbreeding for conservation and management. Molecular Ecology
16:463-475.

ELIAS,B. A.,,L. A. SHIPLEY, S. MCCUSKER, R. D. SAYLER, AND T. R. JOHNSON. 2013. Effects
of genetic management on reproduction, growth, and survival in captive endangered
pygmy rabbits (Brachylagus idahoensis). Journal of Mammalogy 94:1282—-1292.

ESTES-ZUMPF, W. A., AND J. L. RACHLOW. 2009. Natal Dispersal By Pygmy Rabbits
(Brachylagus idahoensis). Journal of Mammalogy 90:363-372.

ESTES-ZUMPF, W. A., J. L. RACHLOW, L. P. WAITS, AND K. I. WARHEIT. 2010. Dispersal, gene
flow, and population genetic structure in the pygmy rabbit (Brachylagus idahoensis).
Journal of Mammalogy 91:208-219.

FENDERSON, L. E., A. I. KOVACH, J. A. LITVAITIS, K. M. O’BRIEN, K. M. BOLAND, AND W. J.
JAKUBAS. 2014. A multiscale analysis of gene flow for the New England cottontail, an
imperiled habitat specialist in a fragmented landscape. Ecology and Evolution 4:1853—
1875.

FRANKHAM, R. ET AL. 2011. Predicting the Probability of Outbreeding Depression.
Conservation Biology 25:465-475.

FRANKHAM, R., C.J. A. BRADSHAW, AND B. W. BROOK. 2014. Genetics in conservation
management: Revised recommendations for the 50/500 rules, Red List criteria and
population viability analyses. Biological Conservation 170:56—63.

FREDRICKSON, R. J., P. SIMINSKI, M. WOOLF, AND P. W. HEDRICK. 2007. Genetic rescue and
inbreeding depression in Mexican wolves. Proceedings of the Royal Society B:
Biological Sciences 274:2365-2371.

GALLIE, J. A. 2016. Columbia Basin Pygmy Rabbit Project - 2016 Annual Report.
Washington Department of Fish and Wildlife, Olympia, WA.

GALLIE, J. A., AND B. M. ZINKE. 2018. 2017 Annual Report for the Columbia Basin Pygmy
Rabbit Recovery Project. Washington Department of Fish and Wildlife, Olympia,
WA.

GALLIE, J. A., AND B. M. ZINKE. 2019. Annual Report for the Columbia Basin Pygmy Rabbit
Recovery Project: 2018. Washington Department of Fish and Wildlife, Olympia, WA.



38

GESE, E. M. ET AL. 2015. Managing hybridization of a recovering endangered species: The red
wolf Canis rufus as a case study. Current Zoology 61:191-205.

GILG, O. ET AL. 2006. Functional and numerical responses of four lemming predators in high
arctic Greenland. Oikos 113:193-216.

GILLIS, E. A. 1998. Survival of juvenile hares during a cyclic population increase. Canadian
Journal of Zoology.

GOODRICH, L. J., AND J. P. SMITH. 2008. Raptor Migration in North America. P. 113 in State
of North America’s Birds of Prey. Cambridge, MA and Washington D.C.

GOUDET, J. 2005. hierfstat, a package for r to compute and test hierarchical F-statistics.
Molecular Ecology Notes 5:184—186.

HASSELGREN, M. ET AL. 2018. Genetic rescue in an inbred Arctic fox (Vulpes lagopus)
population. Proceedings of the Royal Society B: Biological Sciences 285:20172814.

HAYES, G. E. 2018. Periodic Status Review for the Pygmy Rabbit in Washington. Washington
Department of Fish and Wildlife, Olympia, WA.

HEDRICK, P. W., J. R. ADAMS, AND J. A. VUCETICH. 2011. Reevaluating and Broadening the
Definition of Genetic Rescue. Conservation Biology 25:1069-1070.

HEDRICK, P. W., R. O. PETERSON, L. M. VUCETICH, J. R. ADAMS, AND J. A. VUCETICH. 2014.
Genetic rescue in Isle Royale wolves: genetic analysis and the collapse of the
population. Conservation Genetics 15:1111-1121.

INCIWEB. 2020. Final Update, 9-15-20, Pearl Hill/Apple Acres Fires - InciWeb the Incident
Information System. <https://inciweb.nwcg.gov/incident/article/7169/55999/> (17
March 2021).

JONES, W. T., P. M. WASER, L. F. ELLIOTT, N. E. LINK, AND B. B. BUSH. 1988. Philopatry,
Dispersal, and Habitat Saturation in the Banner-Tailed Kanagaroo Rat, Dipodomys
Spectabilis. Ecology 69:1466—1473.

KALINOWSKI, S. T., M. L. TAPER, AND T. C. MARSHALL. 2007. Revising how the computer
program cervus accommodates genotyping error increases success in paternity
assignment. Molecular Ecology 16:1099-1106.

KHRUSTALEVA, A. M., N. V. KLOVACH, AND J. E. SEEB. 2017. Genetic variability and
population structure of sockeye salmon from the Asian Coast of Pacific Ocean.
Russian Journal of Genetics 53:1126—1136.

KORPIMAKI, E., AND K. NORRDAHL. 1991. Numerical and Functional Responses of Kestrels,
Short-Eared Owls, and Long-Eared Owls to Vole Densities. Ecology 72:814—826.



39

KOSKINEN, M. T. 2003. Individual assignment using microsatellite DNA reveals unambiguous
breed identification in the domestic dog. Animal Genetics 34:297-301.

LEBERG, P. L. 1993. Strategies for Population Reintroduction: Effects of Genetic Variability
on Population Growth and Size. Conservation Biology 7:194-199.

LETTY,J. 1998. Le cout biologique de la reintroduction : approche experimentale chez le lapin
de garenne (oryctolagus cuniculus 1.). These de doctorat, Paris 6.

LETTY, J., S. MARCHANDEAU, J. CLOBERT, AND J. AUBINEAU. 2000. Improving translocation
success: an experimental study of anti-stress treatment and release method for wild
rabbits. Animal Conservation 3:211-219.

Lupis, S. G., T. A. MESSMER, AND T. BLACK. 2006. Gunnison Sage-Grouse Use of
Conservation Reserve Program Fields in Utah and Response to Emergency Grazing: A
Preliminary Evaluation. Wildlife Society Bulletin 34:957-962.

LyMAN, R. L. 1991. Late Quaternary Biogeography of the Pygmy Rabbit (Brachylagus
idahoensis) in Eastern Washington. Journal of Mammalogy 72:110-117.

LYNCH, M. 1991. The Genetic Interpretation of Inbreeding Depression and Outbreeding
Depression. Evolution 45:622-629.

MAES, G., J. M. PUJIOLAR, J. RAEYMAEKERS, J. DANNEWITZ, AND F. VOLCKAERT. 2006.
Microsatellite conservation and Bayesian individual assignment in four Anguilla
species. Marine ecology-progress series 319:251-261.

MARSHALL, T. C.,J. SLATE, L. E. B. KRUUK, AND J. M. PEMBERTON. 1998. Statistical
confidence for likelihood-based paternity inference in natural populations. Molecular

Ecology 7:639—655.

MAZEROLLE, M. J. 2020. Model selection and multimodel inference using the AICcmodavg
package. R package version 2.3-1, .

MILLER, J. M., J. POISSANT, J. T. HOGG, AND D. W. COLTMAN. 2012. Genomic consequences
of genetic rescue in an insular population of bighorn sheep (Ovis canadensis).
Molecular Ecology 21:1583-1596.

MILLER, K. A., N.J. NELSON, H. G. SMITH, AND J. A. MOORE. 2009. How do reproductive
skew and founder group size affect genetic diversity in reintroduced populations?
Molecular Ecology 18:3792-3802.

MILLS, L. S., AND F. W. ALLENDORF. 1996. The One-Migrant-per-Generation Rule in
Conservation and Management. Conservation Biology 10:1509-1518.

MITCHELL, A. M., T. I. WELLICOME, D. BRODIE, AND K. M. CHENG. 2011. Captive-reared
burrowing owls show higher site-affinity, survival, and reproductive performance
when reintroduced using a soft-release. Biological Conservation 144:1382—-1391.



40

MUSSMANN, S. M. ET AL. 2017. Genetic rescue, the greater prairie chicken and the problem of
conservation reliance in the Anthropocene. Royal Society Open Science 4:160736.

NEWMARK, W. D. 1995. Extinction of Mammal Populations in Western North American
National Parks. Conservation Biology 9:512-526.

NOMURA, T. 2008. Estimation of effective number of breeders from molecular coancestry of
single cohort sample. Evolutionary Applications 1:462—-474.

O’DONOGHUE, M., S. BOUTIN, C. J. KREBS, AND E. J. HOFER. 1997. Numerical Responses of
Coyotes and Lynx to the Snowshoe Hare Cycle. Oikos 80:150—-162.

O’GRrADY, J.J., D. H. REED, B. W. BROOK, AND R. FRANKHAM. 2004. What are the best
correlates of predicted extinction risk? Biological Conservation 118:513-520.

OSBORNE, A. J., S. S. NEGRO, B. L. CHILVERS, B. C. ROBERTSON, M. A. KENNEDY, AND N. J.
GEMMELL. 2016. Genetic Evidence of a Population Bottleneck and Inbreeding in the
Endangered New Zealand Sea Lion, Phocarctos hookeri. Journal of Heredity 107:392—
402.

PEAKALL, R., AND P. E. SMOUSE. 2006. GENALEX 6: Genetic analysis in Excel. Population
genetic software for teaching and research. Molecular Ecology Notes 6:288-295.

PEAKALL, R., AND P. E. SMOUSE. 2012. GenAlEx 6.5: genetic analysis in Excel. Population
genetic software for teaching and research—an update. Bioinformatics 28:2537-2539.

PIERCE, J. E., R. T. LARSEN, J. T. FLINDERS, AND J. C. WHITING. 2011. Fragmentation of
sagebrush communities: does an increase in habitat edge impact pygmy rabbits?
Animal Conservation 14:314-321.

PimMm, S. L. ET AL. 2014. The biodiversity of species and their rates of extinction, distribution,
and protection. Science 344:1246752—-1246752.

Pimm, S. L., L. DOLLAR, AND O. L. BASS. 2006. The genetic rescue of the Florida panther.
Animal Conservation 9:115-122.

PRICE, A. J., AND J. L. RACHLOW. 2011. Development of an index of abundance for pygmy
rabbit populations. The Journal of Wildlife Management 75:929-937.

PRICE, M. R. S. 1989. Animal Reintroductions: The Arabian Oryx in Oman. Cambridge
University Press.

R CORE TEAM. 2020. R: A language and environment for statistical computing. R Foundation
for Statistical Computing, Vienna, Austria.

ROBINSON, Z. L., D. A. BELL, T. DHENDUP, G. LUIKART, A. R. WHITELEY, AND M. KARDOS.
2020. Evaluating the outcomes of genetic rescue attempts. Conservation Biology n/a.



41

RODEL, H. G., A. BORA, P. KAETZKE, M. KHASCHEL H. HUTZELMEYER, AND D. VON HOLST.
2004. Over-Winter Survival in Subadult European Rabbits: Weather Effects, Density
Dependence, and the Impact of Individual Characteristics. Oecologia 140:566—576.

SANCHEZ, D. M. 2007. Survivorship of pygmy rabbits in east central Idaho. Dissertation,
University of Idaho, Moscow, ID.

SANCHEZ, D. M., AND J. L. RACHLOW. 2008. Spatio-Temporal Factors Shaping Diurnal Space
Use by Pygmy Rabbits. The Journal of Wildlife Management 72:1304—1310.

SASMAL, . ET AL. 2015. Release method evaluation for swift fox reintroduction at Bad River
Ranches in South Dakota. Restoration Ecology 23:491-498.

SCHROEDER, M. A., AND M. W. VANDER HAEGEN. 2011. Response of Greater Sage-Grouse to
the Conservation Reserve Program in Washington State. Greater Sage-GrouseEcology
and Conservation of a Landscape Species and Its Habitats. University of California
Press.

SCHROEDER, M., AND M. VANDER HAEGEN. 2006. Use of CRP fields by greater sage-grouse
and other shrubsteppe associated wildlife in Washington. Washington Department of
Fish and Wildlife, Olympia, WA.

SCHWARTZ, M. K., G. LUIKART, AND R. S. WAPLES. 2007. Genetic monitoring as a promising
tool for conservation and management. Trends in Ecology & Evolution 22:25-33.

ScoTT, P. A.,L.J. ALLISON, K. J. FIELD, R. C. AVERILL-MURRAY, AND H. B. SHAFFER. 2020.
Individual heterozygosity predicts translocation success in threatened desert tortoises.
Science 370:1086—1089.

SIKES, R. S. 2016. 2016 Guidelines of the American Society of Mammalogists for the use of
wild mammals in research and education. Journal of Mammalogy 97:663—688.

SINCLAIR, A.R. E., R. P. PECH, C. R. DICKMAN, D. HIK, P. MAHON, AND A. E. NEWSOME.
1998. Predicting Effects of Predation on Conservation of Endangered Prey.
Conservation Biology 12:564-575.

STETZ, J. B., K. C. KENDALL, C. D. VOITA, AND G. M. (GEM) W. GROUP. 2011. Genetic
Monitoring for Managers: A New Online Resource. Journal of Fish and Wildlife
Management 2:216-219.

TABERLET, P., L. P. WAITS, AND G. LUIKART. 1999. Noninvasive genetic sampling: look
before you leap. Trends in Ecology & Evolution 14:323-327.

TALLMON, D. A., G. LUIKART, AND R. S. WAPLES. 2004. The alluring simplicity and complex
reality of genetic rescue. Trends in Ecology & Evolution 19:489-496.



42

THIMMAYYA, A. C., AND S. W. BUSKIRK. 2012. Genetic connectivity and diversity of pygmy
rabbits (Brachylagus idahoensis) in southern Wyoming. Journal of Mammalogy
93:29-37.

TULLIS, J. A. 1995. Characteristics and origin of Earth-mounds on the Eastern Snake River
Plain, Idaho. Idaho State University, Pocatello, ID.

U.S. FISH AND WILDLIFE SERVICE. 2003. Department Of The Interior: Fish And Wildlife
Service: Rules and Regulations: Endangered and Threatened Wildlife and Plants;
Final Rule to List the Columbia Basin Distinct Population Segment of the Pygmy
Rabbit (Brachylagus idahoensis) Final rule. Federal Register 75:10388—10409.

U.S. FISH AND WILDLIFE SERVICE. 2012. Recovery Plan for the Columbia Basin Distinct
Population Segment of the Pygmy Rabbit (Brachylagus idahoensis). Portland, OR.

VANDER HAEGEN, W. M., F. C. DOBLER, AND D. J. PIERCE. 2000. Shrubsteppe Bird Response

to Habitat and Landscape Variables in Eastern Washington, U.S.A. Conservation
Biology 14:1145-1160.

WAITS, L. P., G. LUIKART, AND P. TABERLET. 2001. Estimating the probability of identity
among genotypes in natural populations: cautions and guidelines. Molecular Ecology
10:249-256.

WAITS, L. P., AND D. PAETKAU. 2005. Noninvasive Genetic Sampling Tools for Wildlife
Biologists: A Review of Applications and Recommendations for Accurate Data
Collection. The Journal of Wildlife Management 69:1419—-1433.

WANLESS, R. M., J. CUNNINGHAM, P. A. R. HOCKEY, J. WANLESS, R. W. WHITE, AND R.
WISEMAN. 2002. The success of a soft-release reintroduction of the flightless Aldabra
rail (Dryolimnas [cuvieri] aldabranus) on Aldabra Atoll, Seychelles. Biological
Conservation 107:203-210.

WARHEIT, K. 2001. Genetic diversity and population differentiation of pygmy rabbits
(Brachylagus idahoensis). Department of Fish and Wildlife, Wildlife Research
Division, Olympia.

WDFW. 1995. Washington State Recovery Plan for the Pygmy Rabbit. Washington
Department of Fish and Wildlife, Olympia, WA.

WDFW. 2003. Washington Pygmy Rabbit 2003 Recovery Plan Update. Washington
Department of Fish and Wildlife, Olympia, WA.

WDFW. 2006. Sagebrush Flat Wildlife Area Management Plan. Washington Department of
Fish and Wildlife, Olympia, WA.

WESTERN REGIONAL CLIMATE CENTER. 2020. Western Regional Climate Center. Western
Regional Climate Center. <https://wrcc.dri.edu> (1 November 2020).



43

WHITELEY, A. R., S. W. FITZPATRICK, W. C. FUNK, AND D. A. TALLMON. 2015. Genetic rescue
to the rescue. Trends in Ecology & Evolution 30:42—49.

WILDE, D. B. 1978. A population analysis of the Pygmy rabbit (Brachylagus idahoensis) on
the Idaho National Engineering Laboratory. Dissertation, Idaho State University,
Pocatello, ID.

WILLL Y., J. VAN BUSKIRK, AND A. A. HOFFMANN. 2006. Limits to the Adaptive Potential of

Small Populations. Annual Review of Ecology, Evolution, and Systematics 37:433—
458.

WOODRUFF, S. P., T. R. JOHNSON, AND L. P. WAITS. 2015. Evaluating the interaction of faecal
pellet deposition rates and DNA degradation rates to optimize sampling design for

DNA-based mark-recapture analysis of Sonoran pronghorn. Molecular Ecology
Resources 15:843—-854.

WOODRUFF, S. P., T. R. JOHNSON, AND L. P. WAITS. 2016. Examining the use of fecal pellet
morphometry to differentiate age classes in Sonoran pronghorn. Wildlife Biology
22:217-227.



Nda
‘& WASHINGTON MONTANA
OREGON
e UTAH
>$‘ CALIFORNIA
Pygmy Rabbit Range X
0 100200 400 600 800
Chester Butte
Beezley Hills
- Sagebrush Flat
| — w— Kilometers

Figure 1.1. Geographic location of the reintroduced Columbia Basin pygmy rabbit (Brachylagus idahoensis)
populations in Washington, USA, and locations of Sagebrush Flat, Beezley Hills, and Chester Butte recovery
areas.
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Figure 1.2. Location of Sagebrush Flat (SBF) wildlife area in Washington, USA, Conservation Reserve Program habitat (CRP), and active

pygmy rabbit (Brachylagus idahoensis) burrows (e) identified during winter monitoring surveys during (a) winter 2012-2013, (b) winter 2013-
2014, (c) winter 2014-2015, (d) winter 2015-2016, and (e) winter 2016-2017. Area to the left of SBF represents private land.
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Figure 1.3. Location of Sagebrush Flat (SBF) wildlife area in Washington, USA, Conservation Reserve Program
habitat (CRP), and active pygmy rabbit (Brachylagus idahoensis) burrows (*) across the habitat identified during
monitoring surveys during (a) winter 2017-2018, (b) summer 2018, (c) winter 2018-2019, and (d) winter 2019-
2020. Area to the left of SBF represents private land.
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Figure 1.4. Box plots showing dispersal distances of pygmy rabbits (Brachylagus idahoensis): (a) from release
site to winter burrow detection in released juveniles (J) vs adults (A) in SBF population from 2012-2016, (b)
from release site to winter burrow detection in released juvenile females (F) vs juvenile males (M) in SBF
population from 2012-2016, (c) from release site to winter burrow detection in released adult females (F) vs
adult males (M) in SBF population from 2012-2016, (d) of second year detection adult females (F) vs adult
males (M) in SBF population from 2012-2020, (e) from temporary release pen for juvenile females (F) and
juvenile males (M) in Beezley Hills (BH) recovery area from 2017-2020, (f) from temporary release pen for
juvenile females (F) and juvenile males (M) in Chester Butte (CHB) recovery area from 2018-2020, and (g)
between released juveniles in soft releases (CHB and BH) vs hard releases (SBF). There were no significant
differences in dispersal distances between age or sex in released individuals. Male rabbits dispersed
significantly farther than female rabbits (p = 0.04) in second year detections. Soft release dispersal distances
were significantly less than hard releases (p < 0.0001).
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Figure 1.7. Predicted probabilities of apparent survival rates for pygmy rabbits (Brachylagus idahoensis)
introduced into the central WA for significant variables in each model. (a) Juvenile survival rate by release
weight for released juveniles in the Sagebrush Flat recover area, (b) Juvenile survival rate by release day for
released juveniles in the Sagebrush Flat recovery area, (c) Juvenile survival rate by homozygosity for released
juveniles in the Sagebrush Flat recovery area, (d) adult survival rate by release weight for released adults in the
Sagebrush Flat recover area, (¢) Juvenile survival rate by release day for juveniles released into pens in the
Beezley Hills and Chester Butte recovery areas. Predicted probabilities plots were generated from top models for
juvenile and adult survival.
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Table 1.1. Study objectives and parameters examined for endangered Columbia Basin pygmy rabbits (Brachylagus idahoensis) of Washington and
the genetic monitoring approaches used to address each parameter. Wild population is defined as all free-ranging rabbit on the Sagebrush Flat
wildlife area in central Washington.

Objective Parameter Genetic Monitoring Approach
. . Released Individuals Compare tissue sample genotypes to winter pellet genotypes
Wild Apparent Survival Adults after 1st winter Compare tissue sample genotypes to winter pellet genotypes
Factors Influencing Survival Rates (Genetic) Logistic regression models of winter monitoring data
Compare GPS locations of burrows and identified species and
Habitat Occupancy and Spatial distribution individuals from winter monitoring data each year
Minimum population size Winter monitoring fecal DNA genotyping
Ratio of male/female individuals identified in winter
Sex ratios in wild population monitoring surveys
. . Ratio of # of rabbits identified to total number of active
Wild Population Rabbits per active burrow burrows located during winter monitoring surveys
Information Estimates of observed and expected heterozygosity, and allelic

Enclosure Population
Information

Comparison of Release
Types

Genetic Diversity

CB ancestry

Effective Population Size

richness from winter and summer fecal DNA genotypes
Genetic estimates based on winter and summer monitoring
fecal DNA genotypes

Parametric point estimates using linkage disequilibrium method
and minor allele frequency 0.05, from winter and summer
monitoring fecal DNA genotypes

CB ancestry

Genetic Diversity

Genetic estimates based on tissue genotypes of trapped
enclosure rabbits

Estimates of observed and expected heterozygosity, and allelic
richness using programs from tissue genotypes of trapped
enclosure rabbits

Apparent Survival in Soft Releases (Release Pens) vs
Hard Releases
Factors Affecting Survivorship in Release Pens

Comparison of individuals detected during winter monitoring
data vs the total number of individuals released
Logistic regression models of winter monitoring data
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Table 1.2. Details for winter and summer monitoring of pygmy rabbits (Brachylagus idahoensis) from 2012-2020 for Sagebrush Flat/Conservation
Reserve Program (CRP) areas in central Washington, USA. Area surveyed represents ground survey efforts. Release period indicates when
juveniles and adults were released into the SBF area. Total fecal samples represent all pellet samples collected and pygmy fecal samples
represents pellets that were determined to be pygmy rabbit through species ID or microsatellite panels. Species ID success rates were not formally

Breeding # of Release # Survey Area Total Fecal Pygmy Fecal SPID Success Individual Individuals Detected Number of breeders of
Season enclosures Period Released Period Surveyed Samples Samples Rate ID Success (Year Released or First wild-born juveniles
Collected Identified Rate Detected)
2012 2 May-Jul 104 Dec 2012-Jan 9.71 km? 117 111 NA 78% 45 1 female
juveniles 2013
0 adults 41 released (2012) 1 male
4 wild-born (2012)
2013 3 May-Aug 265 Jan-Feb 2014 10.52 km? 296 273 NA 46% 44 7 females
juveniles
7 adults 3 released (2012) 7 males
34 released (2013)
7 wild-born (2013)
2014 4 Mar-Nov 717 Jan-Mar 2015 13.76 knm? 265 212 NA 76% 91 2 females
juveniles
113 1 released (2013) 3 males
adults
87 released (2014)
3 wild-born (2014)
2015 4 Feb-Oct 149 Jan-Feb 2016 10.84 km? 105 105 NA 20% 18 11 females (1 unknown)
juveniles
4 adults 1 released (2014) 8 males (5 unknown)
1 released (2015)
16 wild-born (2015)
2016 4 May-Oct 119 Dec 2016- 24.28 knm? 193 124 46% 52% 60 18 females (25 unknown)
juveniles Mar 2017
1 adult 1 wild-born (2015) 17 males (32 unknown)
5 released (2016)
54 wild-born (2016)
2017 4 May- 0 Dec 2017- 14.67 knm?® 357 296 72% 56% 158 47 females (98 unknowns)
October juveniles Mar 2018
0 adults 2 wild-born (2016) 46 fathers (92 unknowns)
156 wild-born (2017)
2018 2 May-August 0 June-Aug 7.40 km? 98 98 NA 56% 54 19 females (33 unknowns)
juveniles 2018
0 adults 2 wild-born (2017)
49 wild-born adults (2017) 17 males (31 unknowns)
3 wild-born juveniles
(2018)
Dec 2018-Apr 11.51 km? 447 296 77% 73% 138 19 females (88 unknowns)
2019
1 wild-born (2016)
14 wild-born (2017) 20 males (81 unknowns)
123 wild-born (2018)
2019 2 May-August 0 Jan-Mar 2020 5.89 km? 59 27 97% 83% 8 2 females (3 unknowns)
juveniles
0 adults 3 wild-born (2018)

5 wild-born (2019)

3 males (2 unknowns)
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Table 1.3. Winter and summer monitoring of pygmy rabbits (Brachylagus idahoensis) information from 2012-2020 for Beezley Hills (BH) and
Chester Butte (CHB) recovery areas. Area surveyed represents formal survey efforts and helicopter surveys. Release period indicated when
juveniles and adults were released into the SBF area. Total fecal samples represent all pellet samples collected and pygmy fecal samples
represents pellets that were determined to be pygmy rabbit through species ID or microsatellite panels. Species ID success rates were not
formally introduced until winter 2018-19 survey year. Individual ID success rates are based on the number of individuals identified from
confirmed pygmy rabbit samples. Unknown parentage represents individuals whose parents could not be assigned at the 95% confidence

N N Total Fecal Pygmy Fecal SPID Individuals Individuals Contributing
Breeding Release Release ~ N Area < N v R
Season Area Period # Released Survey Period Surveyed p p Success ID Success Detected (Year breeders to wild-
y Collected Collected Rate Rate Released) born juveniles
2015 BH Feb-May 369 juveniles Jan-Feb 2016 3.00km? 0 0 - - - -
51 adults
2017 BH May-October 14 juveniles Dec 2017-Mar 2018 0.21km? 9 8 - 75% 5 0 females
5 released
0 adults 2017) 0 males
2018 BH May-August 10 juveniles Dec 2018-Apr 2019  0.69km? 10 8 80% 88% 3 0 females
2 released
enclosure
enclosure males
7 encl (2018) 0 mal
1 released wild
3 wild (2018)
CHB May-August 17 juveniles Dec 2018-Apr 2019 1.07km? 20 19 95% 84% 6 0 females
1 released
enclosure
8 enclosure (2018) 0 males
5 released wild
9 wild (2018)
BH . . ) 85% 1 female (1
2019 May-August 17 juveniles June-Sept 2019 0.69km? 34 27 67% 7 unknown)
2 released
enclosure
10 enclosure (2019) 1 male (1 unknown)
3 escaped
enclosure
4 wild (2019)
2 wild-born
(2019)
CHB May-August 21 juveniles  June-Sept 2019 1.53km? 20 14 80% 93% 5 0 females
5 released
enclosure
19 enclosure (2019) 0 males
1 wild
BH May-August 17 juveniles Oct 2019-Feb 2020 0.69km? 15 13 93% 92% 5 0 females
4 released
enclosure
10 enclosure (2019) 0 males
1 released wild
4 wild (2019)
CHB May-August 21 juveniles Oct 2019-Feb 2020 2.43km? 39 37 97% 81% 10 O females
9 released
enclosure
19 enclosure (2019) 0 males

1 released wild
1 wild (2019)
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Table 1.4. Winter and summer monitoring of pygmy rabbits (Brachylagus idahoensis) for Sagebrush Flat/CRP recovery area, in central Washington
state, from 2012-2019. Minimum count is established through the number of identified pygmy rabbits (Brachylagus idahoensis) through genotyping
using a microsatellite panel. The number of rabbits per number of active burrows identified is based on the minimum count of rabbits/total number of
active burrows located. Density estimates (rabbits/ha) are based on the minimum count/total potential habitat in SBF/CRP (1780ha). Individuals
containing CB ancestry are defined as rabbits with 5%- 80% CB ancestry using STRUCTURE. Genetic diversity estimates are summarized as
observed heterozygosity, expected heterozygosity, and allelic richness. Effective population size is represented at the point estimate and the 95%
confidence interval in parentheses using the linkage disequilibrium method and minor allele frequency of 0.05.

YEAR
2012 2013 2014 2015 2016 2017 2018 2019
SURVEY PERIOD
Winter Winter Winter Winter Winter Winter Summer Winter Winter
Category Parameter
D raphi
emographic Mininum count 45 4 91 18 60 158 54 138 8
M:F Sex Ratio . . 1 (7)- . . . . 1 (30- . . . < 1 (01- L1
1:1.5 (18:27) 1:1(22:22) 1:1.1 (44:47) 1:1.6 (7:11) 1.1:1(32:28) 1.8:1 (101:57) 1:1.8 (19:35) 1.9:1 (91:47) X
(actual #s) (4:4)
Rabbits/Active Burrow 0.87 0.75 0.63 1 0.92 0.96 0.56 0.65 0.33
Density (rabbits/ha) 0.03 0.02 0.05 0.01 0.03 0.09 0.03 0.08 0.004
Genetic Average CB ancestry 19.69% 19.72% 19.10% 21.06% 21.89% 15.31% 18.48%% 17.97% 16.1%
Proportion of identified
individuals containing CB 48.89% 88.64% 71.43% 100% 100% 100% 100%2% 100% 100%
ancestry
Proportion of wild-born o . . . . . o . .
individuals containing CB 100%9% 100% 33.33% 100% 100% 100% 100%9% 100% 100%
ancestry
Effective population size 154 29.6 30.4 19.3 40.7 443 36.9 27.6 123
(95% Confidence Interval) (13.7-17.3) (25.3-34.9) (27.7-33.5) (14.7-27.0) (35.0-47.9) (40.6-48.5) (23.7-30.8) (25.5-29.9) (7.0-26.8)
Observed Heterozygosity 0.76 0.1 0.81 075 07 0.84 0.76 0.62 0.64
Expected Heterozygosity 08 0.79 0.8 0.8 038 0.82 0.79 0.79 0.72

Allelic Richness 5.22 5.15 5.13 5.29 5.16 535 5.00 4.95 4.67
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Table 1.5. Winter and summer monitoring of pygmy rabbits (Brachylagus idahoensis) for Beezley Hills (BH) and Chester Butte (CHB) recovery areas
in central Washington state from 2017-2019. Minimum count is established through the number of identified pygmy rabbits (Brachylagus idahoensis)
through genotyping of the microsatellite panel. The number of rabbits per number of active burrows identified is based on the minimum count of
rabbits/total number of active burrows located. Density estimates (rabbits/ha) are based on the minimum count/total potential habitat in BH (83ha) or
CHB (893ha). Individuals containing CB ancestry are defined as rabbits with 10.8%- 42.74% CB ancestry using STRUCTURE. Genetic diversity
estimates are given through observed heterozygosity, and allelic richness. Expected heterozygosity is only given when sample sizes are >5. Effective
population estimates were based on the linkage disequilibrium method and minor allele frequency of 0.05 for minimum counts >7.

SURVEY PERIOD
Winter 2017-18 Winter 2018-19 Summer 2019 Winter 2019-20
LOCATION CHB BH CHB BH CHB BH CHB BH
Demographic Parameters
Minimum count - 5 5 3 5 7 10 5
) 1:1.5 1.5:1 1:2 1:1.5 6:1 1:1.5 1:1.5
M:F Sex Ratio (actual #s) (2:3) (3:2) (1:2) (2:3) (6:1) (4:6) (2:3)
Rabbits/Active Burrow - 0.42 0.45 0.43 0.5 0.7 0.35 0.5
Density (rabbits/ha) - 0.06 0.01 0.04 0.01 0.09 0.01 0.04
Genetic Parameters
Average CB ancestry - 23.98% 14.85%  2397%  20.89% 22.87% 19.04% 27.46%
Proportion of identified individuals containing CB ancestry - 100% 100% 100% 100% 100% 100% 100%
Effective population size ) ) ) ) ) 9.3 12.5 )
(95% Confidence Interval) (3.3-32.0) (7.1-26.6)
Observed Heterozygosity - 0.78 0.77 0.75 0.73 0.8 0.74 0.59
mxﬁmoﬁma EQﬁOﬁON%mOme - 0.71 0.71 - 0.66 0.66 0.64 0.64

Allelic Richness - 5.41 4.65 - 4.59 3.82 3.69 3.71
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Table 1.6. Sample size (n), genetic estimates of observed heterozygosity (Ho), and Columbia Basin (CB) ancestry composition of each of the pygmy

rabbit (Brachylagus idahoensis) release pens from 2018-2019 through stocking in summer and pellet surveys during winter monitoring in the Chester
Butte (CHB) and Beezley Hills (BH) recovery areas. Overall estimates include all release pens within a given recovery area. Winter survivorship was
determined through identified individuals in winter surveys.

Release Pen

CHB-1

CHB-2

CHB-3

BH-1

BH-2

Overall CHB

Overall BH

16

10

Summer
Ho CB
0.77 18.18%
0.76 16.64%

- 13.19%
0.78  20.72%
0.77 16.35%
0.78 17.16%
0.77 18.54%

2018

Ho

0.74

0.77

0.80

0.745

Winter

CB
15.17%

16.96%

13.19%

21.62%

18.23%

16.04%

20.49%

Survivorship

12.50%
50.00%
100.00%
40.00%
20.00%
37.50%

30.00%

21

14

Summer

Ho CB

0.71 21.23%
074  22.51%
072 21.47%
0.7 21.16%
0.61 22.93%
072 21.78%
0.65  21.60%

2019

0.73

0.77

0.73

0.71

0.51

0.74

0.59

Winter

CB

18.04%

17.92%

21.47%

23.75%

29.93%

19.04%

27.46%

Survivorship

71.43%

25.00%

50.00%

28.57%

42.86%

47.62%

35.71%
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Table 1.7. Genetic characteristics and ancestry composition of pygmy rabbits (Brachylagus idahoensis) in each of the captive breeding enclosures
from years (YR) 2012-2019 in central Washington, USA. Enclosure populations (n) included all individuals born each year; adults detected as being
parents in a given year through parentage analysis. Genetic diversity estimates are given through observed heterozygosity (Ho), expected
heterozygosity (He), and allelic richness (AR). Columbia Basin (CB%) ancestry estimates are genetic estimates based on program STRUCTURE.

Enclosure 1 LE Enclosure 2 SE Enclosure 3 DE Enclosure 4 BE Mobile Enclosure 1
YR n H, H, CB% AR n He Ho CB% AR 1 He Ho CB% AR 1 He Ho CB% AR n He Ho CB% AR
2012 117 0.79 0.76 2.77 5.13 121 0.79 0.78 2558 495 - - - - - - - - - - - - - - -
2013 146 0.79 0.81 17.70 4.96 221 0.78 0.80 1677 493 181  0.70 0.68 1.84 393 - - - - - - - - - -
2014 379 0.81 0.83 16.20 5.08 232 0.77 0.79 1247 485 275 075 0.74 9.6 443 139 077 0.79 29.18 4.88 - - - - -
2015 232 0.79 0.80 18.33 4,97 2 - 0.74 9.12 - 1 - - 29.65 - 457 078 0.79 22.93 472 - - - - -
2016 93 0.78 0.76 20.10 4.84 1 - - 31.81 - 11 0.66 0.76 31.04 374 121 0.76 0.74 23.48 472 - - - - -
0.8
2017 54 0.81 0.82 20.64 5.29 11 0.68 0.75 1522 413 26 0.74 0.74 2374 453 41 0.76 0.78 21.80 475 14 0 0.92 23.22 5.39
2018 23 0.75 0.79 17.32 4.74 6 0.54 0.70 13.37 306 1 - - 13.67 - - - - - - 6 o% 0.75 17.43 4.79
2019 - - - - - - - - - - 14 0.69 0.73 2207 421 - - - - - 38 06 0.73 19.46 3.57
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Table 1.8. AICc values, AAICc, model weights, cumulative model weights, and log-likelihood values at the 95% confidence interval of the top
models describing apparent survival rate of juvenile pygmy rabbits (Brachylagus idahoensis) after reintroduction into Sagebrush Flat/CRP sits in
central Washington, USA, from 2012-2016. See Figure 1.7 for relationships between survival and significant variables in the top model. Year refers
to the release year and was included in all models because it was highly significant. Day represents the release day based on Julian calendar, and
weight represents the weight (g) of a juvenile at time of release. Columbia Basin ancestry (CB Ancestry) was a genetic estimate based on program
STRUCTURE. Homozygosity was determined from genotypes of individuals in R-package GENHET. Only models that that performed better than
the intercept only (due to random factors) were included.

Model n Variables AIC AAIC wi >wi Log-Likelihood

Juvenile Survival - 1660 Year + Day + Weight + Homozygosity 781.33 0 0.43 0.43 -382.62

Sagebrush Flat/CRP Year + Day + Weight + Sex + Homozygosity 783.35 2.02 0.16 0.59 -382.62
Year + Weight + Homozygosity 784.90 3.57 0.07 0.67 -385.42
Year + Day + Weight + Sex + CB Ancestry + Homozygosity 784.99 3.66 0.07 0.74 -382.43
Year + Day + Weight 785.02 3.69 0.07 0.80 -385.48
Year + Day + Weight + CB Ancestry 786.68 5.35 0.03 0.83 -385.30
Year + Weight + CB Ancestry + Homozygosity 786.78 5.45 0.03 0.86 -385.35
Year + Weight + Sex + Homozygosity 786.85 5.52 0.03 0.89 -385.38
Year + Day + Weight + Sex 787.04 571 0.03 0.92 -385.48
Year + Day + Homozygosity 788.23 6.90 0.01 0.93 -387.08
Year + Weight 788.50 7.17 0.01 0.94 -388.23
Year + Day + CB Ancestry + Homozygosity 788.58 7.25 0.01 0.95 -386.25
Year + Day + Weight + Sex + CB Ancestry 788.70 7.37 0.01 0.96 -385.29
Year + Weight + Sex + CB Ancestry + Homozygosity 788.74 7.41 0.01 0.97 -385.31
Year + Day + Sex + Homozygosity 790.15 8.82 0.01 0.98 -387.03
Year + Weight + CB Ancestry 790.39 9.06 0.00 0.98 -388.16
Year + Weight + Sex 790.45 9.12 0.00 0.99 -388.19
Year + Day + Sex + CB Ancestry + Homozygosity 790.53 9.20 0.00 0.99 -386.21
Year + Day 792.24 10.91 0.00 1.00 -390.09
Year + Weight + Sex + CB Ancestry 792.34 11.01 0.00 1.00 -388.13
Year + Day + CB Ancestry 792.62 11.29 0.00 1.00 -389.28
Year + Day + Sex 794.16 12.83 0.00 1.00 -390.04
Year + Day + Sex + CB Ancestry 794.57 13.24 0.00 1.00 -389.24
Year + Homozygosity 805.38 24.05 0.00 1.00 -396.66
Year + CB Ancestry + Homozygosity 805.61 24.28 0.00 1.00 -395.77
Year + Sex + Homozygosity 807.37 26.05 0.00 1.00 -396.65
Year + Sex + CB Ancestry + Homozygosity 807.62 26.29 0.00 1.00 -395.76
Year 809.50 28.17 0.00 1.00 -399.73
Year + CB Ancestry 809.75 28.42 0.00 1.00 -398.85
Year + Sex + CB Ancestry 811.51 30.18 0.00 1.00 -399.73
Year + Sex + CB Ancestry 811.76 30.43 0.00 1.00 -398.85

Intercept Only 957.49 176.16 0.00 1.00 -477.74
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Table 1.9. AICc values, AAICc, model weights, cumulative model weights, and log-likelihood values at the 95% confidence interval of the top
models describing apparent adult survival rate of adult pygmy rabbits (Brachylagus idahoensis) after reintroduction into Sagebrush Flat/CRP sits in
central Washington (2012-2016). See Figure 1.7 for the top model. Year was not included in the model because the number of released adults each
year varied greatly. Day represents the release day based on Julian calendar, and weight represents the weight (g) of an adult at time of release.
Columbia Basin ancestry (CB Ancestry) were genetic estimates based on program STRUCTURE. Homozygosity was determined from genotypes
of individuals in R-package GENHET. Only models that that performed better than the intercept only (due to random factors) were included.

Model n Variables AIC  AAIC wi Ywi  Log-Likelihood
Adult Survival - 177 Day 14436  0.00 0.20 0.20 -70.15
Sagebrush Flat/CRP Day + Homozygosity 144.73 0.37 0.17 0.37 -69.30
Day + CB Ancestry 145.83 1.47 0.10 0.46 -69.84
Day + CB Ancestry + Homozygosity 145.84 1.48 0.10 0.56 -68.81
Day + Sex 146.37  2.01 0.07 0.63 -70.12
Day + Weight 146.41  2.05 0.07 0.70 -70.13
Day + Sex + Homozygosity 146.66  2.29 0.06 0.77 -69.21
Day + Weight + Homozygosity 146.75 2.39 0.06 0.83 -69.26
Day + Sex + CB Ancestry + Homozygosity 147.91 3.55 0.03 0.86 -68.78
Day + Sex + CB Ancestry 147.91 3.55 0.03 0.89 -69.84
Day + Weight + CB Ancestry 147.92 3.56 0.03 0.93 -69.84
Day + Weight + Sex 148.46  4.10 0.03 0.95 -70.12
Day + Weight + Sex + Homozygosity 148.76  4.40 0.02 0.98 -69.21
Day + Weight+ Sex + CB Ancestry 150.03 5.67 0.01 0.99 -69.84
Day + Weight + Sex + CB Ancestry + Homozygosity 150.05 5.69 0.01 1.00 -68.78
Homozygosity 158.98 14.62 0.00 1.00 -77.45

Intercept Only 159.90 1554 0.00 1.00 -78.94
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Table 1.10. AICc values, AAICc, model weights, cumulative model weights, and log-likelihood values at the 95% confidence interval of the top
model describing apparent juvenile survival rate of pygmy rabbits (Brachylagus idahoensis) after reintroduction into temporary release pens at
Chester Butte and Beezley Hills recovery areas in central Washington (2018-2019). All combination of release year, release day, release weight,
Columbia Basin ancestry, sex, and homozygosity were examined but only release day slightly outperformed the intercept only model (random
factors).

Model n Variables AIC  AAIC  wi Ywi  Log-Likelihood

Juvenile Apparent Survival Release Pens 62 Release Day 84.19  0.00  0.16 0.16 -40.00
Intercept Only 8483 0.63  0.11 0.27 -41.38
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Table 1.11. Model averaged parameter estimates for each of the parameters describing apparent survival in juvenile and adult released pygmy
rabbits into the Sagebrush Flat/CRP recovery area (2012-2016) and the apparent survival rates in juvenile rabbits released into pens at the Chester
Butte and Beezley Hills recovery areas (2018-2019). Parameter estimates were averaged across all of the candidate models which was generated by
adding weight to the top model according to AICc values. Parameters that overlap zero do not fall into the 95% confidence interval. HL represents
homozygosity per locus, an estimate of the genetic diversity and Columbia Basin ancestry (CB) represents the proportion of ancestry.

95% CI 95% CI 95% CI
Variable Juvenile Estimate Adult Estimate (SBF) Juvenile Estimate

(SBF) Lower Upper Lower Upper (Release Pens) Lower  Upper
Release Day 0.010 0.005 0.014 0.017 0.007 0.027 0.020 -0.005  0.046
Release Weight 0.003 0.001 0.005 0.000 -0.005 0.005 0.000 -0.007  0.007
Sex (female) 0.056 -0.318 0.430 0.109 -0.768 0.986 0.282 -0.786 1.350
HL -1.905 -3.465 -0.346 -2.442 -6.065 1.180 1.537 -3.588 6.661
CB 0.007 -0.004 0.018 -0.012 -0.039 0.016 -0.038 -0.184  0.109
Year 2012 2.227 1717 2.737 NA - - NA - -
Year 2013 0.544 0.066 1.021 NA - - NA - -
Year 2015 -3.982 -5.964 -2.000 NA - - NA - -

Year 2016 -0.586 -1.638 0.465 NA - - NA . -
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Chapter 2: Range wide genomic analysis of pygmy rabbits reveals genetic
distinctiveness of the endangered Columbia Basin pygmy rabbit

(Brachylagus idahoensis).

Abstract

Loss and fragmentation of habitat has led to the near extirpation of the isolated pygmy rabbit
(Brachylagus idahoensis) population in the Columbia Basin of Washington, USA. In 2003, the
Columbia Basin pygmy rabbit (hereafter known as the Washington population) was listed as an
endangered distinct population segment under the US Endangered Species Act. In 2001, 16 rabbits
were taken from the last remaining population in Washington to start a captive breeding program, and
four rabbits from Idaho, USA, were added to counteract the effects of inbreeding. Rabbits were moved
to semi-wild breeding enclosures in 2011, and additional rabbits were translocated from other
populations within the western United States. Since then, ~2000 admixed rabbits have been released
into the wild. We used a restriction site-associated DNA sequencing (RADseq) approach on 232
rabbit samples to identify single nucleotide polymorphisms (SNPs) and determine population genetic
structure across the pygmy rabbit range, assess the distinctiveness of the Washington population, and
test for genomic signatures of adaptive divergence among populations. Using 12,084 SNPs, model-
based and non-model-based analyses identified four distinct genetic groups: (1) Washington, (2) Great
Basin (California, Nevada, Idaho, Montana), (3) northern Utah/Wyoming and (4) southern Utah, and
the Washington group was the first to separate from the other groups at K=2. Moderate to significant
levels of genetic structure exist between each of the populations (Fst=0.04-0.27, 6st=0.09-0.36), with
the greatest occurring between Washington and the other regions. We identified signatures of adaptive
differentiation among populations, most of which were associated with cellular processes but 8.2% of
the SNPs were associated with metabolic processes. Identifying genetic markers for ancestry from the
multiple pygmy rabbit populations will help monitor variation in the admixed Washington population

and assess the consequences of genetic rescue efforts.

Introduction

Landscape structure can affect population connectivity and population size, and in turn affect

the distribution of genetic diversity among populations (Manel et al. 2003; Storfer et al. 2007).
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Landscape composition and structure can also affect the local abundance and demography of
populations (Brown 1984), which can influence gene flow and demography of populations, and their
ability to persist and adapt to environmental change (Slatkin 1987). Notable differences in genetic and
demographic factors can occur between populations that inhabit the more stable, well-connected,
optimal habitat of the interior regions of a species’ distribution. Populations near the range margin
that are often patchily distributed, are subjected to greater isolation, more limited resources, and
greater habitat and environmental variability (Brown 1984; Brussard 1984; Eckert et al. 2008).
Understanding the patterns and processes associated with geographical variation in population genetic
structure across species’ ranges also provides important information for conservation and
management. Peripheral populations are often rare representatives of relatively widespread species,
often leading to extirpation or conservation