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4Abstract Management of genetic variation in natural populations AU1is necessary
AU2

to
5mitigate the effects of environmental change and biodiversity loss. While traditional
6genetic techniques AU3have aided management of biodiversity, the rapid advancement
7of genomics technology has provided advancements for the field of biodiversity
8conservation including increased resolution and identification of adaptive loci
9corresponding to ecologically relevant phenotypes. In this chapter, we explore
10how population genomics has been implemented into wildlife management via a
11literature review and discussions with management and conservation agencies. We
12discuss the future prospects of population genomics applications in biodiversity
13conservation and management of wild populations. Overall, we see the potential
14for population genomics to improve our understanding of wild populations of fish
15and wildlife and have several important examples that are paving the way for the
16adoption of these technologies into management. However, there has been AU4a severe
17lag in the implementation of population genomic data into management decisions,
18likely due to the length of the research cycle and the slow absorption into regulation
19and policy.

20Keywords Biodiversity conservation · Evolutionary significant unit · Management
21unit · Population genomics · Wildlife management

221 Introduction and General Overview

23Genetic diversity is a fundamental component of population fitness and adaptive
24potential (Reed and Frankham 2003; Hoffman et al. 2017); therefore, management
25of genetic variation in wild populations of wildlife and fish is necessary to mitigate
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26 the effects of a changing environment. Conservation genetics provides both a
27 theoretical framework and an effective tool for addressing contemporary conserva-
28 tion and wildlife management issues. Traditional genetic techniques have aided
29 management and conservation efforts on multiple fronts including biodiversity
30 monitoring, resolving taxonomic uncertainty, wildlife forensics, and designation of
31 conservation units. However, the rapid advancement of genomics technologies, such
32 as the generation of large genetic marker panels and whole genome-sequencing for
33 non-model organisms, in recent decades has provided important advancements in the
34 field and improved traditional genetic inferences in two key areas: increased reso-
35 lution and identification of ecologically important loci (Fig. 1). The population
36 genomics approach offers a dramatic increase in the number of variable genetic
37 markers used compared to traditional genetic methods, therefore, improving the
38 precision of estimating diversity and population demographic parameters, connec-
39 tivity, and designation of conservation units.
40 While genetics has provided information regarding neutral evolutionary pro-
41 cesses for management efforts, the application of genomics increases the power to
42 detect signatures of divergent selection and local adaptation. Preserving adaptive
43 potential has been recognized as an important component of ensuring long-term
44 persistence, especially in the face of global climate change (Sgró et al. 2011;
45 Harrisson et al. 2014). From the perspective of wildlife and fisheries management,
46 understanding how wild populations are adapted to their ecosystem can aid in a
47 multitude of traditional wildlife management activities including translocations,
48 reintroductions, and population augmentations as well as identification of units of
49 conservation concern. For example, one of the first questions addressed prior to most
50 reintroduction efforts is the assessment of the most suitable source population. Using
51 population genomics to evaluate functional differences among populations will
52 ultimately lead to better translocation decisions and hopefully more successful
53 management efforts.

Fig. 1 Current applications for population genomics for fish and wildlife management
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54Currently, one of the most important uses of population genomics is in preserving
55evolutionary processes (Allendorf et al. 2010; Funk et al. 2012; Hohenlohe et al.
562019 AU5) which support future biodiversity under changing environmental conditions
57(Mortiz 2002). The genomics approach helps accomplish this goal by providing the
58enhanced power of many more loci, or by aiding in the understanding of how
59populations are adapted to local environments to designate conservation units
60(Allendorf et al. 2010; Funk et al. 2012), However, there is ongoing debate about
61the relative importance of neutral versus adaptive variation in the designation of
62conservation units (e.g., Crandall et al. 2000; Fraser and Bernatchez 2001; Pearse
632016). In a conservation context, two types of units have been defined: evolutionary
64significant units (ESUs) and management units (MUs; Mortiz 1994). An ESU is
65generally defined as a population or group of populations with high genetic and
66ecological distinctiveness, maximizing evolutionary potential (Fraser and
67Bernatchez 2001). However, MUs were originally defined as populations with
68significant divergence of allele frequencies at either nuclear or mitochondrial loci,
69regardless of their uniqueness phylogeographically. This concept thus focuses on
70demographic independence among populations, therefore, preserving genetic diver-
71sity of intraspecific units. Funk et al. (2012) proposed a method for identifying
72appropriate units for management and conservation involving three steps: (1) delin-
73eating evolutionary significant units (ESUs) using all loci, (2) recognizing manage-
74ment units (MUs) via non-outlier loci, and (3) identifying adaptive variation among
75management units through the use of outlier loci.
76The identification of adaptive variation may not alter conservation and manage-
77ment strategies if concordant with patterns in neutral variation; however, there have
78been instances of incongruence between the two marker types (i.e., Pacific salmon;
79Prince et al. 2017; Fig. 2). The underlying controversy of a gene-targeted approach is
80based on the knowledge of correlative genomic variation responsible for adaptive
81variation and the trade-off and preservation of future adaptive potential (i.e., geno-
82mic diversity). There has been substantial argument on the prioritization of
83populations based on a specific allele(s) because the resulting conservation effort
84may reduce total genomic diversity and ultimately limit future adaptive potential
85(Luikart et al. 2003, 2019; Allendorf 2017; Kardos and Shafer 2018 AU6). Conservation
86geneticists do not advocate for managing only outlier loci, consistent with historical
87conservation debates over conserving allelic diversity for a set of disease resistance
88genes (major histocompatibility complex) known to be under selection (Vrijenhoek
89and Leberg 1991). In cases where only putative genetic contributions to adaptive
90variation can be identified without a causal mechanism, management frameworks
91advocate for the incorporation of additional information including neutral genetic
92diversity and/or important phenotypic and ecological variation (Funk et al. 2012,
932019; Schafer et al. 2015 AU7; Benestan et al. 2016; Allendorf 2017

AU8
). Therefore, genomic

94signatures of selection are most useful in a management framework when combining
95variation in conservation-relevant phenotypes and loci of known function with
96signatures of selection (Epstein et al. 2016; Wright et al. 2017).
97While the promise of genomics for conservation has been looming for a decade
98and has been evident in some areas of wildlife management (Schwartz et al. 2010),
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99we explored how population genomics has been implemented in wildlife
100management. We searched the literature for uses of population genomic data in
101wildlife and fish management. We also sent out a survey on The Ecological Society
102of America (ECOLOG-L) listserv AU9to see if there were forthcoming uses of popula-
103tion genomic data that we missed in the literature. This allowed us to examine the
104extent that population genomics has been integrated into wildlife and fisheries
105management. Below we describe the common uses of population genomic data in
106wildlife and fisheries management.

1072 Applications of Population Genomics in Fish and Wildlife
108Management

109Below we examine several AU10of the areas for which genomics technology has been
110applied to fish and wildlife management.

1112.1 Increased Resolution

1122.1.1 Introgression/Hybridization

113As exploitation of wild living resources becomes increasingly AU11unsustainable
114(Hutchings 2000; Myers and Worm 2003), domestication and captive production
115provide an opportunity to supplement economically important populations. How-
116ever, release or escape of captively bred individuals into the wild population has the
117potential to negatively impact genetics of wild populations. Hybridization between
118wild species and their domesticated relatives has been acknowledged in a variety of
119organisms (Randi 2008) but has been particularly common in fishes.
120Management efforts may include the deliberate supplementation of wild
121populations with the stocking of hatchery-reared offspring (Laikre et al. 2010).
122Current steelhead, Oncorhynchus mykiss, hatchery programs in northern Puget
123Sound are designed as segregated programs where hatchery and wild populations
124are deliberately kept separate. The hatchery broodstock is restricted to hatchery-
125origin individuals, and the reproductive interaction between hatchery-origin and
126wild fish is limited. Segregated program efforts are aimed at producing a sufficient
127number of hatchery-origin individuals to accommodate the next generation of
128hatchery broodstock and support recreational harvest opportunities. Regulations
129require monitoring for the presence of naturally spawning hatchery fish and the
130reproductive interaction between hatchery-origin individuals and the wild
131populations. Steelhead spawning is difficult to monitor in Puget Sound because
132hatchery-origin and hybrid fish are morphologically indistinguishable from
133wild fish. Therefore, the Washington Department of Fish and Wildlife (WDFW)
134adopted the use of genetic tools for monitoring reproductive interaction between
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135 hatchery-origin and wild populations; however, the effectiveness of genetic
136 monitoring programs is dependent on the ability to differentiate hatchery-origin,
137 hybrid, and wild fish. As a consequence of continual introductions of hatchery-origin
138 steelhead and the cumulative effects of gene flow over time, increased resolution
139 through a population genomics approach was required to differentiate between the
140 origins in Puget Sound. Warheit (2014) used expressed sequence tags (ESTs) and
141 restriction site-associated DNA sequencing (RADseq) to develop SNP panels to
142 monitor introgression from hatchery-origin into wild steelhead populations. A total
143 of 192 SNPs were used to genotype individuals throughout Washington state as
144 baseline samples for genetic stock identification and genotyped in thousands of
145 individuals annually to monitor for and quantify introgression of hatchery-origin
146 fish into wild populations. Results suggest that segregated steelhead hatchery pro-
147 grams have affected the genetic structure of wild populations; however, the effects
148 vary among river systems (Warheit 2014).
149 Alternatively, wild populations may accidently be exposed to escapees from
150 farming operations with the expansion of commercial aquaculture practices, includ-
151 ing salmon farming. Norwegian Atlantic salmon farms dominate global production
152 with stock originating from 40 Norwegian rivers but have undergone multiple
153 generations of domestication selection (Gjedrem 2010). As a result of captive
154 breeding and directional selection for economically important traits, farmed and
155 wild salmon differ in many characters. Farmed salmon display lower levels of
156 genetic variation compared to wild populations (Skaala et al. 2004), as well as
157 genetic differences for traits such as growth (Glover et al. 2009), physiology
158 (Fleming et al. 2002), and behavior (Fleming and Einum 1997). In 2011, the Institute
159 of Marine Research initiated a risk assessment of Norwegian salmon farming to
160 evaluate the potential hazard of introgression of farmed escapees on wild salmon
161 populations. Researchers used next-generation sequencing to discover a panel of
162 60 SNPs distributed across 27 of 29 chromosomes (Karlsson et al. 2011). Because of
163 the genetic similarity between wild and farmed salmon, the genomics approach
164 provided the resolution required to identify hatchery-informative markers. The
165 detection of farmed escapees and the quantification of cumulative introgression are
166 being used to address risk of continued and future genetic changes in wild Atlantic
167 salmon populations (Taranger et al. 2014). A study of 20 Norwegian rivers utilizing
168 the SNP panel from Karlsson et al. (2011) revealed less introgression of farmed
169 Atlantic salmon than may be expected based upon the reported numbers of escapees
170 observed in the populations, suggesting limited reproductive success of farmed
171 escaped salmon in Norwegian rivers (Glover et al. 2013). These results are consistent
172 with previous controlled experiments examining spawning success (Fleming et al.
173 1996, 2000).

174 2.1.2 Genetic Rescue

175 A few conservation and management efforts have applied genome-wide markers and
176 technology to address genetic factors affecting endangered populations, such as the
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177loss of the genetic diversity. Genetic rescue is a conservation tool used to increase
178the fitness of at-risk populations by introducing new genetic variation into a popu-
179lation. Genomic tools can aid the identification of target populations, as well as guide
180management and conservation efforts (Fitzpatrick and Funk 2019). With growing
181knowledge of the negative effects of inbreeding depression, there is increasing
182interest in using genetic translocations which is expected to be most useful for
183small, isolated populations (Frankham 2015).
184The mountain pygmy possum, Burramys parvus, is one of the Australia’s most
185threatened marsupials. Burramys parvus is restricted to alpine regions of Australia,
186and the remaining populations are geographically isolated and genetically distinct. In
1872009, the southern-most population experienced a rapid population decline. Because
188the population was vulnerable to extinction, a recovery program was implemented
189that aimed at restoration of habitat, predator control, and the introduction of males
190from healthy and genetically variable populations of B. parvus. To assess genetic
191diversity, individuals were genotyped using eight previously isolated microsatellite
192markers (Mitrovski et al. 2005), and 16 additional markers were generated with the
193454 sequencing platform. Males from two source populations were introduced to the
194southern-most population, and alleles from introduced males became integrated into
195the gene pool. As a result of the introduction efforts, genetic diversity (allelic
196richness, heterozygosity) increased along with population size (Weeks et al. 2017).
197A second example of the application of population genomics for informing
198reintroduction is the Burmese roofed turtle, Batagur trivittata, one of the world’s
199most endangered turtles with a single wild population in Myanmar (Çilinger et al.
2002017 AU12). The use of double-digest restriction site-associated DNA sequencing
201(ddRAD-seq) produced 1,500 genome-wide single nucleotide polymorphisms,
202revealing a low effective population size (�10 individuals). The most genetically
203diverse individuals from the captive pool were reintroduced into the wild resulting in
204an increase in the number of fertile eggs. Additionally, genetically diverse individ-
205uals were retained for the captive-breeding program. The use of genome-wide
206markers informed the genetic and demographic reinforcement of the wild population
207and management of captive populations.

2082.1.3 Neutral Population Substructure: Population/Stock Genetic
209Differentiation and Conservation Units

210Delineation of neutral substructure is the most common population genomics appli-
211cation in management and conservation. Managers have often used population
212genomics to track the movement and harvest of fisheries resources. One common
213use of the application of population genomics into resource management is genetic
214stock identification (GSI), an important tool for fisheries management. The efficacy
215of this tool is dependent upon the ability to differentiate stocks of interest; however,
216this can be difficult when populations are closely related. GSI uses observed allele
217frequencies of baseline populations sampled on the spawning grounds to infer the
218natal origin of fish captured in mixed-stock fisheries (Utter and Ryman 1993;
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219 Beacham et al. 2012). Researchers used RADseq to identify 38 population
220 informative SNPs to monitor stock composition in sockeye salmon, Oncorhynchus
221 nerka (Dann et al. 2013). The use of SNPs improved accuracy in stock identification
222 over microsatellites. The efficacy of SNPS to identify stock origin allows managers
223 to shift fishing efforts based on return rates to stock of origin, benefiting the
224 commercial fishery and local economy while reducing the risk of overharvest
225 (Dann et al. 2013). Similar work has been done in Chinook salmon, Oncorhynchus
226 tshawytscha (Larson et al. 2014).
227 Additionally, population-informative SNP panels for both chum and sockeye
228 salmon have been used to genotype >150,000 individuals over a 3-year period
229 along the Alaska coastline (Habicht et al. 2012; Munro et al. 2012). The Alaska
230 Department of Fish and Game’s Western Alaska Salmon Stock Identification Pro-
231 gram (WASSIP) used this data to directly inform management decisions including
232 allocation of resources and protecting weak stocks.
233 Management using a parentage-based tagging approach (PBT; Anderson and
234 Garza 2005) involves the annual genotyping of hatchery broodstock to create a
235 database of parental genotypes from each hatchery. Parentage analysis allows for
236 offspring to be traced back to their parents, therefore, identifying the hatchery of
237 origin and age. A PBT program has been implemented in the Snake River basin
238 using <100 SNPs developed from next-generation sequencing to reconstruct pedi-
239 grees and genetically tag offspring of hatchery steelhead trout (Steele et al. 2013).
240 The accuracy and application of SNPs for parentage analysis have resulted in the
241 genetic tagging of approximately 95% of the steelhead and Chinook salmon in the
242 region (Steele et al. 2013). Management agencies are continuing to genotype
243 broodstock throughout the Snake River basin, with future efforts targeting the entire
244 Columbia River basin.
245 A notable example of using population genomics to delineate fisheries conserva-
246 tion units is of rockfish in Puget Sound, WA, USA. In 2010, yelloweye rockfish,
247 Sebastes ruberrimus, and canary rockfish, S. pinniger, in the inland waterways of
248 Puget Sound were listed as threatened under the US Endangered Species Act (ESA).
249 The definition of listable under the ESA includes taxonomically identified species
250 and subspecies, as well as distinct population segments (DPS; USFWS-NMFS
251 1996). These two rockfish species were designated as DPSs. In order for a vertebrate
252 population to be designated as a DPS, it must be “discrete” from other populations of
253 the same species as well as “significant” to the remainder of the species (USFWS-
254 NMFS 1996). Because little information was available for the rockfish species of
255 interest in Puget Sound, the decision to designate DPSs relied heavily on evidence
256 from other species that these populations were “discrete” taxonomic units (Drake
257 et al. 2010). To investigate the conservation designations, researchers collaborated
258 with recreational fishing communities to collect tissue samples from the outer coasts
259 of the USA and Canada. Multiple analyses using RADseq (>7,000 SNPs) suggest
260 that yelloweye rockfish in Puget Sound and British Columbia, Canada, were genet-
261 ically different from coastal populations, while canary rockfish showed no genetic
262 differentiation between the two areas (Andrews et al. 2018). For yelloweye rockfish,
263 the genomic data support the original ESA designation with an expansion of
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264protected areas. Interestingly, the data for canary rockfish in Puget Sound do not
265support a “discrete” population, therefore, not meeting the first criterion of the ESA.
266Consequently, in January 2017, the National Marine Fisheries Service removed the
267canary rockfish from the federal list of threatened and endangered species.

2682.2 Ecological Adaptation and Disease Management

2692.2.1 Adaptive Population Substructure

270Population genomics approaches can be used to identify adaptively differentiated
271populations (Hoban 2018; Funk et al. 2019; Razgour et al. 2018) which can be
272prioritized for conservation (Funk et al. 2012). One prominent example of the utility
273of a genomics approach for identification of adaptive substructure is life history
274variation in Chinook salmon. The seasonal timing of migration by adult salmonids
275into freshwater is a key life history trait. Chinook salmon exhibit two seasonal
276migration strategies, spring and fall, to spawn in freshwater. Mature migrating
277Chinook enter freshwater in a sexually mature state in the fall and migrate directly
278to spawning grounds (Quinn et al. 2015). In contrast, premature migrating AU13Chinook
279enter freshwater from the ocean sexually immature in the spring, migrate into the
280headwaters and over summer while their gonads develop before spawning in the fall
281(Quinn et al. 2015). The storage of excess fat allows the uncoupling of migration and
282spawning (Hearsey and Kinziger 2015). Historically, both spring and fall types
283inhabited many rivers. Because premature migrating salmon spend an extended
284period of time in freshwater, populations have experienced a dramatic decline as a
285result of anthropogenic activities that affect river conditions such as logging, mining,
286dam construction, and water diversion (Quinn et al. 2015). In the Klamath River
287basin, the spring Chinook population experienced a severe decline compared to the
288fall Chinook. The Salmon River hosts the last remaining population of spring salmon
289in the Klamath River basin comprising approximately 100 individuals. However, the
290rapid population decline has been met with limited conservation concern. Genetic
291analyses find little differentiation between premature and mature migrating
292populations and, therefore, are generally grouped into the same ESU or DPS
293(Myers et al. 1998). Population genomic analysis of 301,562 SNPs identified
294through RADseq suggests overall genetic variation reflects geography as opposed
295to migration type, corresponding to the ESU designations (Prince et al. 2017).
296However, a single genetic locus (Greb1-Like) was associated with premature migra-
297tion which has been shown to modulate diverse behavior and metabolic processes in
298mice (Henry et al. 2015). Further investigation of Chinook salmon suggests that less
299than 1% of the remaining fish carry a copy of the early migration version of the gene
300(Thompson et al. 2019). The results generated from the application of the genomics
301approach have prompted the Karuk Tribe to petition the listing of Klamath’s spring
302Chinook as threatened or endangered under the Endangered Species Act. This
303proposal has been controversial because some individuals advocate for the need to
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304 protect adaptive variation, while others are concerned about the implications of
305 conservation decisions based on a single gene (Langin 2018).

306 2.2.2 Environmental Adaptation and Tolerances

307 Although not a vertebrate (i.e., chapter topic), researchers used RADseq to identify
308 SNPs (>9,000) to delineate locally adapted populations of commercially important
309 greenlip abalone, Haliotis laevigata (Sandoval-Castillo et al. 2018). This study
310 incorporated genotype-environment association analyses and outlier tests to identify
311 8,786 putatively neutral and 323 candidate adaptive loci. Neutral genetic structure
312 was low across the study region; however, candidate adaptive loci suggested five
313 distinct population clusters congruent with oceanic regions with associations
314 corresponding to differences in oxygen concentration and temperature between the
315 regions. Additionally, 80 of the 323 candidate loci were annotated to genes whose
316 functions putatively affect high temperature and/or low oxygen tolerance (Sandoval-
317 Castillo et al. 2018). The results have provided a genetic baseline to develop a
318 genetic management plan which includes a risk assessment of impacts of the
319 commercial sea ranching and restocking activities, including policies that promote
320 the maintenance of patterns of adaptive divergence (DoF 2016; Daume et al. 2017;
321 Hart et al. 2017). In particular, the Abalone Aquaculture Policy’s “progeny diversity
322 strategy” recommends the use of broodstock collection and captive breeding pro-
323 grams based on adaptive clusters to ensure that only genetically appropriate proge-
324 nies are released into the marine environment (Hart et al. 2017 AU14).

325 2.2.3 Disease Management

326 The application of population genomics can provide knowledge for management and
327 treatment of disease in wildlife species. One example is chondrodystrophy in the
328 California condor, Gymnogyps californianus. Historically, the California condor
329 was widespread throughout southern North America. However, anthropogenic
330 activity caused a rapid decline in the population. To prevent extinction, the last
331 wild bird was brought into captivity in 1987, resulting in a human-induced bottle-
332 neck (D’Elia et al. 2016), and the contemporary population descended from 14 indi-
333 viduals (USFWS 1996). The specific goal for management of the California condor
334 population focuses on maximizing genetic diversity in captive and reintroduced
335 populations (Ralls and Ballou 2004) which has been supported by the application
336 of genomics methodologies. Thirty-six complete California condor genomes,
337 representing the entire gene pool of the species, have been sequenced, which
338 identified four million SNPs (Ryder et al. 2016). This information has provided
339 insight into the genetic similarities among founding birds and allowed reassessment
340 of kinship, which is now being applied to the captive propagation effort in the
341 selection of breeding pairs. However, the captive propagation effort is hindered by
342 the expression of chondrodystrophy, which has an autosomal recessive mode of
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343transmission in condors (Ralls et al. 2006). Whole genome sequencing suggests that
344this lethal form of dwarfism is correlated to a series of linked markers localized in a
3451 Mb region of the genome, which is currently being used to detect carrier condors
346heterozygous for the lethal mutation (Ryder et al. 2016). This information is being
347incorporated into population management to reduce the risk of reproductive failure.
348The Tasmanian devil (Sarcophilus harrisii) is the largest extant marsupial carni-
349vore and is endemic to the island of Tasmania. In the last 20 years, the emergence of
350an infectious cancer, devil facial tumor disease (DFTD), has resulted in an 85%
351decline in the population (Hawkins et al. 2006; McCallum et al. 2007). DFTD is a
352transmissible cancer that spreads through physical contact during feeding and mating
353(Pearse and Swift 2006). In 2006, a disease-free insurance population of devils was
354established (Conservation Breeding Specialist Group 2008). The main goals of this
355program are to preserve genetic diversity, minimize inbreeding, prevent adaptation
356to captivity, and prevent disease (Conservation Breeding Specialist Group 2008;
357Lees and Andrew 2012). Whole genome sequencing has been used to understand the
358origins, transmission, and diversity of DFTD in Tasmanian devils (Murchison et al.
3592012). Interestingly, in a single population of infected devils, a small number of
360individuals spontaneously recovered from the typically lethal disease. To determine
361if resistance to DFTD has a genetic basis, researchers sequenced the genomes of the
362seven individuals that recovered from DFTD infection and compared them to the
363genomes of six devils that succumbed to the disease (Wright et al. 2017). This
364genome-wide association approach identified two genomic regions where genotypes
365were strongly associated with disease status and associated with angiogenesis
366(Wright et al. 2017). The information generated from genomics techniques is
367being used to inform disease management, breeding programs, and reintroductions
368to manage genetic diversity of this endangered species.

3693 Future Perspectives

370The current application of population genomics to wildlife and fish management
371focuses on monitoring and managing existing diversity; however, there is growing
372interest in the application of functional genomics approaches to gain a better
373understanding of adaptive potential in wild populations (Corlett 2017; Connon
374et al. 2018; Rey et al. 2019). With the recent advances in RNA-sequencing technol-
375ogy allowing the application in non-model organisms (Todd et al. 2016), a popula-
376tion transcriptomics approach can be applied in a conservation context to identify
377biomarkers associated with environmental stress (Connon et al. 2018). Additionally,
378genomics technology can also be used to study the epigenome (i.e., epigenomics).
379Mutations in the epigenome are molecular changes in gene expression without
380altering the DNA sequence and can be involved in an organism’s adaptive response
381to environmental change, representing the short-term interaction between organisms
382and their environment. The integration of epigenetics can provide insight into the
383physiological, biological, and ecological status of organisms and aid in the
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384 designation of management units (Rey et al. 2019). The recent advances in genomics
385 technology that allow the quantification of functional diversity and structure among
386 wild populations will improve our understanding of organismal response to chang-
387 ing environmental conditions.
388 Furthermore, there is an opportunity for new genomics technology to provide the
389 potential for genome manipulation in conservation applications (Phelps et al. 2019).
390 Genome-editing technology refers to methods that can insert, delete, and/or replace
391 specific regions of the genome allowing for sequence modification that can knock
392 out the function of a gene or insertion of a specific sequence with genome edits. The
393 most well-known genome-editing technique is CRISPR-CAS9, an RNA-guided
394 molecule that identifies and binds to a specific region within the genome and
395 subsequently cuts and replaces DNA (Mei et al. 2016). The promise of this tool is
396 enhanced by its simplicity, precision, and relatively low cost (Mei et al. 2016; Phelps
397 et al. 2019).
398 Genome-editing technology has the potential to aid biodiversity conservation in
399 several ways by identifying and altering regions of the genome that may impact
400 fitness and limit survival in wild populations. Genomic data and gene-editing
401 technology can be used in the replacement of alleles which can assist evolution of
402 disease resistance, remove deleterious genetic variants such as chondrodystrophy in
403 California condors, and enhance adaptation to changing climates (i.e., facilitated
404 adaptation; Harrisson et al. 2014). Gene-editing technology can aid in the eradication
405 of invasive species, which are the main driver of vertebrate extinctions (e.g., Bellard
406 et al. 2016), through gene drive methodologies. Gene drives alter Mendelian inher-
407 itance by increasing inheritability of an engineered allele to spread the desired trait
408 throughout the population (Esvelt et al. 2014; Webber et al. 2015). For example,
409 genome-editing techniques that alter the sex determination pathway of invasive
410 rodents on islands aimed at producing all male offspring ultimately lead to a
411 reduction in reproduction (Campbell et al. 2015). Additionally, gene-editing tech-
412 nology has the potential to aid in the resurrection of ecologically important traits
413 (i.e., trait resurrection, modification of phenotypically relevant genes from extinct
414 species into closely related extant taxa; Johnson et al. 2016). One notable example of
415 trait resurrection is the alteration of genes from the extinct wooly mammoth,
416 Mammuthus primigenius, in the Asian elephant, Elephas maximum, associated
417 with cold temperature adaptations (Lynch et al. 2015; Shapiro 2015).
418 While gene-editing technology has the potential to aid in conservation and
419 management efforts, this methodology does not come without controversy. Agen-
420 cies currently lack a clear framework for implementing gene-editing approaches as
421 conservation tools (Sandler 2019). Before implementation into conservation and
422 management efforts of natural populations, it is imperative to evaluate practical,
423 ethical, and legal considerations (Johnson et al. 2016; Webber et al. 2015) to reduce
424 any unintended, irreversible consequences.
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4254 Conclusions

426We conclude from our search of the literature and our survey that population
427genomics is still only partially embraced with few examples of genomic data
428being implemented in a management or conservation framework. The field of
429fisheries has been an early adopter of some genomics technologies. However,
430most of the advances in natural resource management have been in the use of
431genomics for more power and precision instead of looking at the functionality or
432interactions of genes and how they help organisms adapt to their environment. We
433had initially hoped that the lack of examples of management decisions being affected
434by population genomics was a function of a lag in the process. It can take time from
435results being obtained, to having them accepted through a peer review process, to
436having them adopted by management agencies to change how natural populations
437are conserved or managed. This may still be the case; however, our literature review
438and survey through EcoLog AU15has led us to believe that while population genomics has
439an important role for wildlife management, it is still an underused tool with an
440important future. We predict that the next decade will see an explosion of uses of
441population genomic data in the management of wild populations, although as the
442technical details of the science becomes more specialized it will require active
443engagement between managers and researchers to ensure the interpretation of the
444science for policy is done responsibly.
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