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1 | INTRODUCTION

Abstract

Hunting mortality can affect population abundance, demography, patterns of dis-
persal and philopatry, breeding, and genetic diversity. We investigated the effects of
hunting on the reproduction and genetic diversity in a puma population in western
Colorado, USA. We genotyped over 11,000 single nucleotide polymorphisms (SNPs),
using double-digest, restriction site-associated DNA sequencing (ddRADseq) in 291
tissue samples collected as part of a study on the effects of hunting on puma popu-
lation abundance and demography in Colorado from 2004 to 2014. The study was
designed with a reference period (years 1-5), during which hunting was suspended,
followed by a treatment period (years 6-10), in which hunting was reinstated. Our ob-
jectives were to examine the effects of hunting on: (1) paternity and male reproduc-
tive success; (2) the relatedness between pumas within the population, and (3) genetic
diversity. We found that hunting reduced the average age of male breeders. The num-
ber of unique fathers siring litters increased each year without hunting and decreased
each year during the hunting period. Mated pairs were generally unrelated during
both time periods, and females were more closely related than males. Hunting was
also associated with increased relatedness among males and decreased relatedness
among females in the population. Finally, genetic diversity increased during the period
without hunting and decreased each year when hunting was present. This study dem-
onstrates the utility of merging demographic data with large-scale genomic datasets
in order to better understand the consequences of management actions. Specifically,
we believe that this study highlights the need for long-term experimental research in
which hunting mortality is manipulated, including at least one non-harvested control

population, as part of a broader adaptive, zone management scheme.
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reducing predation on wild and domestic animals, and mitigating
human-carnivore conflict (Logan, 2019; Whittaker, 2011). Under

When setting harvest targets for carnivore management, state the North American Model of Wildlife Conservation, the organi-
wildlife managers are tasked with balancing competing inter- zation and direction of wildlife harvest must be driven by science
ests, including conservation, public opinion, hunting opportunity, (Organ et al., 2012). As such, managers and policymakers have long
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examined the effects of anthropogenic mortality on numerical re-
sponses of populations to harvest, including changes in age and sex
structures (Fryxell et al., 2010; Jensen, 1996). Recently, an increased
emphasis has been placed on understanding the effects of harvest
on social and mating structures (Frank et al., 2018, 2021; Naude
et al., 2020), as well as genetic diversity and other metrics of ge-
netic vulnerability (Ausband, 2022; Ausband & Waits, 2020; Frank
et al., 2021; Harris et al., 2002).

Harvest can reduce animal abundance while altering social
systems and population structure. These effects are especially
pronounced when harvest is highly selective (Leclerc et al., 2019;
Leclerc, Zedrosser, et al., 2017; Milner et al., 2007) and mortality is
additive, as is the case with most puma hunting (Cooley et al., 2009;
Elbroch et al., 2020; Logan & Runge, 2021; Wolfe et al., 2015). For
example, harvest creates spatial vacancies by removing established
males, releasing surviving individual from competition or other social
constraints (Frank et al., 2018; Loveridge et al., 2016). This desta-
bilization of social structure can also result in an increase of intra-
specific conflict and infanticide (Gosselin et al., 2017; Leclerc, Frank,
et al., 2017; Leclerc, Zedrosser, et al., 2017; Loveridge et al., 2007;
Whitman et al., 2004). Alternatively, in some species, harvest re-
strictions designed to protect females with dependent young can ac-
tually promote slower life histories by increasing selective pressure
on mothers to stay with their cubs for longer periods of time (van
de Walle et al., 2018). In some species, selective harvest based on
sex-linked phenotypes, such as horn size or body weight, has been
associated with a reduction in the value of those traits (Allendorf
et al., 2008; Allendorf & Hard, 2009; Coltman et al., 2003; Festa-
Bianchet, 2017; Festa-Bianchet & Mysterud, 2018; Mysterud, 2011;
Pigeon et al., 2016; Uusi-Heikkila et al., 2015).

High levels of harvest-associated mortality can also reduce
dispersal and modify patterns of philopatry and kin-clustering
(Fattebert et al., 2015; Loveridge et al., 2007; Naude et al., 2020).
Sex-biased dispersal is believed to be the primary mechanism of
inbreeding avoidance in most species of polygamous mammals
(Greenwood, 1980), including pumas (Biek et al., 2006; Laundré &
Hernandez, 2003; Logan & Sweanor, 2001). For example, female
pumas are more philopatric and generally disperse significantly less
distance than males (Biek et al., 2006; Logan & Runge, 2021; Newby
et al., 2013; Stoner et al., 2013; Sweanor et al., 2000). However,
significant harvest can cause dispersal patterns to break down,
increasing kin-clustering, male philopatry, and the risk of inbreed-
ing depression (Blyton et al., 2015; Naude et al., 2020; Perrin &
Mazalov, 2000). Similar patterns of relatedness and male philopatry
have also been seen in populations where dispersal and immigration
are severely limited by habitat fragmentation and urbanization (de
Oliveira et al., 2023; Gustafson et al., 2017, 2019; Riley et al., 2014,
Woultsch et al., 2023).

From a genetic standpoint, harvest can reduce effective popu-
lation size and decrease migration, causing a loss of genetic diver-
sity in subpopulations (Allendorf et al., 2008; Harris et al., 2002).
Decline in genetic variation can reduce individual fitness and ham-
per long-term potential to evolve (Allendorf et al., 2008). Removal of

established adult animals may allow subadults to settle locally rather
than disperse, reducing gene flow between subpopulations and in-
creasing inbreeding (Blyton et al., 2015). On the other hand, harvest
can increase genetic diversity in some cases; in species, like pumas,
where breeding opportunities are dominated by just a few individu-
als, harvest of these individuals may allow others to breed and con-
tribute to the gene pool (Ausband & Waits, 2020; Frank et al., 2021;
Harris et al., 2002).

To further examine how harvest might affect the breeding struc-
ture and genetic diversity of a population of pumas, we generated
genetic data from tissue samples collected as part of a study on
puma demography and hunting (Logan & Runge, 2021). From 2004
to 2014, researchers with Colorado Parks and Wildlife investigated
the effects of regulated hunting on the abundance and demogra-
phy of a puma population on the Uncompahgre Plateau in western
Colorado, USA (Logan & Runge, 2021). That study was designed with
a five-year reference period, where puma hunting was suspended,
followed by a 5-year treatment period, when regulated hunting
resumed. During the treatment period, the harvest quota was set
at eight pumas per year (a target of 15% of estimated independent
pumas on the study area) for the first 3years, and then reduced to
five pumas per year (11% of estimated independent pumas) during
years 4 and 5. Prior to the beginning of this study, pumas were sub-
jected to annual hunting, with an average of 12 pumas killed on
the study area each year (Logan & Runge, 2021). During the refer-
ence period, independent puma abundance more than doubled and
survival of adults was high. When hunting was reinstated, annual
harvest rates, averaging an estimated 22% of marked independent
pumas (i.e. adults and subadults) at the population scale, resulted in a
35% decline in abundance in the study area over 3years. Survival for
adult and subadult males declined by more than half, while survival
of adult females declined by 12%. Subadult female survival, how-
ever, was constant in both periods. Hunting-caused deaths were not
fully compensated by reproduction and immigration. The hunting
quota was not sex-specific; however, hunters were highly selective
for males. Hunters normally hunted using dogs, allowing hunters to
usually determine the sex of the treed puma. Males made up 69% of
the total harvest on the study area, and adult males declined in abun-
dance by 59% after three hunting seasons. Furthermore, the age dis-
tribution for independent pumas became skewed towards younger
individuals when the population was hunted (Logan & Runge, 2021).

In this study, our objectives were to examine the effects of hunt-
ing on: (1) paternity and male reproductive success; (2) the related-
ness between the pumas within the population and within mated
pairs, and (3) genetic diversity. To address these objectives, here,
we harnessed the power of genome-wide markers to uncover the
effects of hunting on a natural population of carnivores. By manip-
ulating sport hunting as an independent variable, we were able to
more directly explore the behavioural and genetic consequences
of managed harvest than purely descriptive studies have achieved
in the past. This ‘science via regulation’ experimental design—com-
bining demographic insights collected in the field with genomic
analyses to explore ecological, behavioural, and genetic changes to
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populations in response to the modification of a regulatory regime
by a governmental agency—serves as a model for future work aimed
at understanding the effects of management actions on wild animal

populations.

2 | MATERIALS AND METHODS

2.1 | Sampling and sequencing

We collected blood and tissue samples from pumas captured and
harvested between 2004 and 2014 on a 2996 km? study area on
the Uncompahgre Plateau and its surrounding area in southwest-
ern Colorado (Figure 1; see Logan & Runge, 2021 for details).
Pumas were captured by Colorado Parks and Wildlife Department
personnel in accordance with approved CPW Animal Care and
Use Committee (ACUC) capture and handling protocols (ACUC file
#08-2004 and ACUC protocol #03-2007). Pumas were captured
using a variety of methods including trained dogs, cage traps, and
by hand for litters of cubs. Life history information including sex,
life stage (i.e. juvenile, subadult, or adult), and any observed fa-
milial associations were recorded at the time of capture for each
individual. The ages of pumas were estimated by the gum-line re-
cession model (Laundré et al., 2000) and dental characteristics of
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known-age pumas. While live animals were restrained under an-
aesthesia, a 6mm? biopsy punch was used to make a hole in the
pinnas into which ear tags were inserted. When an animal was un-
able to be safely captured because of dangerous trees or cliffs, a
Pneu Dart Type P biopsy dart fired from a pneumatic pistol (Pneu
Dart, Inc., Williamsport, PA) was used to collect a skin sample.
Additionally, samples from each puma harvested on the study area
and surrounding Game Management Units (GMUs) were acquired
by using 6 mm? biopsy punches or excising a small piece of mus-
cle or integument (about 5mm?). Each tissue sample was depos-
ited into a plastic vial containing 70% ethanol, exclusively marked
to identify the individual, and stored in a freezer at -20°C until
extraction.

We extracted DNA using the Qiagen DNeasy blood and tissue
extraction kit following the manufacturer's protocol (Qiagen Ltd.,
Valencia, CA). Samples with low DNA vyield were extracted a sec-
ond time and concentrated using Microcon centrifugal filters (Merck
KGaA, Darmstadt, Germany).

We prepared libraries for genotyping using the double-digest
restriction-site associated DNA sequencing (ddRADseq) method de-
scribed in Peterson et al. (2012). The restriction enzymes, EcoRI-HF
(6bp cut site) and Nlalll (4bp cut site), and the target fragment size
range of 300-400bps (excluding adapters) were chosen based on
optimization performed by Trumbo et al. (2019). Additionally, size

FIGURE 1 Representative map of individual pumas genotyped from the Uncompahgre Plateau study area and surrounding game
management units (GMUs) during the study period (2004-2014). Blue dots represent samples that were included in the pedigree and yellow
dots were samples that were not linked to the population via the pedigree. Only individuals from the pedigree were included in analyses on

mating, relatedness, and genetic diversity.
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selection was performed using either a Pippin Prep or a Blue Pippin
with internal standards and a 100-600bp 2% agarose gel cassette
(Sage Scientific; Beverly, MA). Polymerase chain reaction (PCR) was
performed for 12 cycles and six reactions for each pool of individuals.

Libraries contained between 58 and 74 samples, to maximize
multiplexing while aiming for >12x coverage per locus, and were
multiplexed using the flex adaptors from Peterson et al. (2012).
Each library contained at least three within library and three be-
tween library sample replicates to help calculate error rates during
downstream analyses. One library was sequenced on a HiSeq4000
machine using 100bp single-end sequencing at the University of
Oregon Genomics Facility (https://gc3f.uoregon.edu/; Eugene, OR).
Three additional libraries were sequenced on a HiSeq4000 machine
using 150bp paired-end sequencing by Novogene (https://en.novog
ene.com/; Beijing, China). Additionally, raw sequences were down-
loaded from Dryad (https://datadryad.org/stash/dataset/doi:10.
5061/dryad.12jmé63xsr) for relevant puma samples that were pre-
viously sequenced as part of an earlier study looking at the effects
of urbanization on puma gene flow (Trumbo et al., 2019). We geno-
typed a total of 343 samples, including duplicates and 61 sequences
from Trumbo et al. (2019).

2.2 | Bioinformatic pipeline and filtering

We evaluated read quality for each lane of sequencing using FAsTQC
(https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). We
demultiplexed each lane of sequencing into two separate pools,
based on the barcode added during the PCR step, using BBMar v.
38.87 (https://sourceforge.net/projects/bbmap/). We used the pro-
gram PROCESS_RADTAGS in STacks v. 2.4 (Catchen et al., 2013; Rochette
et al., 2019) to further demultiplex each pool of reads into separate
individuals and to trim and filter the reads.

In order to combine the 150bp paired-end reads produced in our
second, third, and fourth libraries with the 100bp single-end reads
produced in our first library and in Trumbo et al. (2019), reverse
reads were discarded prior to demultiplexing with PROCESS_RADTAGS.
Additionally, all reads were trimmed down to 95 base-pairs using
TrimmomaTIC V. 0.39 (Bolger et al., 2014). Due to high sequencing error
in the 96th position, Trumbo et al. (2019) removed that site from
their analyses; in order to incorporate the individuals sequenced for
that project, we therefore trimmed all reads down to 95 base pairs.
Also, for our final dataset, replicate individual reads were concate-
nated prior to alignment.

We then used the BWA-Mem algorithm (Li, 2013) to align our
reads to a recently published puma reference genome (Ochoa
et al.,, 2019; Saremi et al., 2019). We used SAMTooLs (Li et al., 2009)
to sort the reads and convert them to bam files. Then we used the
REF_MAP.PL pipeline in Stacks v. 2.4 (Rochette et al., 2019) to assemble
loci, call SNPs, and generate population-level summary statistics.
The --write-random-snp flag was used to ensure only one randomly
chosen SNP per locus was retained. We exported the SNP matrix
with the popuLATIONS program in Stacks v. 2.4 (Rochette et al., 2019).

The majority of SNP filtering was performed in Punk v. 1.9
(Purcell et al., 2007). We created two datasets with varying levels of
filtering stringency based on the downstream analyses we intended
to run. For our full dataset, used in all analyses other than our pa-
ternity analyses, we removed loci that were sequenced in less than
75% of individuals (-- geno 0.25). Then we removed samples that had
more than 50% missing data (-- mind 0.5). Finally, we filtered out all
loci with a minor allele frequency less than 0.01 (-- maf 0.01).

For our paternity analyses, we applied overall stricter filtering
parameters based on other similar SNP-based relatedness studies
(Andrews et al., 2018; vonHoldt et al., 2020). Specifically, we re-
moved loci that were sequenced in less than 90% of individuals (--
geno 0.1), samples that had more than 70% of missing data (-- mind
0.7), and loci with a minor allele frequency less than 0.3 (-- maf 0.3).
Additionally, we removed loci that were not in Hardy-Weinberg pro-
portions (--hwe 0.005 using the p midpoint adjustment). Finally, we
used PLink to create a blacklist and subsequently remove loci that
were found to be in statistical linkage disequilibrium (r>.2) using a
proxy filter (--indep-pairwise 50 5 0.2).

While the majority of our samples were collected from collared
and marked individuals, some samples were collected via biodart
and hunter harvest. As such, there was a possibility that some indi-
viduals were unknowingly sequenced multiple times. We screened
for these unintentional duplicates using the detect_duplicate_ge-
nomes function in the rabiaTor R package (Gosselin et al., 2020).
These duplicates were then blacklisted and removed via Punk. We
additionally used raDIATOR to estimate the genotyping error rate and

heterozygote miscall rate.

2.3 | Paternity and relatedness analyses

To aid in the paternity analyses, data tables for each year of the
study (2004-2014) were created detailing which pumas were alive,
reproductively mature, and not known to have emigrated from the
study area. Pumas were binned by their birth year and were con-
sidered to be potential parents if they were at least one calendar
year older. Pumas typically reach sexual maturity between 18 and
24 months old (Logan & Sweanor, 2001), making a single calendar
year a possible minimum age difference.

We used the R package Sequola (Huisman, 2017) to determine
paternity and to construct a pedigree using the reduced SNP set
filtered specifically for paternity analyses. Sequoia assigns parents,
clusters half-siblings sharing an unsampled ‘dummy’ parent, and
assigns grandparents to half-sibships in order to build a multigen-
erational pedigree. Birth years were input along with genotype
data to aid in the parentage assessment. Based on our analysis of
the duplicate individuals, the heterozygote miscall rate calculated
in RADIATOR, and known error rates in RAD-seq studies (Bresadola
et al, 2020; Luca et al., 2011; Mastretta-Yanes et al., 2015), we set
the genotyping error rate at 5x1072. All mated pairs were com-
pared against field data to ensure that all pairings were biolog-
ically, spatially, and temporally possible. The field data included
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radio-telemetry locations of marked pumas, harvest locations of
non-marked pumas, and capture locations of non-marked pumas
that were bio-darted. Using this field data, we also matched
dummy individuals, when possible, with pumas that were captured
and radio-monitored but were not successfully genotyped. Based
on this pedigree and the estimated birth dates for each individual,
we separated births into discreet litters. We used these litters to
examine male reproductive success by analysing the number of
litters each male sired each year and the age of that male when
the litter was born. We additionally qualitatively plotted net-
works of all pumas included in our pedigree using NeTpraw 2.119
(Borgatti, 2002). A node (the polygons) represents each individual.
Edges (the lines) connect either parents and offspring or pairs that
successfully mated.

We used the R package retatep (Pew et al., 2014) to calculate
pairwise relatedness coefficients between all pairs of pumas that
temporally coexisted. Using the coancestry function, we calculated
relatedness values using both the full SNP dataset and the more
strictly filtered dataset from the paternity analyses. We chose the
dyadic likelihood estimator (dyadml=1) with allowance for inbreed-
ing (allow.inbreeding=TRUE) described by Milligan (2003). We se-
lected this metric due to its inbreeding allowance and low error rate
in recent studies that used SNP datasets (Hall et al., 2020; vonHoldt
et al., 2020). Additionally, we used the coancestry function to calcu-
late five different moment-based relatedness estimators, in order to
include a second estimator with the range of -1 to 1. We ultimately
chose the Wang relatedness estimator (Wang, 2002). This estimator
produced relatedness values for kinship classes closest to their ex-
pected values, with acceptably low variation, and has proven to have
low sensitivity to error and low sampling variance that decreases as-
ymptotically with increasing numbers of loci (Blouin, 2003; Naude
et al., 2020). A two-tailed, one sample t-test was used to determine
if mated pair values were significantly different from zero, and we
used two-tailed Wilcoxon rank-sum tests to test hypotheses on re-
latedness across the two study periods (Onorato et al., 2011).

2.4 | Population genetic analyses

To analyse how genetic diversity has changed over time, we grouped
individuals into cohorts based on birth year (Juarez et al., 2016). We
utilized a two-year sliding window approach to avoid including par-
ents and offspring in the same cohort. We removed any sample that
did not have at least one link in the reconstructed pedigree. We cre-
ated separate population maps for each cohort and then calculated
summary statistics based on the full SNP dataset. We used the poru-
LATIONS program in Stacks to calculate observed heterozygosity (H,),
expected heterozygosity (H,), and the inbreeding coefficient (F,c) for
each generational cohort. We estimated allelic richness (Ar) for each
cohort with HP-Rare 1.0 (Kalinowski, 2005), which uses rarefaction
to correct for differences in sample size. We performed a one-way
ANOVA on each summary statistic and performed Tukey-Kramer
HSD post-hoc tests on each pair of means to determine significance.

We also estimated the effective number of breeders for each co-
hort. When applied to a single cohort, effective population size (N,)
can be used as a metric to estimate the effective number of breeding
individuals (N;) that are genetically contributing to the population
(Schwartz et al., 1998; Waples, 2005). We calculated Ny using the
linkage disequilibrium method as implemented in NEEsTiMATOR v.2.1
(Do et al., 2014). We used the minimum allele frequency of 0.05 and
the non-parametric jackknifed 95% confidence intervals for all sub-
sequent analyses of Ng. As large numbers of SNP markers are known
to suffer from a downward bias when calculating effective popula-
tion size, we adjusted the estimates of Ny and confidence intervals
based on the haploid number of chromosomes (19; Hsu et al., 1963)
per equation 1(a) in Waples et al. (2016).

3 | RESULTS

3.1 | Genotyping and filtering SNP matrices

After calling SNPs using the rRer_map pipeline in Stacks, our matrix
contained 207,635 SNPs and 309 samples. From here, we devel-
oped two separate SNP matrices for use in different analyses: our
full dataset and our paternity analyses dataset (see Table S1). For
our full dataset (Table S1), we retained 43,334 SNPs, after removing
loci that were sequenced in less than 75% of individuals. Then we
removed individuals with more than 50% missing data, resulting in
11 individuals being lost. We also filtered out all loci with a minor al-
lele frequency less than 0.01, yielding an SNP matrix of 11,377 SNPs
across 298 individuals. After removing any duplicate individuals, our
final sample size (N) was 291 individual pumas.

For our paternity analyses dataset (Table S1), we removed loci
that were sequenced in less than 90% of individuals and retained
20,412 SNPs. Then we removed individuals with more than 70%
missing data, resulting in seven individuals being lost. We filtered
out all loci with a minor allele frequency less than 0.3. After addi-
tional filtering for loci out of Hardy-Weinberg proportions and to
account for potential linkage disequilibrium, we retained a final SNP
matrix of 743 SNPs. This consisted of 295 individuals, after discov-

ered duplicate individuals were removed.

3.2 | Paternity

Using sequola, we assigned fathers to 156 genotyped individuals
(52.3%) and mothers to 141 genotyped individuals (47.3%); when
dummy individuals (parents that were not sequenced but can be
inferred by the program) were included, we were able to assign
fathers for 188 pumas (62.5%) and mothers to 180 pumas (59.8%)
(Figure S1a). All maternal parentage assignments were concordant
with field data from captured litters and collared mothers. Field
data was used to match four of the dummy individuals with pumas
that were captured and radio-monitored but were not successfully
genotyped.
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Sequoia also assigned individuals to full-sibships (groups of in-
dividuals that share the same parents) and half-sibships (groups of
individuals that share either a mother or father) (Figure S1b). The
largest full-sibship was seven individuals (from 2 separate litters),
while half-sibships included up to 12 individuals for maternal half-
sibships and 26 individuals for paternal half-sibships.

When we qualitatively plotted the pedigree as a network, we
found that all of the pumas that were included within the pedigree
were part of the same connected network, with the exception of one
pair of siblings (Figure 2). As such, we used this network to define our
population, and we removed an additional 71 genotyped individuals
from all downstream analyses. Nearly all of the individuals removed
were from hunter harvest in adjacent game management units, and
they were not linked by the pedigree to our study population.

When we restricted the network to mated pairs only, two sep-
arate networks emerged (Figure 3a). We plotted the individuals in
each network onto a map using each puma's sampling location. The
clusters were found to localize on each slope (east or west) of the
Uncompahgre Plateau (Figure 3b). One individual from the east-
ern slope network was captured on the western slope. Upon fur-
ther investigation, this individual, F40, was only captured once, as a
1-month-old kitten. Her mate and offspring were both captured on
the eastern slope, not the western slope where she was born, sug-
gesting she likely bred on the same slope as the rest of her breeding
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network. Additionally, at least six females and three males were
born on one slope and dispersed to the opposite slope where they
reproduced.

Using this reconstructed pedigree, we matched both parents to
73 separate litters born to 62 different breeding pairs. For 13 ad-
ditional litters, we determined one parent paired with a dummy in-
dividual that we were not able to match back to a collared puma
using field data (seven litters had a dummy father and six litters had
a dummy mother). Forty-two litters were born during the reference
period, and 43 were born during the treatment period (Table S2). We
identified 22 unique fathers across the full study (Figure S2): 12 sired
offspring during the reference period and 14 sired offspring during
the treatment period. Four males sired litters in both the reference
and treatment periods. There were 40 unique mothers identified
across the study: 20 of which birthed litters in the reference period
and 31 birthed litters in the treatment period. We did not find in-
stances of multiple paternity in any of the litters.

The number of litters born per year fluctuated from year to
year, averaging 9.13 litters a year (SD=1.45) exclusive of the first
and last study years when sample sizes were low. The average litter
size was 1.98 kittens (SD=0.98). Individual successful males sired
3.30 litters (SD=23.25) on average in the reference period and 2.71
litters (SD=2.15) on average in the treatment period, though this
difference was non-significant (t,,=0.54, p=.596). Additionally, we
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FIGURE 3 Panel (a) depicts networks of mated pairs. As with Figure 2, red lines connect pairs that mated during the reference period.
Blue lines connect pairs that mated during the treatment period. The green line represents a pair that mated prior to the study. The two
large networks are coloured separately as yellow and blue nodes. Red nodes are dummy individuals created in sequoia and brown nodes
are individuals not connected to either of the large networks. Node shape denotes sex—males are squares and females are circles. Node
size represents birth year, with larger nodes for earlier birth years. Panel (b) is a map of the two large breeding networks identified by the
pedigree. We used the location where individual pumas were last sampled to plot each point. Males are represented with squares and
females are circles. The yellow network is localized on the western slope of the Uncompahgre Plateau, and the blue network is localized on
the eastern slope of the Uncompahgre Plateau. A single individual, F40, appears on the western slope despite being in the eastern slope
network. This individual was first sampled as a 1-month-old kitten; both its mate and offspring were located on the eastern slope. Lines
connect mated pairs, with white lines for the reference period and blue lines for the treatment period.
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saw a trend where the number of unique fathers increased each year
of the reference period and subsequently declined each year of the
treatment period (Figure 4).

Using the ages assigned to individual fathers during the birth year
for each litter they sired (Figure 5), we found differences between the
average age of fathers in the two periods (t,,=2.57, p=.012). Fathers
were older on average in the reference period, 5.13years (SD=2.18),
than the treatment period, 4.03years (SD=1.50). While we had males
as old as 10years having litters in the reference period, after the first
year of the treatment period, we detected no fathers over the age of
5years. The age of the father increased each year of the reference pe-
riod, while it tended to decline in the treatment period years.

3.3 | Relatedness
In the reference and treatment periods, kinship pairs showed aver-
age relatedness coefficients similar to their expected distributions
(Figure 6; Figure S3). Parent-offspring (PO) pairs and full-siblings (FS)
are expected to have relatedness values around 0.5. Half-siblings (HS)
are expected to have relatedness values around 0.25. Differences
between the average relatedness during the reference period
(RP) and the treatment period (TP) were minimal for pairs of full-
siblings (RP,,=0.549, TP, =0.546, t,;,=0.324, p=.75), half-siblings
(RP,,=0.261, TP, ,=0.266, t;,,=-0.953, p=.34), and mated pairs
(RP,,=0.017, TP,,=0.0.058, t,,=-1.5, p=.146). Average pairwise re-
latedness of mated pairs during both periods were also not greater than
0 (RP: t,g=-0.289, p=.39; TP: t,;=0.084, p=.93). Parent-offspring
pairs (RP, =0.507, TP, =0.518, t,,;=-2.59, p=.01) and unrelated
pairs (RP,,=0.019, TP, =0.020, t,,,,,=-2.18, p=.029) were slightly
more related during the treatment period than the reference period.
While the average pairwise relatedness of mated pairs was not dif-
ferent during the reference and treatment periods, we observed three
instances of mating between close relatives in the treatment period
and none in the reference period (Figure S4). One instance that we
identified from the reconstructed pedigree (Litter 60; see Table S2)

was mating between a father and his daughter (r=.523). For the other

Unique Fathers and Litters each year

two instances (r=.274 for Litter 21 and r=.437 for Litter 51), we were
unable to confidently identify grandparents for these litters, making
the exact relationships between the mated individuals unclear.

When we examined relatedness between pairs of independent
males (MM) and females (FF) that coexisted during each period
(Figure S5), we found that female-female dyads were more related
on average than male-male dyads during both the reference (FF_
RP,,=0.027, MM_RP, =-0.013, z=12.86, p=0) and treatment
periods (FF_TP, =0.016, MM_TP, =-0.002, z=7.77, p=7.55e-
15). Also, the average male-male dyad became more closely
related during the treatment period than they were during the ref-
erence period (MM_RP, =-0.013, MM_TP, =-0.002, z=-3.34,
p=.0008). Female-female dyads demonstrated the opposite pat-
tern, becoming less related in the treatment period than they were
during the reference period (FF_RPav=0‘027, MM_TP_,=0.016,
z=2.17,p=.03).

3.4 | Geneticdiversity

We calculated observed heterozygosity (H), expected heterozy-
gosity (Hg), the inbreeding coefficient (F ), and allelic richness (A))
for each cohort (Table 1). Cohorts differed in observed heterozy-
gosity (ANOVA: F=6.40, p=1.74E-08), expected heterozygosity
(F=6.77, p=4.80E-09), and allelic richness (F=33.17, p=3.95E-43).
Inbreeding (F ;) was the only summary statistic that did not differ
across the cohorts (F=0.09, p=1).

When we plotted the various metrics of genetic diversity over
time, a clear trend emerged. Based on the H. and A, genetic di-
versity was low during the earliest cohorts and gradually increased
up until the 2008-2009 cohort at the end of the reference period
(Figure 7). Both then decreased, with the final cohort in 2013-2014,
at the end of the treatment period, reduced below levels seen in
2004-2005, at the start of the reference period. Hg also peaked in
2008-2009 before decreasing throughout the treatment period, yet
Hg was higher in the first two cohorts than the second two cohorts

of the reference period (Figure 7a).

12-
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FIGURE 4 Number of litters and unique fathers that sired those litters during each study year. The number of fathers increased during
the reference (non-hunting) period (RP) and decreased during the treatment (hunting) period (TP). Red represents the reference period and
blue represents the treatment period. The circles and dashed trendlines represent the number of unique fathers that sired a litter born that
year. The triangles and solid trendlines represent the number of litters born during that year.
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In panel (a), we plotted the age of the father at the birth of the litter each year. The age of fathers on average was higher

during the reference (non-hunting) period (RP) compared to the treatment (hunting) period (TP). Litters born during the reference period are
red and litters born during the treatment period are blue. The size of the dot represents the number of litters that an individual male sired

in that given year. Dashed lines represent trend lines. In panel (b), box plots depict the distribution of ages of fathers during the reference
(red) and treatment (blue) periods. Additionally, panel (c) depicts box plots of ages of fathers during the second through fifth years of the
reference (red) and treatment (blue) periods. Averages are denoted with a + and printed on the figure.

The effective number of breeders (Ng) varied from 19.92 (95%
Cl: 12.25-35.95) to 57.62 (95% Cl: 39.71-94.37) (Table 1). Ny in-
creased steadily each year before peaking in the 2011-2012 cohort
(Figure 7e). A sharp decline in Ny was observed for the 2012-2013
and 2013-2014 cohorts, returning N, back to level below those ob-
served during 2004-2005.

4 | DISCUSSION

Harvest can affect population structure and genetic diversity in
complex and complicated ways. Harvest can destabilize popula-
tion structures and modify a range of behaviours and traits, from

infanticide to dispersal. Harvest has also been shown to both in-
crease and decrease genetic diversity across different populations
and scales. Critically assessing these impacts and linking changes in
behaviour or ecology back to harvest is difficult. Much of what we
have learned about the effects of harvest on wild populations has
come from post-hoc observational studies rather than controlled
experiments, thus obfuscating the researchers' ability to make
causal inferences. Our experimental design, however, with hunting
suspended for 5years (the reference period) and then reinstated
for 5years (the treatment period), allowed us to control harvest
as a variable and to parse out the effects of hunting on the sexual
structure and genetic diversity of a puma population. We believe
this approach, experimenting through regulation, will be useful for
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Pairwise relatedness with the dyadic likelihood estimator
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FIGURE 6 Pairwise relatedness estimates of relationship classes determined from field data and a pedigree reconstructed with sequola.
Males and females were generally unrelated across the reference (non-hunting, RP) and treatment (hunting, TP) periods. All relatedness
estimates were calculated using the reLaTED package in R using the dyadic likelihood estimator. The expected theoretical relatedness
coefficient for parent-offspring (PO) and full sibling (FS) relationships is indicated by the dashed line at 0.5. The expected theoretical
relatedness coefficient for half-siblings (HS) is indicated by the dotted line at 0.25. The expected theoretical relatedness coefficient for
unrelated/random pairs (UN) is indicated by the solid line at 0. MP stands for mated pairs. The red boxplots represent pairs that coexisted
during the reference period. The blue boxplots represent pairs that coexisted during the treatment period. Statistics for the number of dyads
for each relationship class are given in the imbedded chart.

TABLE 1 Summary statistics for each

Cohort Period N Ho He Fis A, Ng (95% CI) generational cohort.
2004-2005 RP 21 0259 0.245 -0.014 1812  22.62(13.19-47.66)
2005-2006 RP 44  0.255 0.247 -0.004 1.818  32.04(23.69-44.96)
2006-2007 RP 46  0.248  0.246 0.012  1.819  33.79(26.12-44.96)
2007-2008 RP 43 0250 0.251 0.023  1.836  44.56(31.37-67.99)
2008-2009 RP 46 0261  0.257 0.004 1.849  53.72(40.25-75.53)
2009-2010 TP 50 0.258 0.254 0.004 1.842  46.85(36.08-63.00)
2010-2011 TP 45 0.255 0.251 0.005 1.832 51.02 (39.04-69.74)
2011-2012 TP 38 0.258  0.252 0.000  1.838 57.62 (39.71-94.37)
2012-2013 TP 42 0.251  0.246 0.004 1.808  25.18(18.98-34.19)
2013-2014 TP 24 0249 0.243 0.010  1.799 19.92 (12.25-35.95)

Note: We used a 2-year sliding window approach to avoid parents and offspring being included

in the same cohort. Period refers to either RP for the non-hunted ‘reference’ period or TP for the
hunted ‘treatment’ period. Hunting during the treatment period began in 2009, and, as such, the
2008-2009 and 2009-2010 cohorts in part span each period. N is the number of pumas included
in the cohort. Hy is the observed heterozygosity. H is the expected heterozygosity. F g is the
inbreeding coefficient. These summary statistics were generated using the popuLATIONS program in
Stacks. Allelic richness (Ar) was calculated in HP-RARE in order to account for sample size variation
between cohorts. The number of effective breeders (Ny) was calculated using NeEsTimMaToR v.2.1
and an adjustment based on chromosome number. 95% jackknifed confidence intervals are
displayed in parentheses.

FIGURE 7 Summary statistics plotted for each 2-year cohort of the study. Genetic diversity increased each year during the reference
(non-hunting) period, and decreased during the treatment (hunting) period. The reference period (RP) is represented in red while the
treatment period (TP) is represented in blue. Hunting during the treatment period began in 2009, and, as such, the 2008-2009 and 2009-
2010 cohorts in part span each period. Panel (a) is the observed heterozygosity (H,). Panel (b) is the expected heterozygosity (H). Panel (c) is
the inbreeding coefficient (F ). Panel (d) is allelic richness (A)). Panel (e) is the effective number of breeders (Np).
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examining how wildlife management policies affect the populations
being managed and whether policies achieve the desired goals of

management.

4.1 | Pedigree reconstruction

Pedigree reconstruction offered us an empirical method for delin-
eating our population of interest. We sequenced unmarked pumas
that were harvested in surrounding GMUs to maximize our chances
of determining paternity for the pumas in our study area. Some of
our radio-collared independent pumas had home ranges that over-
lapped inside and outside the study area, and, thus, we assumed
other unmarked pumas had home ranges that did as well (Logan &
Runge, 2021). Using the kinship network built from the pedigree and
the collected field data, we were able to exclude pumas that were
unlikely to have been a part of our population of interest.

By utilizing this methodology, we were able to link fine-scale popu-
lation structure to individual behaviour. We found two separate breed-
ing networks associated with the eastern and western slopes of the
Uncompahgre Plateau. Pumas mated on our study area from December
to June with a peak from February to May (Logan & Runge, 2021).
During winter and early spring, the Uncompahgre Plateau higher eleva-
tion areas are covered in deep snow, thus hindering puma movements
across them. Trumbo et al. (2019) found that pumas on the Western
Slope of the Rocky Mountains in Colorado preferred to disperse
through forests, which were correlated with lower elevation and pre-
cipitation. Furthermore, migratory mule deer and elk, the pumas' pri-
mary prey, confine their distribution to low elevation ranges with less
snow and more available forage (Alldredge et al., 2008; Coe et al., 2018;
Gilbert et al., 1970). Field data on movements of marked pumas and
our full pedigree network indicated that puma dispersal occurred, and
some individuals immigrated onto opposite slopes where they estab-
lished their adult home ranges and reproduced. Thus, gene flow was
occurring between the breeding networks. These inferences highlight
the utility of creating kinship networks from reconstructed pedigrees in
order to explore dispersal and barriers to gene flow through examining
assortative mating (Escoda et al., 2017, 2019).

4.2 | Paternity

Pumas have a polygamous and promiscuous mating system (Logan &
Sweanor, 2010; Seidensticker et al., 1973), where multiple territorial
males compete to breed with adult females that apparently choose
their mates (Logan & Sweanor, 2001; Murphy, 1998). In non-hunted
populations, reproductive success in males is highly variable, with
the oldest males generally exhibiting the highest reproductive suc-
cess (Logan & Sweanor, 2001; Murphy, 1998). This social structure
was observed during the reference period in our population where
just two males sired 53% of the litters. Studies have found upwards
of 70%-80% of litters were sired by males over 3years of age in
non-hunted populations (Logan & Sweanor, 2001; Murphy, 1998).

Similarly, we found that 67% of litters in the reference period were
sired by males at least 3years old, although this is likely downwardly
biased because hunting before the study reduced the age structure
of the population at the beginning of the reference period (Logan &
Runge, 2021).

In hunted populations, where age structure declines, mating is
expected to be constrained to younger adult males with each having
low reproductive success (Logan & Sweanor, 2010). The most pro-
ductive males during the treatment period were far less successful
than the most productive males during the reference period, siring
only 38% of the litters. Similarly, in a heavily hunted population in
Montana, no males over the age of 6 were observed and the ma-
jority of litters were sired by males 3years or younger (Onorato
et al., 2011; Robinson & DeSimone, 2011). We found that the av-
erage age of fathers was lower in the treatment period than in the
reference period, and no males older than 5years old sired litters
after the first year that hunting was reinstated.

Our results suggest that hunting mortality reduced lifetime re-
productive success and provided breeding opportunities for other,
often younger, males. However, our data also suggests that the
unique number of breeding males per year increased during the ref-
erence period and decreased during the treatment period (Figure 4).
One explanation is that the removal of hunting increased abundance
and survival of adult males and females (Logan & Runge, 2021); this
led to an increase in successful individual male breeders each year.
When hunting was reinstated, however, instead of breeding op-
portunities increasing per adult male because dominant ones were
removed, male abundance and survival declined overall. Logan and
Runge (2021) found that recruitment during the treatment period
did not compensate for the loss of adult males, but partially compen-
sated for the loss of adult females. In fact, the ratio of adult males
to adult females declined greatly in the treatment period (Logan &
Runge, 2021), and this probably increased breeding opportunities
for the few surviving adult males. Moreover, we expect lifetime re-
productive success of those males to be relatively low because their
annual survival rates were less than half that of non-hunted adult
males (Logan & Runge, 2021).

4.3 | Relatedness
We found no differences in relatedness of mated pairs between
the non-hunting and hunting periods, and mean relatedness values
among mated pairs in each period indicated that pairs were gener-
ally unrelated. Similarly, in a hunted puma population in the Garnett
Mountains of Montana, relatedness of parents was not significantly
different than zero (Onorato et al., 2011). Furthermore, neither es-
timates of relatedness nor observations of marked individuals in
our puma population indicate a breakdown in dispersal or male kin-
clustering as reported in a hunted leopard population in South Africa
(Naude et al., 2020).

We observed, however, 3 out of 37 (8%) unique mated pairs
during the treatment period with relatedness coefficients over 0.25,
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which is equivalent to half-siblings or even more closely related. All
three instances involved males between the ages of 5 and 8years
old. In contrast, no mated pairs during the reference period had re-
latedness values over 0.1. In the heavily hunted puma population in
Garnet Mountains of Montana, 29% of mating pairs exhibited pair-
wise relatedness values over 0.215 (Onorato et al., 2011). On the
other hand, in a protected population in New Mexico, researchers
observed 8% of the litters derived from fathers and their philopatric
daughters (Logan & Sweanor, 2001). Thus, while all of the instances
of inbreeding arose during the treatment period of our studyj, it re-
mains unclear whether or not harvest played a role in this finding or
if some background levels of inbreeding are to be expected in any
puma population irrespective of hunting pressure.

Variation in relatedness among each sex of independent pumas
was associated with hunting. Onorato et al. (2011) found higher re-
latedness levels for males than females in a puma population in the
Garnet Mountains of Montana. This was the opposite of what was
found in puma populations in the Northern Yellowstone Ecosystem
and in Arizona where females were more closely related on aver-
age than males (Biek et al., 2006; Nicholson et al., 2011). Onorato
et al. (2011) suggested the difference was possibly due to differ-
ences in hunting pressure, as the Garnet Mountains population was
subject to heavy harvest and the Northern Yellowstone Ecosystem
pumas were mostly protected. In our population, females were more
closely related than males during both the reference and treatment
periods. This is a result that would be expected in a system with
male-biased dispersal and female philopatry (Biek et al., 2006). In
the treatment period, however, independent males were more
closely related than in the reference period, and independent fe-
males became less closely related during the treatment period than
they were during the reference period. These results are consistent
with the findings from Onorato et al. (2011) that harvest promotes
an increase in relatedness among males and decreased relatedness
among females.

It is unclear what drove the increase in male relatedness in the
population during the hunting period. The increase in relatedness
was not due to male kinship clustering, as the field collected data
did not find an increase of male philopatry or a decrease in male
emigration. Male emigration was similar in the two periods: 39% of
the marked male cubs that survived to the subadult stage in the ref-
erence period emigrated from the study area; 42% of the marked
male cubs that survived to the subadult stage in the treatment pe-
riod emigrated from the study area. In our population, Logan and
Runge (2021) found two potential examples of independent male
philopatry during the hunting period. However, both pumas were
harvested as young adults (i.e. 28 and 30months old) and poten-
tially might have dispersed later had they survived. Neither sired
offspring.

The reduction in relatedness between females during the treat-
ment period is likely best explained by immigration of females into
the population. Logan and Runge (2021) found that female recruit-
ment in our population partially compensated for the loss of adult fe-
males, and reproduction rates did not increase during the treatment

period. Additionally, observed emigration from the study area of
marked female offspring that survived to the subadult stage was the
same in both periods (i.e. 1 in each). Therefore, the partial compen-
sation in recruitment of females was more likely from immigration,

leading to lower relatedness between female-female dyads.

4.4 | Geneticdiversity

While there have been a plethora of studies on puma genetics
across the western United States (for a few examples see Anderson
etal., 2004; Juarez et al., 2016; Loxterman, 2011; Mcrae et al., 2005;
Waultsch et al., 2023), all but two of these studies utilized microsatel-
lite markers rather than large SNP sets, making comparisons using
traditional genetic diversity statistics difficult (Sunde et al., 2020;
Zimmerman et al., 2020). However, our population does appears to
have similar genetic diversity (H,=0.248-0.261; A =1.799-1.849)
to pumas found on the Front Range of Colorado (H,=0.243;
A,=1.89; Trumbo et al., 2019) as well as populations in California
(Hy=0.24-0.31; A,=1.67-1.79; Gustafson et al., 2022). Previous
studies have suggested that contemporary patterns of genetic diver-
sity in pumas are a relict of a post-Pleistocene expansion (Gustafson
et al., 2022; Mcrae et al., 2005), when pumas recolonized North
America from South America (Culver et al., 2000). As a result of this
range expansion, genetic diversity is often greater in lower latitudes,
and our population displays similar diversity to those in Colorado
and California found at similar latitudes.

In our study, genetic diversity (i.e. observed heterozygosity, ex-
pected heterozygosity, and allelic richness) tended to increase over
the years when hunting was removed and decrease when hunting
was reinstated. These results, in relation to temporal variation and
hunting, are in contrast to what some previous studies reported
(Ausband & Waits, 2020; Juarez et al., 2016). In the Black Hills of
South Dakota, a study of genetic diversity in a puma population over
a 10-year period in which hunting mortality varied (5 years of no har-
vest followed by 3years of moderate harvest followed by 2years
of heavy harvest) found no significant differences in observed het-
erozygosity, expected heterozygosity, allelic richness, or the effec-
tive number of alleles across the different hunting regimes (Juarez
et al., 2016). In Idaho wolves, researchers using microsatellites
found harvest to have no effect on allelic richness or observed het-
erozygosity, although they did find a net gain of alleles into groups
in subpopulations, and a reduction in private alleles in subpopula-
tions (Ausband & Waits, 2020). However, our use of hundreds to
thousands of SNP markers offers statistical power beyond that of a
panel of microsatellites, and this difference could be one explanation
for our finding of statistically significant differences where previous
studies have not.

The calculated effective number of breeders (NB) for each co-
hort in our puma population broadly reflected N, the estimated
number of independent pumas each winter on the study site (Logan
& Runge, 2021; Figure Sé). Like some of the other genetic diver-
sity metrics, Ng increased as the population expanded during the
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reference period and decreased as the population declined during
the treatment period. Interestingly, the 2011-2012 cohort has a
high Ng with a relatively large confidence interval. We speculate
this may be because of the high turnover in male breeders between
2011 and 2012. Only one of six males and one of seven females that
successfully bred in 2011 also sired or birthed a litter in 2012. This
amount of turnover of male breeders did not occur in any other year
of the study (Figure S2). Additionally, the ratio of N;/N. was much
lower during the final two cohorts (2012-2013 and 2013-2014).
This is likely because of the reduction in the number of males that
successfully sired litters those years. During 2012 and 2013 when
the abundance of adult males was low (Logan & Runge, 2021), the
most successful two males sired 67% and 89% of all litters, while in
2010 and 2011 when the abundance of adult males was still high,
the most successful two males sired 45% and 57% of all litters.

5 | CONCLUSIONS AND IMPLICATIONS

Our investigation revealed that hunting reduced the age of male
breeders and reduced the lifetime reproductive success of males.
We found that mated pairs were generally unrelated during each
time period, and that females were more closely related than males,
as would be expected in a system with male-biased dispersal and
female philopatry. We also found that harvest increased relatedness
among males and decreased relatedness among females. Finally, ge-
netic diversity, across multiple metrics, increased during the period
without hunting and decreased each year when hunting was present.

While the effects we documented were statistically significant,
it is far more difficult to determine the biological significance of the
changes we observed in genetic diversity and relatedness. These
changes, though statistically significant, were often slight. For ex-
ample, the difference in A, between the highest and lowest cohorts
was 0.05; for H, the difference was 0.014. Similarly, for relatedness,
though we observed changes in how related the pumas in the popu-
lation were to each other, these changes did not implicate concerns
about inbreeding nor does our data suggest large-scale changes in
dispersal or philopatry.

However, nearly every phenomenon we observed trended one
direction during the period without hunting and another during the
period with hunting. Given sufficient time and a continued trend, the
changes we observed may have become far more biologically signifi-
cant. At 5years each, neither of these periods was likely long enough
to fully understand the effects of harvest on the breeding processes
and genetics of this puma population. Though the selective effects
of hunting have been seen in populations in as little as three to four
generations (Pigeon et al., 2016), our study was still much shorter
than that. While pumas may reach sexual maturity before 2years of
age, the generation time in pumas has been estimated at 4.45years
(Hostetler et al., 2012). As such, each of our periods extended for
barely a single generation.

Our study highlights the need for additional, long-term (i.e. over
several puma generations) experimental research in which hunting

mortality is manipulated, including at least one control population
(i.e. with no harvest), and where population-level responses are
monitored in each condition. Further, future research can be per-
formed on a broader, subnational- or region-wide scale to better
understand how the effects we observed relate to broader source-
sink dynamics (Benson et al., 2023; Wultsch et al., 2023). Scientific
understanding of the effects of harvest on the affected populations
is necessary for making reliable management decisions, and these
effects can only be truly understood through these long-term, ade-
quately controlled studies.

The North American Model mandates that science is the proper
tool for making wildlife policy decisions (Organ et al., 2012), yet de-
spite significant developments in wildlife management as a science,
there is still much we do not know when it comes to cause and ef-
fect in wildlife management (Logan, 2012). In recent years, there
have been challenges to harvest as a management tool, question-
ing both its scientific underpinning as well as its efficacy in achiev-
ing desired management outcomes (Artelle et al., 2018; Laundré &
Papouchis, 2020). Wildlife agencies are in a unique position—they
have the legal authority to manipulate hunting laws to create the
experimental conditions necessary to empirically test management
decisions. Further, they are the only bodies capable of performing
these experiments. Academic scientists alone cannot experimentally
manipulate wildlife populations over the scales necessary to draw
appropriate conclusions. Science and law in wildlife management
can benefit from a bidirectional relationship. Wildlife science can be
used to develop management policy, but law can also be utilized to
improve the scientific framework for achieving reliable knowledge.

One way to structure this type of relationship is through the in-
corporation of experimental hunting regulations as part of a broader
adaptive, zonal management scheme (Logan & Sweanor, 2001;
Logan, 2012; Logan & Runge, 2021; Mech, 2017). A zone manage-
ment strategy varies harvest regimes across different localities
in order to meet the different management priorities set for each
zone (Logan & Sweanor, 2001; Mech, 2017). For example, in regions
where managers choose to prioritize natural population dynamics or
desire to grow the population, harvest quotas and highly selective
hunting methods may be limited or entirely eliminated. Alternatively,
in regions where minimizing human-carnivore conflict is the priority,
high quotas and more effective hunting techniques may be utilized.
Critically, regions where harvest is experimentally manipulated and
controlled are invaluable to best understand how regulatory regimes
affect specified priorities and patterns in nature, as we were able to
do in this study. The generation of scientific knowledge that is used
to adaptively update management policy can inform the develop-

ment of management zones.
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