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Abstract

Abundance estimation is frequently an objective of conservation and monitoring
initiatives for threatened and other managed populations. While abundance esti-
mation via capture-mark-recapture or spatially explicit capture-recapture is now
common, such approaches are logistically challenging and expensive for species
such as boreal caribou (Rangifer tarandus), which inhabit remote regions, are widely
dispersed, and exist at low densities. Fortunately, the recently developed ‘close-kin
mark-recapture’ (CKMR) framework, which uses the number of kin pairs obtained
within a sample to generate an abundance estimate, eliminates the need for multi-
ple sampling events. As a result, some caribou managers are interested in using this
method to generate an abundance estimate from a single, non-invasive sampling
event for caribou populations. We conducted a simulation study using realistic
boreal caribou demographic rates and population sizes to assess how population
size and the proportion of the population surveyed impact the accuracy and preci-
sion of single-survey CKMR-based abundance estimates. Our results indicated that
abundance estimates were biased and highly imprecise when very small propor-
tions of the population were sampled, regardless of the population size. However,
the larger the population size, the smaller the required proportion of the population
surveyed to generate both accurate and reasonably precise estimates. Additionally,
we also present a case study in which we used the CKMR framework to gener-
ate annual female abundance estimates for a small caribou population in Jasper
National Park, Alberta, Canada, from 2006 to 2015 and compared them to existing
published capture-mark-recapture-based estimates. Both the accuracy and pre-
cision of the annual CKMR-based abundance estimates varied across years and
were sensitive to the proportion of pairwise kinship comparisons which yielded a
mother-offspring pair. Taken together, our study demonstrates that it is possible to
generate CKMR-based abundance estimates from a single sampling event for small
caribou populations, so long as a sufficient sampling intensity can be achieved.
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1 | INTRODUCTION

Sound wildlife management and conservation rest on having
reliable estimates of demographic parameters, including abun-
dance and its trend, to guide policy and decision making (Nichols
& Williams, 2006; Williams et al., 2002). Beyond simply inform-
ing on the current state of the population, such demographic in-
formation can also help managers understand and predict how
populations respond to stressors such as climate change (Lee
et al., 2016; Wagner et al., 2023), anthropogenic disturbance
(Palacios et al., 2022; Wan et al., 2022), and invasive species (Bell
et al., 2021; Marschall & Crowder, 1996). For more than 60years,
ecologists and statisticians have worked to develop a suite of
methods to estimate demographic parameters, abundance, and
trend from capture-mark-recapture (CMR) data. While CMR-
based methods have undoubtedly provided critical information
on many systems, such approaches have proven difficult to em-
ploy for certain species (Balme et al., 2009; Hupman et al., 2018;
Noss et al., 1996), especially those such as boreal caribou (Rangifer
tarandus), which inhabit remote regions, are widely dispersed, and
exist at low densities.

Both methodological and technological advances, coupled
with declining costs of genetic profiling, led to the rise of genetic
mark-recapture methods (Luikart et al., 2010), often utilizing non-
invasive sampling techniques such as hair snares (Paetkau, 2003;
Poole et al.,, 2001) or fecal collections (Hettinga et al., 2012;
Mondol et al., 2009). While such approaches eliminate the need
for the physical capture and marking of individuals, they still
necessitate sampling individuals repeatedly and therefore are
subject to similar investments of time, money, and personnel as
traditional CMR approaches. However, recent statistical advances
now allow for parameter estimation based on sampling kin pairs
rather than recaptures of the same individual in a framework
known as ‘close-kin mark-recapture’ (CKMR; Bravington, Skaug,
& Anderson, 2016; Skaug, 2001), thus eliminating the need for re-
peated sampling events.

The CKMR approach is analogous to traditional CMR, but in-
stead of relying on recaptures, it relies on capturing closely related
kin, such as parent-offspring pairs, or half-siblings. The basic prin-
ciple underlying CKMR is that the probability of sampling kin pairs,
which can be assessed through their genetic profiles, is inversely
proportional to the population size (Skaug, 2001). As a simple mo-
tivating example, consider a population in which all adult females
give birth to the same number of offspring, on average, each year.
The probability that any randomly sampled juvenile, j, is the off-
spring of arandomly sampled adult female, f, is simply 1/N., where

abundance estimation, caribou, close-kin mark-recapture, non-invasive sampling, Rangifer
tarandus, simulation study, small populations, terrestrial systems
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N is the adult female abundance alive in j's year of birth. Using
CKMR in most real systems requires accounting for additional
complexities, such as variation in expected reproductive output,
varying kinship relations, and uncertainty in kinship relations
(Bravington, Skaug, & Anderson, 2016), but the basic principle re-
mains the same.

Although CKMR has only been employed in a single terres-
trial system thus far (Christmas Island flying fox [Pteropus na-
talis]; Lloyd-Jones et al., 2023), there is growing interest in this
method among terrestrial ecologists and wildlife managers (Conn
et al., 2020; Larroque & Balkenhol, 2023; Sévéque et al., 2024,
Sharma et al., 2022). Given that the CKMR approach does not rely
on repeated capture events, it could be particularly advantageous
for species which are difficult to survey via traditional CMR ap-
proaches, such as boreal caribou. Caribou are broadly distributed
across much of the Canadian landscape, exhibiting large variation
in ecology, genetics, behavior, and morphology (COSEWIC, 2011).
In fact, caribou are considered the most widespread and variable
of all Cervidae species (Geist, 1998). The Committee on the Status
of Endangered Wildlife in Canada currently recognizes 12 distinct
and ecologically significant ‘Designatable Units’ for caribou, al-
though unique local herds are recognized within each Designatable
Unit (COSEWIC, 2011). The local herds display immense variation
in population size, with some consisting of fewer than 100 indi-
viduals, while others number over 100,000. Given the immense
variation in herd size and the environs they inhabit, numerous
estimation methods have been employed for different caribou
herds including aerial surveys (Government of Nunavut, 2021),
CMR (McFarlane et al., 2018), spatially explicit capture-recapture
(SECR; McFarlane et al., 2022), and integrated population models
(Moeller et al., 2021). Unfortunately, these approaches are quite
costly as a result of considerable flight time through multiple sur-
vey events (CMR and SECR). Therefore, some caribou managers
are interested in using CKMR to generate an abundance estimate
from a one-time sampling event. In fact, one-time surveys have al-
ready been conducted or are otherwise planning to be conducted,
in several caribou ranges, with CKMR-based abundance estima-
tion among the stated objectives.

To our knowledge, CKMR has only been used in cases where
samples have been collected over multiple years, thereby allowing
pairwise comparisons to be made across years, thus increasing the
number of pairwise comparisons which result in a kinship relation
and ultimately improving the precision of the resulting abundance
estimate. While that is certainly the ideal scenario for generating
CKMR-based abundance estimates, unfortunately, on-the-ground
caribou monitoring is not necessarily so consistent. Due to the
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large expanse over which caribou occur, and the high costs involved
in their sampling, there are only so many herds that can be sam-
pled in any given year; certain herds may be surveyed annually
over the span of several years, while others may only be surveyed
once every 5-10years (depending on funding and management
priorities). While it would be technically feasible to construct a
multi-year CKMR model spanning the 5-10years between the in-
termittent sampling events, given that the average caribou lifespan
is ~10years, it is unlikely that there would be many mother-off-
spring pairs (our current focus) found between the sampling years,
and therefore, a multi-year model would offer little to no improve-
ment over a single-year model. Fortunately, for small populations,
it may be feasible to obtain a sufficient number of kin pairs to allow
for abundance estimation from a single sampling event. Here, we
consider this scenario for the first time and evaluate the feasibility
of using CKMR to generate an abundance estimate from just a sole,
non-invasive sampling event occurring in only a single year.

We first conduct a simulation study roughly based on caribou
demographic rates to evaluate the accuracy and precision of the
CKMR abundance estimate from a single, non-invasive sampling
event across a range of realistic population sizes and sampling
intensities for boreal caribou. Intensive sampling of the sort of
small populations considered here can result in non-independence
among the pairwise kinship comparisons, thereby impacting
the variance of the abundance estimate (Bravington, Skaug, &
Anderson, 2016; Skaug, 2017), and therefore, we also analyzed
the coverage probability (i.e., the proportion of confidence inter-
vals containing the true abundance across all simulations) of calcu-
lated 95% profile confidence intervals of the abundance estimate
(for a single parameter, this is based on finding the two points on
the likelihood surface which are 1.92 units away from the maxi-
mum value of the log-likelihood function). We then present a case
study using genetic data from previously collected fecal samples
in which we use the CKMR pseudolikelihood to estimate annual
adult female abundance over a 10-year period for a small (<100),
intensively sampled mountain caribou population and compare
the CKMR abundance estimates to published CMR-based abun-
dance estimates, representing only the second use of CKMR in a

real terrestrial system (Lloyd-Jones et al., 2023).

2 | METHODS

2.1 | Caribou reproductive biology and fecal pellet
collection

Female caribou typically give birth to their first calf as 3-year-olds,
although a small number become pregnant at ~16 months, birthing
for the first time as 2-year-olds (Adams & Dale, 1998a; Eloranta &
Nieminen, 1986). Caribou rutting season typically runs from late
September to late October, followed by a single, synchronous birth
pulse in late May to mid-June (Adams & Dale, 1998b; Dauphiné Jr
& McClure, 1974). Non-invasive fecal pellet collections are typically
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conducted in the winter months from late December to early March,
when snow cover allows for aerial identification of cratering sites,

while also helping to preserve the fecal DNA.

2.2 | Simulation study

Briefly, we constructed individual-based, female-only popula-
tion simulations based on realistic caribou demographic rates.
We explored a range of initial population sizes (58-1150), and the
simulations began immediately prior to the summer birth pulse, so
1-year-olds were the youngest individuals at the start of each sim-
ulation. We then simulated the birth of a single calf cohort, using
stage-specific breeding probabilities, and tracked which individuals
gave birth to which calves. Given that caribou sampling generally
occurs in the winter (6-8 months after the births), we simulated a 6-
month survival process for all individuals, again using stage-specific
survival probabilities. Following the survival process, we randomly
sampled between 5% and 95% of the surviving population, deter-
mined how many mother-calf pairs were contained within the sam-
ple, and used this information from the one-time sample to estimate
the reproductive female abundance at the time of the calf cohort's
birth. Below, we further elaborate on the details of the simulations.

The starting population for each simulation consisted of three
stage-classes: yearlings (1-year-olds), which are non-reproductive,
subadults (2-year-olds), and adults (3+-year-olds), both of which are
reproductive; no calves (age O) were present at the start of the simu-
lations. The reproductive portion of each population (subadults and
adults; Np) ranged in size from 50 to 1000 females, in increments of
50, with subadults accounting for 12% of the reproductive individu-
als and adults accounting for the remaining 88%, while the number
of yearlings was set at 15% of the total number of reproductive in-
dividuals. Therefore, total initial population sizes ranged from 58 to
1150 females.

Next, we used a Bernoulli distribution to determine whether
each female successfully bred, with the breeding probability deter-

mined by each individual's stage-class (see Table 1 for the full list

TABLE 1 Demographic parameters used to generate the
population subjected to sampling within each simulation.

Parameter Symbol Value
Numb of offspring born per female which f 1
reproduced

Yearling breeding probability® - 0
Subadult breeding probability b .15
Adult breeding probability b, .90
Calf 6-month survival b .35
Yearling 6-month survival @, .894
Subadult 6-month survival o5 .894
Adult 6-month survival ba 922

#This parameter is not actually part of the simulations because the
probability is O, but we include here for completeness.

85UB01 7 SUOWIWOD SAEaID) 3|dedl|dde auy Aq peueob aJe sl O ‘8sN J0 S8|nJ o} A%eiqi8uljuQ AB]1/W UO (SUONIPUOD-PUR-SLLBI WD A8 | 1M ARe.d1jBul [UO//SANL) SUOIPUOD pue SWie 1 81 88S *[7202/60/70] Uo Ariqiauliuo A8]iM ‘epeued 1ueluolinug Aq 0EZ02 '€998/200T OT/I0p/Wod A8 im Areiq1jpul|uo//sdny wouy pepeojumod ‘6 ‘vZ0Z ‘85225v02



MERRIELL ET AL.

4of14 WI LEY-ECOIOgy and Evolution

Open Access,

of demographic rates used in the simulations). Females that bred
successfully produced one calf, regardless of stage-class, consistent
with caribou demography (Bergerud, 2000), and we tracked which
female produced each calf within the simulation. Given that cari-
bou sampling often occurs in the winter months (6-8 months after
the summer birth pulse), we then used a Bernoulli distribution to
simulate the survival process for ~6months for all stage-classes,
where the survival probability was determined by each individual's
stage-class. We then randomly sampled 5%-95% of all surviving in-
dividuals, in 5% increments, for each population to assess the impact
of sampling differing proportions of individuals on the abundance
estimate.

Following sampling, all sampled yearlings were removed from
consideration for the subsequent CKMR analysis because they are
neither calves (hence not part of the offspring cohort of interest),
nor are they capable of reproducing yet (hence having no chance of
being a mother to the current calf cohort). As a result, all individu-
als included in the CKMR analysis as potential mothers were known
to be reproductive at the time of the calf cohort's birth. We then
made all possible pairwise comparisons between the sampled calves
and reproductive females, determined how many mother-calf pairs
were sampled, and used the mother-offspring kinship probability
(Bravington, Skaug, & Anderson, 2016) to estimate the number of
reproductive females at the time of the calf cohort's birth. In this ap-
proach, each candidate mother belonged to one of two stage-classes
(subadult or adult), and each pairwise comparison either yielded a
mother-calf pair, or not. Therefore, each pairwise comparison could
be placed into one of four categories: (1) a comparison involving a
subadult, which was a mother-calf pair; (2) a comparison involving
a subadult which was not a mother-calf pair; (3) a comparison in-
volving an adult, which was a mother-calf pair; and (4) a compari-
son involving an adult which was not a mother-calf pair. Thus, the
pseudolikelihood of the observed data can be expressed simply

using a multinomial:
h
Lplny)= <y‘ >p{1 N
1

where p corresponds to a vector containing the probabilities of
each of the four possible outcomes for a given pairwise comparison,
y corresponds to a vector containing the frequency of each of the
four outcomes, and n corresponds to the total number of pairwise

Outcome

Subadult comparison yields a mother-calf pair
Subadult comparison does not yield a mother-calf pair
Adult comparison yields a mother-calf pair

Adult comparison does not yield a mother-calf pair

comparisons made (i.e., the sum of y). The equation governing the
probability of each outcome is displayed in Table 2.

We used numerical maximization to find the maximum (pseudo)
likelihood estimate of I\TF, searching across the range of 10 fe-
males to 10 times the number of reproductive females. Although
the pseudolikelihood is not a proper likelihood function, when the
necessary assumptions are met and the pseudolikelihood approx-
imates a proper likelihood, the 95% confidence interval of N; can
be approximated using Hessian-based confidence intervals or other
standard approaches. However, it is unclear how well these approx-
imations perform when the pseudolikelihood may not approximate
a proper likelihood due to violations of one or more of its underlying
assumptions, as is the case under consideration here. Therefore, we
were also interested in assessing the coverage probability of the cal-
culated 95% confidence interval, so we computed the 95% profile
confidence interval ofN; for each simulation. We performed 10,000
simulations for each considered population size and computed the
mean I\/I\F across all simulations at each sampling intensity, as well as
the 95% quantile for N,\: the standard deviation, the coefficient of
variation, and the proportional relative bias ((T\I\F — Ng) /Np). All sim-
ulations and analyses were performed in the R computing environ-
ment version 4.0.5 (R Core Team, 2016).

2.3 | Case study: Tonquin herd, Alberta, Canada

2.3.1 | Sample collection, DNA analysis, and age
class determination

Our Tonquin case study utilized data presented in previous publica-
tions (Flasko et al., 2017; McFarlane et al., 2018). Briefly, fecal pellets
were collected from the Tonquin subpopulation in Jasper National
Park, Alberta, Canada, each winter from 2006 to 2015, with two
or three fecal surveys conducted annually between October and
January. Following DNA extraction, samples were amplified at 15
variable microsatellite loci (McFarlane et al., 2018, 2021, 2022), and
unique individuals were identified using the ALLELEMATCH package
(Galpern et al., 2012) in R. Fecal pellets from the unique individu-
als were then assigned to either calf or non-calf (which consists of
yearling, subadult, and adult) stage-classes in their first year of cap-
ture based on a combination of fecal pellet dry-weight and hormone

TABLE 2 The probability of the
possible outcomes from each pairwise

____bf comparison as used in the multinomial
Ne(BF(L=A)+bafA) likelihood

Probability

_ b,f
Np (b,f(L—A) + b,fA)

byf
Nr (b,F(L—A) + b,fA)

[ S—
Ne (bsf(1—A) + b,fA)

Note: A represents the proportion of adults among the sampled reproductive (subadults and adults)
females; all other symbols are as defined in Table 1. The denominator of the fraction represents the
total expected reproductive output across all potentially reproductive females.
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TABLE 3 The mean number of mother-offspring pairs (MOPs) across all 10,000 simulations for each combination of population size and the proportion of the population sampled.

Mean number of MOPs

Proportion sampled

0.05 0.10 0.15 0.20 0.25 0.30 0.35 0.40 0.45 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 0.90 0.95

Pop. size

11.7

10.5

9.4
18.9

8.3
16.7
41.7

7.4*
14.7

6.3
12.8

5.5
11.1*

3.9 4.7

3.2

6.5
16.3

2.6

2.0
4.1

1.6

3.2

79
15.9*

1.1

2.3
5.9

0.1 0.3 0.5 0.8
11.7*

0.0
0.1

50

23.5

211

9.3*
234

7.9

19.7

5.3
13.2*

1.6
41

1.0
2.6

0.6

0.2

100
250

59.0
117.9
177.1

52.9
105.8
158.9
211.5

471

32.0 36.7

27.6

10.4*

1.5
29

0.6

0.2

94.4

141.8
188.5

83.6
125.6
1671

32.7 39.5 46.9 55.2 64.0 73.6
110.4
146.9

26.5

20.9

8.1
12.2*

5.2
7.8

10.4

1.3
2.0
2.6

0.3

500
750

96.2
127.8

24.0 31.3 39.7 49.0 59.4 70.6 82.8
110.2

17.6*
234

4.4
5.9

0.5

235.6

41.7 529 65.2 78.8 93.9

32.0

16.3*

0.7

1000

Note: Bolded values represent combinations of population size and proportion of the population surveyed which yielded a proportional relative bias <0.1 and a CV <0.2, while those followed by a **’ denote

combinations with a proportional relative bias <0.1 and a CV between 0.2 and 0.3.

levels (pregnane for females, testosterone for males). For a full de-
scription of the age-class determination methods, please see Flasko
et al. (2017) and McFarlane et al. (2018). Because the birth year was
known for all individuals initially captured as calves, their ages were
known on any encounters in subsequent years.

2.3.2 | Mother-offspring pair inference

We used COLONY v2.0.6.8 (Jones & Wang, 2010), which uses a
maximum likelihood framework, to infer parent-offspring relation-
ships among the sampled calves and non-calves. All sampled calves
were input as offspring. Because individuals sampled as calves
could be the parent of a calf in future years, all sampled females,
both calves and non-calves, were included in COLONY as candidate
mothers. Although we were not directly interested in paternity,
all sampled males were included as candidate fathers to enhance
the quality of parent-pair (and thus maternity) inference. COLONY
also allows the exclusion of certain candidate mothers (or fathers)
from consideration for maternity (or paternity) of specific offspring
based on prior information, such as age. Therefore, because the age
of first reproduction is generally 3years old for both sexes (Adams
& Dale, 1998a, 1998b; Eloranta & Nieminen, 1986), all individuals
which were known to be younger than 3years old (owing to having
been captured as a calf in a previous year) at the time of a given
calf's birth were excluded from parental consideration for said
calf. See Table Al in Appendix for the full set of COLONY input

parameters.

2.3.3 | Abundance estimation

Due to sample size concerns, we pooled together data from all sam-
pling occasions which occurred within the same winter (2-3 occa-
sions per winter), and treated it as arising from a single, intensive
sampling event. Although the Jasper dataset spans multiple years,
given caribou managers' interest in using CKMR in a one-time-only
sample design, we analyzed the data on a year-by-year basis, for-
going all cross-year comparisons, as they would not be available
should a one-time sampling design be implemented. Therefore, we
only included individuals who were sampled in the same year in our
analysis. Within a given year, we counted the number of sampled
calves, the number of candidate mothers who were sampled in the
year of interest and were not excluded due to being younger than
3-year-olds (hereafter referred to as ‘potential mothers’), and the
number of mother-calf pairs sampled within said year as indicated
by COLONY. Upon reaching sexual maturity, female caribou are ex-
pected to produce one calf annually (Bergerud, 2000). Given this
constant fecundity in combination with the fact that we only evalu-
ate kinship comparisons between potential mothers and calves-of-
the-year, the expected relative reproductive output for any given
potential mother is assumed to be 1/N, where N, represents the
reproductive female abundance in the offspring's year of birth.
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Therefore, the number of mother-calf pairs (MOt) found within a

given year t can be succinctly expressed as

MO, ~ Binom (nc,t *Np 1 >,
Ni¢

where Nt and n;, represent the number of sampled calves and the
number of sampled potential mothers in year t, respectively, and N, is
the reproductive female abundance in year t. Notably, this formulation
treats all potential mothers as reproductive adults, which is not strictly
true because the potential mothers also include some yearlings (non-
reproductive) and subadults (occasionally reproductive), which could
not be excluded due to having an unknown birth year. Although this in-
evitably introduces some degree of bias into our abundance estimates,
we nevertheless believe that this formulation is a reasonable approxi-
mation (See Section 4). We used the ‘binom.confint’ function from the
‘binom’ package in R (Dorai-Raj, 2022) to estimate N;, as well as its 95%
profile confidence interval for each year.

3 | RESULTS

3.1 | Simulation study

Our simulation study used the CKMR pseudolikelihood to evalu-
ate the accuracy and precision of the CKMR abundance estimator
from a single sampling event. Although we simulated reproductive

female populations ranging in size from 50 to 1000 in increments

of 50, in what follows we only present the results for six population
sizes (50, 100, 250, 500, 750, and 1000), which are representative of
the patterns found across all simulations. The mean number of ob-
served mother-offspring pairs increased as both the population size
and the proportion of the population sampled increased (Table 3).
While the mean number of mother-offspring pairs was extremely
low (<1.0) when only 5% of the population was sampled, regardless
of population size, the disparity in the number of observed mother-
offspring pairs among the population sizes grew as the proportion
of the population sampled increased. For example, with only 25%
of the population sampled, the population sizes of 250 (sample size:
n=63) and 1000 (n=250) had a mean of 4.1 and 16.3 observed
mother-offspring pairs, respectively; these grew to 36.7 and 146.9,
respectively, when 75% (n=188 and n=750, respectively) of the
population was sampled (Table 3).

As may be expected, our simulations indicated that both the
accuracy and precision of the abundance estimator improved with
both increasing population size and the proportion of the popula-
tion sampled (Figure 1). Regardless of the population size, when very
small proportions (<10%) of the population were sampled, the mean
abundance estimate was biased high with very high uncertainty;
the corresponding mean relative bias was also quite large, ranging
from 0.82 to 8.60 (Table 4). As the proportion of the population
sampled increased, the mean abundance estimate converged to the
true value, the mean proportional relative bias declined to 0, and the
precision of the estimator improved (Figure 1; Table 4). While the

mean abundance estimates eventually converged to the true value
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FIGURE 1 The mean (colored dots) and 95% quantile (colored bars) of the CKMR abundance estimate across all 10,000 simulations for
each proportion of the population sampled for selected population sizes. In each plot, the dashed gray line represents the true reproductive

female abundance.
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TABLE 4 The mean and median proportional relative bias ((KI\F - NF) / Ng) across all 10,000 simulations for each combination of population size and the proportion of the population sampled.

Proportional relative bias

Proportion sampled

005 010 015 020 025 030 035 040 045 0.50 0.55 0.60 0.65 0.70 0.75 0.80 0.85 090 0.95

Metric

Pop. size

0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.02
-0.02
0.01
-0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.03
-0.02

0.04
-0.02

0.07
0.00
0.02
-0.01

0.09
0.00
0.03
-0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.14
-0.02

0.23
0.00
0.07
0.00
0.02
-0.01

0.36
0.00
0.10
-0.01
0.02
-0.01
0.01
0.00
0.01
0.00
0.00
0.00

0.60
0.00
0.15
0.00
0.4
0.00
0.02
-0.01

1.00
0.02
0.25
0.01
0.06
0.00
0.03
0.00
0.02
0.00
0.01
0.00

1.53
0.02
0.47
0.02
0.10
0.00
0.04
0.00
0.02
0.00
0.02
0.00

2.46
0.04
0.85
0.03
0.17
0.00
0.07
0.00
0.04
0.00
0.03
0.00

3.59
0.04
1.59
0.04
0.33
0.01
0.12
0.01

5.02
9.00
2.89
0.08
0.77
0.03
0.25
0.02
0.14
0.01
0.10
0.01

6.33
9.00
4.73
9.00
1.89
0.12
0.67
0.04
0.32
0.02
0.22
0.02

7.64
9.00
6.79
9.00
4.49
9.00
2.29
0.18
1.30
0.03
0.82
0.05

8.60
9.00
8.36
9.00
7.57
9.00
6.33
9.00
5.26
9.00
4.43
9.00

Mean

50

Median

0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.02
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

0.05
0.00
0.02
0.00
0.01
0.00
0.00
0.00
0.00
0.00

Mean

100

Median

0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00

Mean

250

Median

0.01
0.00
0.00
-0.01

Mean

500

Median

0.01
0.00
0.01
0.00

.07
0.01
0.04
0.01

Mean

750

Median

0.00
0.00

Mean

1000

0.00

Median
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for all population sizes, smaller populations required a larger propor-
tion of the population to be sampled before convergence occurred.
For example, the population size of 50 required sampling ~65%
(n=33) of the population before the mean proportional relative bias
was <0.1, indicating the abundance estimate was within 10% of the
true value, while the population size of 1000 only required sampling
~20% (n=200) of the population before achieving the same level of
accuracy (Table 4; Figure 1). Interestingly, the median proportional
relative bias declined faster than the mean proportional relative bias
as larger proportions of the population were sampled, especially for
smaller populations. In fact, achieving a median proportional rela-
tive bias <0.1 only required sampling <25% of the population across
all considered population sizes (Table 4). This behavior can be ex-
plained by the fact that CKMR vastly overestimates the population
size in cases where very few (or only one) mother-offspring pairs are
found, which occurs more often when sampling small proportions of
small populations, thus inflating the mean relative bias while having
a much smaller impact on the median relative bias.

To evaluate both the accuracy and the precision of the abun-
dance estimator simultaneously, we plotted the mean proportional
relative bias of the abundance estimate against its coefficient of
variation for every combination of population size and proportion
of the population sampled (Figure 2a). Again, we see that low sam-
pling proportions lead to high proportional relative bias regardless of
the population size. However, the points in the lower-left region of
the graph, contained within the red box, are of particular interest, as
these represent combinations of population size and proportion of
the population sampled, which yield an estimate with a mean pro-
portional relative bias of <0.1 (i.e., within 10% of the true value) and
a coefficient of variation of <0.30. Although a CV <0.20 is typically
desired, there may be some circumstances in which management is
willing to accept a slightly higher CV, hence why we used the thresh-
old of 0.30 here. There is a range of combinations which yield points
within this region of the graph (Figure 2b). For example, a population
size of 50 requires 275% (n>38) of the population to be sampled to
yield a mean estimate that is both accurate and precise enough to
fall within this region of the graph, a population size of 250 requires
240% (n=100) of the population to be sampled, while a population
size of 1000 only requires 220% (n=200) of the population to be
sampled (Figure 2b).

Lastly, we found that the calculated 95% profile confidence
interval computed in each simulation tended to be overly broad,
thereby misrepresenting the actual coverage probability. In fact, for
many combinations of population size and proportion of the popula-
tion sampled, the proportion of the 95% profile confidence intervals
containing the true N across all 10,000 simulations was 299%, even
reaching 100% in some cases (Figure 3).

3.2 | Case study: Tonquin herd, Alberta, Canada

The number of calves sampled within each year ranged from a min-
imum of 3 in 2015 to a maximum of 11 in 2011, and the number of
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potential mothers sampled ranged from a minimum of 8 in 2015 to
a maximum of 32 in 2006 and 2009, while the number of mother-
calf pairs found among the sampled individuals ranged from 1 in
2007 to 8 in 2011 (Table 5). The performance of the CKMR fe-
male abundance estimate varied across years. The estimates were
both inaccurate and imprecise for 2006-2008 compared to exist-
ing robust-design CMR female abundance estimates previously
published in McFarlane et al. (2018), with especially poor perfor-
mance in 2007 and 2008 (Figure 4a). The CKMR-based abundance
estimates were more reasonable and comparable to the CMR es-
timates for 2009-2015 and the precision of the estimates also im-
proved during this period (compared to the first 3years; Figure 4a),
although were still relatively imprecise in certain years given the
low abundance estimates (Figure 4b). For example, the 95% profile
confidence interval spanned 13-127 in 2009 (N;:SZ) and 7-118 in
2012 (I\/I\F=20). The mean CMR-based female abundance estimate
across the 10-year study period was 29, while our mean CKMR-
based estimate was 45.9 (Table 5). However, after excluding the
first 3years during which CKMR performed particularly poorly, the

7-year mean CMR-based female abundance estimate was 22, while

the 7-year mean CKMR-based estimate was 22.43, highlighting the

improved performance after the first 3years.

4 | DISCUSSION

Unlike traditional CMR methods, the CKMR approach does not rely
on repeated capture events, which, in principle, means it could be
possible to generate an abundance estimate from a single sampling
event. Caribou managers are particularly interested in this possibility.
However, applications of CKMR thus far have focused on systems in
which samples have been collected over a span of multiple years, al-
lowing pairwise comparisons to be made across years, thus increasing
the number of kin pairs included in the analysis and ultimately improv-
ing the precision of the resulting abundance estimate. Fortunately,
small populations have the advantage that it may be feasible to collect
enough kin pairs for CKMR from a single sampling event, something
which is generally infeasible for larger populations. To our knowledge,
our study is the first to assess the suitability of CKMR for small popu-

lations using samples collected from a single, non-invasive sampling
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FIGURE 3 The proportion of the calculated 95% profile confidence intervals which contain the true abundance across all 10,000
simulations for each combination of population size and proportion of the population sampled.

event, while also representing only the second manuscript to use
CKMR in a real terrestrial system (Lloyd-Jones et al., 2023).

Our simulations demonstrate that the CKMR mother-offspring
approach can, in principle, generate estimates of reproductive fe-
male abundance that are accurate and precise enough to be useful
for caribou management (i.e., CV <20%, Pollock et al., 1990) from
a single, non-invasive sampling event, given sufficient sampling
intensity. However, the sampling intensity required to achieve an
abundance estimate with both a sufficiently low proportional rela-
tive bias and CV depends on the population size (Figure 2). Ideally,
this means that managers should have some idea of their popula-
tion size prior to conducting a survey in order to determine how
many samples are likely to be required to achieve the desired level
of accuracy and precision. Across our simulations, the 95% profile
confidence intervals for I\/I; tended to be overly broad, likely be-
cause the pseudolikelihood underlying the CKMR approach may
not adequately approximate a proper likelihood function when
the assumption of approximate independence among the pair-
wise comparisons is violated, highlighting the need for caution
when reporting or otherwise interpreting confidence intervals for
CKMR-based abundance estimates for small, intensively sampled
populations.

The accuracy and precision of the annual CKMR-based abun-
dance estimates varied across years for our Tonquin, Alberta, car-
ibou case study. The abundance estimates were biased high with
large uncertainty for 2006-2008 but performed reasonably in
subsequent years. Notably, during each of the first 3years, the
percentage of pairwise comparisons between calves and potential

mothers which resulted in a mother-calf pair was <1.5%, while
in all subsequent years, it was >2.5%, even reaching 25% in sev-
eral of the later years of the study period (Table 5), highlighting
the importance of sampling a sufficient number of kin pairs. It has
previously been suggested that CKMR studies should generally
target obtaining a minimum of 50 kin pairs (Bravington, Skaug, &
Anderson, 2016; Waples & Feutry, 2021). Of course, obtaining 50
mother-calf pairs from a single sampling event can be impossible in
certain scenarios depending on the population size, as evidenced
by both our simulations and case study. While our results indi-
cate that reasonable abundance estimates can be obtained from
fewer than 50 mother-calf pairs for small, intensively sampled
populations given sufficient sampling intensity, precision of the
estimator, as measured by the width of the 95% confidence inter-
val, is certainly improved with increasing numbers of mother-calf
pairs, and therefore, targeting ~50 kin pairs is still a useful heu-
ristic where logistically feasible. Additionally, although we report
the 95% profile confidence interval for the abundance estimates
from our Jasper case study, our simulations strongly suggest that
the coverage of this confidence interval is overly broad and should
therefore be viewed with some caution.

While the CKMR-based abundance estimates are similar to the
CMR-based estimates from McFarlane et al. (2018) from 2009 on-
ward, there are several details which should be noted. First, our
analysis assumed that all potential mothers have identical expected
reproductive output. This is not strictly true because we could not
distinguish between yearlings, subadults, and adults, except in cases
where an individual was previously captured as a calf and therefore
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FIGURE 4 (a) Annual CMR (blue) and CKMR (red) female abundance estimates and their associated 95% confidence intervals (gray
bars) for Jasper National Park, Alberta, Canada. The CMR results and their associated 95% confidence intervals are reported in tab. A7 of

McFarlane et al. (2018). (b) Zoomed-in view of (a).

its age was known. The presence of non-reproductive individuals
within the set of potential mothers in any given year would artificially
increase the number of pairwise comparisons yielding a non-kin re-
lationship, while having no impact on the number of comparisons
yielding a mother-offspring pair, thereby decreasing the ratio of kin/
non-kin comparisons and ultimately causing the abundance esti-
mate to overestimate the reproductive female abundance to some
degree. However, given the relatively high estimated proportion of
the population sampled in each year (average of ~78% annually), we
are reasonably confident that the majority of calves were sampled in
any given year, thus representing samples of known age on encoun-
ters in subsequent years (and able to be excluded from the potential
mothers until they turned 3years old). Furthermore, we expect only
a relatively small proportion of the population in any given year to
consist of yearlings; therefore, we expect the number of individu-
als captured for the first time as yearlings, and thus incorrectly in-
cluded in the group of potential mothers in any given year, to be
small. Nevertheless, future studies could circumvent the difficulties
that we encountered in stage-class assignment through the devel-
opment of a caribou-specific epigenetic clock (Czajka et al., 2024;
Lu et al., 2023), which would then allow for the estimation of each

individual's true age. Obtaining the true age of each individual would
be particularly advantageous because it would enable managers to
retrospectively estimate the abundance for multiple years from just
a single sampling event instead of only being able to estimate the
abundance for the mothers of the current calf cohort, as we have
done throughout this study. Additionally, age information could also
be useful for other management questions, such as those related to
individual fitness levels.

Second, CKMR and CMR estimate similar, although slightly
different parameters. The CMR-based estimates from McFarlane
et al. (2018) represent the total number of females (regardless of
age), which were physically present at the time of sampling, while
the CKMR-based estimates presented here represent the number of
reproductive females who were present at the time of a given calf co-
hort's birth, approximately 6 months prior to sampling. Because our
CKMR-based estimates do not include non-reproductive females,
while the CMR-based estimates do, we would expect our CKMR-
based estimates to be smaller than the CMR-based estimates, which
are inclusive of all stage-classes. Therefore, while the mean CMR-
based abundance estimate for 2009-2015 and our mean CKMR-
based estimate for the same timeframe are virtually identical (22 and
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22.43, respectively), this suggests that the CKMR-based estimates
overestimate the reproductive female abundance to some degree.
As described previously, this is exactly what we would expect to ob-
serve if some non-reproductive individuals were incorrectly included
in the set of potential mothers. While we maintain that this was not
a common occurrence within this dataset for the reasons described
previously, it is a likely indication that it did occur in some instances.
Additionally, the precision of the two abundance estimation methods
is not perfectly comparable. It is likely that the model from McFarlane
et al. (2018) suffered from convergence or parameter identifiability
issues given that their abundance estimates had a standard error of
zero in several years, which is unlikely to be an accurate assessment
of the true uncertainty of their estimates; meanwhile, our confidence
intervals are likely overly broad, as noted previously.

Lastly, each of our abundance estimates were generated using
only a single year's data. In contrast, the abundance estimates from
McFarlane et al. (2018) were generated by a robust-design CMR
model, which allowed information within the dataset to be shared
across years. Of course, it is unsurprising that a model that allows
information to be shared across years has greater precision than a
model making use of only a single year's data at a time. It is possible
to build CKMR models which make use of data collected across mul-
tiple years, and this has been the focus of the CKMR literature thus
far. And, when multiple years of data are available (such as for our
Jasper dataset), that is precisely what should be done for realistic
management scenarios. However, given that some caribou managers
are interested in attempting CKMR from a single sampling event we
opted to only make use of a single year's data at a time, forgoing all
cross-year comparisons.

Our simulations and case study demonstrate the suitability of
CKMR for application to small caribou populations using samples
collected from a single, non-invasive sampling event. While our re-
sults indicate that it should be achievable in practice (subject to suf-
ficient sampling intensity), we urge caution in generalizing our results
across systems. First, our simulations assumed perfect reconstruc-
tion of mother-calf pairs and that the stage-class of every sampled
individual was known perfectly. However, in real systems there will
be uncertainties and errors in the assignment of kinship relations
from genetic data, the severity of which will depend upon the type
and number of markers used, the quality and quantity of the genetic
samples, as well as the background relatedness of individuals in the
population (Csilléry et al., 2006; Foroughirad et al., 2019; Konovalov
& Heg, 2008; Milligan, 2003; Van Horn et al., 2008); there may also
be uncertainty and errors in the assignment of stage-class for cer-
tain individuals (as is likely the case for some individuals, particu-
larly yearlings, in our Jasper caribou case study). These uncertainties
and errors will impact the performance of the abundance estimator.
Additionally, our simulations only considered the female portion of
the population, with no consideration of males. While this should
be sufficient for the purposes of caribou management, the particu-
larities of other systems, as well other management interests, could
necessitate the consideration of the male portion of the population.
Finally, our simulation did not allow for movement of individuals into

or out of the study area. As with conventional CMR, the movement
of individuals could result in a biased estimate from CKMR, for ex-
ample, in situations where processes such as natal dispersal are large
relative to the sampling area, such that many of the offspring pro-
duced by the adults within the sampling area are not available for
sampling. While we do not expect this to be an issue for boreal car-
ibou given the large expanses over which sampling typically occurs,
it could be more problematic for other species. For these reasons,
we recommend that researchers and managers conduct a simulation
study using their target species' life history and behavior, as well
as the anticipated data uncertainties, prior to attempting a single-
sample CKMR analysis. Our simulation code could serve as a starting
point for such an analysis.

Close-kin mark-recapture-based estimation methods are still
quite new, and thus far, much of the work in this field has focused
on aquatic systems, although several recent papers have explored
CKMR in the context of terrestrial systems (Conn et al., 2020,
Sharma et al.,, 2022, Larroque & Balkenhol, 2023, Lloyd-Jones
et al., 2023, Sévéque et al., 2024). However, there is still a need for
more work on CKMR survey design, especially for terrestrial species.
For example, given that the CKMR framework relies on sampling a
sufficient number of kin pairs, randomly sampling the population of
interest may not be the optimal approach and alternative sampling
schemes designed to target specific cohorts/life stages at different
times of the year or locations may be required (Bravington, Grewe,
& Davies, 2016); if a more targeted survey design is implemented, it
is still important that the collected samples be random with respect
to kinship. Furthermore, the field would benefit from investigations
into the effects of non-independence of kin pairs which may arise
among mother and offspring prior to dispersal (Jones et al., 2023), or
among other kin pairs in group-living species.

One of the attractive features of CKMR-based estimation methods
is that in principle, they can eliminate the need for multiple sampling
events as is typically required by CMR or SECR approaches, thus rep-
resenting a potential cost savings to wildlife managers. While our study
demonstrates the suitability of CKMR for small caribou populations
using samples collected from a single, non-invasive sampling event,
whether these cost savings are realized largely will depend upon the
sampling effort required to obtain a sufficient number of kin pairs to
achieve the desired levels of accuracy and precision. Therefore, we
caution managers to carefully consider their goals and objectives, as
well as their available resources (personnel, time, money, etc.) and the
particularities of their system before deciding whether a CKMR-based
method (whether from a single sampling event or multiple sampling

events) is the appropriate choice for their management needs.

AUTHOR CONTRIBUTIONS

Brandon D. Merriell: Conceptualization (equal); formal analysis
(lead); writing - original draft (lead); writing - review and editing
(equal). Micheline Manseau: Conceptualization (equal); supervi-
sion (equal); writing - review and editing (equal). Paul J. Wilson:
Conceptualization (equal); supervision (equal); writing - review and
editing (equal).

85UB01 7 SUOWIWOD SAEaID) 3|dedl|dde auy Aq peueob aJe sl O ‘8sN J0 S8|nJ o} A%eiqi8uljuQ AB]1/W UO (SUONIPUOD-PUR-SLLBI WD A8 | 1M ARe.d1jBul [UO//SANL) SUOIPUOD pue SWie 1 81 88S *[7202/60/70] Uo Ariqiauliuo A8]iM ‘epeued 1ueluolinug Aq 0EZ02 '€998/200T OT/I0p/Wod A8 im Areiq1jpul|uo//sdny wouy pepeojumod ‘6 ‘vZ0Z ‘85225v02



MERRIELL ET AL.

ACKNOWLEDGEMENTS

We thank Bridget Redquest for extracting and scoring DNA samples and
Sonesinh Keobouasone for data management. We wish to thank Mark
Bradley and Lalenia Neufeld for designing the fecal surveys, as well as
all the volunteers who contributed to fecal sample collections through-
out the study period. We are grateful to Gabriela Mastromonaco and
staff at the Toronto Zoo for the hormone analyses used in assigning age
classes to the Tonquin caribou. Thank you to Amy Flasko and Samantha
McFarlane for measuring and assigning age classes to the Tonquin fecal
pellets. We also wish to extend our thanks to three anonymous review-
ers whose feedback has greatly improved this manuscript. This work
was funded by the Natural Sciences and Engineering Research Council
of Canada (Grant Number: ALLRP 576252-22).

CONFLICT OF INTEREST STATEMENT
The authors declare no competing interests.

DATA AVAILABILITY STATEMENT
The data and code that support the findings of this study are publicly
available in Dryad at https://doi.org/10.5061/dryad.jh9wOvtk2 but

will be made publicly available upon acceptance for publication.

ORCID
Brandon D. Merriell
Micheline Manseau
Paul J. Wilson

https://orcid.org/0000-0001-8463-0744
https://orcid.org/0000-0003-0199-3668
https://orcid.org/0000-0002-8176-0233

REFERENCES

Adams, L. G., & Dale, B. W. (1998a). Reproductive performance of female
Alaskan caribou. Journal of Wildlife Management, 62, 1184.e1195.

Adams, L. G., & Dale, B. W. (1998b). Timing and synchrony of parturition
in Alaskan caribou. Journal of Mammalogy, 79, 287-294.

Balme, G. A., Hunter, L. T. B., & Slotow, R. (2009). Evaluating methods
for counting cryptic carnivores. Journal of Wildlife Management, 73,
433-441.

Bell, D. A., Kovach, R. P.,, Muhlfeld, C. C., Al-Chokhachy, R., Cline, T. J.,
Whited, D. C., Schmetterling, D. A., Lukacs, P. M., & Whitely, A. R.
(2021). Climate change and expanding invasive species drive wide-
spread declines of native trout in the northern Rocky Mountains,
USA. Science Advances, 7, eabj5471.

Bergerud, A. T. (2000). Caribou. In S. Demarais & P. R. Krausman (Eds.),
Ecology and management of large mammals in North America. Prentice
Hall.

Bravington, M. V., Grewe, P. M., & Davies, C. R. (2016). Absolute abun-
dance of southern bluefin tuna estimated by close-kin mark-
recapture. Nature Communications, 7, 13162.

Bravington, M. V., Skaug, H. J., & Anderson, E. C. (2016). Close-kin mark-
recapture. Statistical Science, 31, 259-274.

Conn, P. B., Bravington, M. V., Baylis, S., & Ver Hoef, J. M. (2020).
Robustness of close-kin mark-recapture estimators to dispersal
limitation and spatially varying sampling probabilities. Ecology and
Evolution, 10, 5558-5569.

COSEWIC. (2011). Designatable units for Caribou (Rangifer tarandus)
in Canada. Committee on the Status of Endangered Wildlife in
Canada.

Csilléry, K., Johnson, T., Beraldi, D., Clutton-Brock, T., Coltman, D.,
Hansson, B., Spong, G., & Pemberton, J. M. (2006). Performance
of marker-based relatedness estimators in natural populations of
outbred vertebrates. Genetics, 173, 2091-2101.

Ecology and Evolution 13 of 14
=t e W1 LEY- 2o

Czajka, N., Northrup, J. M., Jones, M. J., & Shafer, A. B. A. (2024).
Epigenetic clocks, sex markers and age-class diagnostics in three
harvested large mammals. Molecular Ecology Resources, 24, €13956.

Dauphing, T. C., JR., & McClure, R. L. (1974). Synchronous mating in
Canadian barren-ground caribou. Journal of Wildlife Management,
38, 54-66.

Dorai-Raj, S. (2022). Binom: Binomial confidence intervals for several param-
eterizations. R package version 1.1-1.1. https://CRAN.R-project.org/
package=binom

Eloranta, E., & Nieminen, M. (1986). Calving of the experimental reindeer
herd in kaamanen during 1970-85. Rangifer, 1, 115-121.

Flasko, A., Manseau, M., Mastromonaco, G., Bradley, M., Neufeld, L., &
Wilson, P. (2017). Fecal DNA, hormones, and pellet morphometrics
as a noninvasive method to estimate age class: An application to
wild populations of Central Mountain and boreal woodland cari-
bou (Rangifer tarandus caribou). Canadian Journal of Zoology, 95,
311-321.

Foroughirad, V., Levengood, A. L., Mann, J., & Frére, C. H. (2019). Quality
and quantity of genetic relatedness data affect the analysis of so-
cial structure. Molecular Ecology Resources, 19, 1181-1194.

Galpern, P., Manseau, M., Hettinga, P., Smith, K., & Wilson, P. (2012).
Allelematch: An R package for identifying unique multilocus gen-
otypes where genotyping error and missing data may be present.
Molecular Ecology Resources, 12, 771-778.

Geist, V. (1998). Deer of the world: Their evolution, behavior and ecology.
Stackpole Press.

Government of Nunavut. (2021). An aerial abundance estimate of the
dolphin and union Caribou (Rangifer tarandus groenlandicus x pearyi)
herd, Kitikmeot region, Nunavut - Fall 2020. GN Technical Report
Series - No: 01-2021.

Hettinga, P.N., Arnason, N., Manseau, M., Cross, D., Whaley, K., & Wilson,
P. J. (2012). Estimating size and trend of the North Interlake wood-
land caribou population using fecal-DNA and capture-recapture
models. Journal of Wildlife Management, 76, 1153-1164.

Hupman, K., Stockin, K. A., Pollock, K., Pawley, M. D. M., Dwyer, S. L.,
Lea, C., & Tezanos-Pinto, G. (2018). Challenges of implementing
mark-recapture studies on poorly marked gregarious delphinids.
PLoS One, 13,e0198167.

Jones, O. R., & Wang, J. (2010). COLONY: A program for parentage and
sibship inference from multilocus genotype data. Molecular Ecology
Resources, 10, 551-555.

Jones, T. B., Manseau, M., Merriell, B., Pittoello, G., Hervieux, D., &
Wilson, P. (2023). Novel multilayer network analysis to assess vari-
ation in the spatial co-occurrences of close kin in wild caribou pop-
ulations. Global Ecology and Conservation, 47, €02688.

Konovaloy, D. A., & Heg, D. (2008). A maximum-likelihood relatedness
estimator allowing for negative relatedness values. Molecular
Ecology Resources, 8, 256-263.

Larroque, J., & Balkenhol, N. (2023). A simulation-based evaluation of
methods for estimating census population size of terrestrial game
species from genetically-identified parent-offspring pairs. PeerJ, 11,
e15151.

Lee, C. M., Kwon, T., Kim, S., Park, G., & Lim, J. (2016). Prediction of abun-
dance of arthropods according to climate change scenario RCP 4.5
and 8.5 in South Korea. Journal of Asia-Pacific Biodiversity, 9, 116-137.

Lloyd-Jones, L.R., Bravington, M. V., Armstrong, K. N., Lawrence, E., Feutry,
P., Todd, C. M., Dorrestein, A., Welbergen, J. A., Martin, J. M., Rose,
K., Hall, J., Phalen, D. N., Peters, |., Baylis, S. M., Macgregor, N. A., &
Westcott, D. A. (2023). Close-kin mark-recapture informs critically
endangered terrestrial mammal status. Scientific Reports, 13, 12512.

Lu, A. T., Fei, Z., Haghani, A., Robeck, T. R., Zoller, J. A, Li, C. Z., Lowe,
R., Yan, Q., Zhang, J., Vu, H., Ablaeva, J., Acosta-Rodriguez, V. A.,
Adams, D. M., Almunia, J., Aloysius, A., Ardehali, R., Arneson, A,
Baker, C. S., Banks, G, ... Horvath, S. (2023). Universal DNA meth-
ylation age across mammalian tissues. Nature Aging, 3, 1144-1166.

85UB01 7 SUOWIWOD SAEaID) 3|dedl|dde auy Aq peueob aJe sl O ‘8sN J0 S8|nJ o} A%eiqi8uljuQ AB]1/W UO (SUONIPUOD-PUR-SLLBI WD A8 | 1M ARe.d1jBul [UO//SANL) SUOIPUOD pue SWie 1 81 88S *[7202/60/70] Uo Ariqiauliuo A8]iM ‘epeued 1ueluolinug Aq 0EZ02 '€998/200T OT/I0p/Wod A8 im Areiq1jpul|uo//sdny wouy pepeojumod ‘6 ‘vZ0Z ‘85225v02


https://doi.org/10.5061/dryad.jh9w0vtk2
https://orcid.org/0000-0001-8463-0744
https://orcid.org/0000-0001-8463-0744
https://orcid.org/0000-0003-0199-3668
https://orcid.org/0000-0003-0199-3668
https://orcid.org/0000-0002-8176-0233
https://orcid.org/0000-0002-8176-0233
https://cran.r-project.org/package=binom
https://cran.r-project.org/package=binom

MERRIELL ET AL.

14 of 14 .
Ecol Evol
WI LE Y-Ecelogy and Evolution

Luikart, G., Ryman, N., Tallmon, D. A., Schwartz, M. K., & Allendorf, F.
W. (2010). Estimation of census and effective population sizes:
The increasing usefulness of DNA-based approaches. Conservation
Genetics, 11, 355-373.

Marschall, E. A., & Crowder, L. B. (1996). Assessing population responses
to multiple anthropogenic effects: A case study with brook trout.
Ecological Applications, 6, 152-167.

McFarlane, S., Manseau, M., Flasko, A., Horn, R. L., Arnason, N., Neufeld,
L., Bradley, M., & Wilson, P. (2018). Genetic influences on male and
female variance in reproductive success and implications for the
recovery of severely endangered mountain caribou. Global Ecology
and Conservation, 16, e00451.

McFarlane, S., Manseau, M., Jones, T. B., Pouliot, D., Mastromonaco, G.,
Pittoello, G., & Wilson, P. J. (2022). Identification of familial net-
works reveals sex-specific density dependence in the dispersal
and reproductive success of an endangered ungulate. Frontiers in
Ecology and Evolution, 10, 956834.

McFarlane, S., Manseau, M., & Wilson, P. (2021). Spatial familial net-
works to infer demographic structure of wild populations. Ecology
and Evolution, 11, 4507-4519.

Milligan, B. G. (2003). Maximum-likelihood estimation of relatedness.
Genetics, 163, 1153-1167.

Moeller, A. K., Nowak, J. J., Neufeld, L., Bradley, M., Manseau, M., Wilson,
P., McFarlane, S., Lukacs, P. M., & Hebblewhite, M. (2021). Integrating
counts, telemetry and non-invasive DNA monitoring to improve de-
mographic modeling of endangered species. Ecosphere, 12, e03443.

Mondol, S., Karanth, K. U., Kumar, N. S., Gopalaswamy, A. M., Andheria,
A., & Ramakrishnan, U. (2009). Evaluation of non-invasive genetic
sampling methods for estimating tiger population size. Biological
Conservation, 142, 2350-2360.

Nichols, J. D., & Williams, B. K. (2006). Monitoring for conservation.
Trends in Ecology & Evolution, 21, 668-673.

Noss, R. F., Quigley, H. B., Hornocker, M. G., Merrill, T., & Paquet, P. C.
(1996). Conservation biology and carnivore conservation in the
Rocky Mountains. Conservation Biology, 10, 949-963.

Paetkau, D. (2003). An empirical exploration of data quality in DNA-
based population inventories. Molecular Ecology, 12, 1375-1387.

Palacios, E., Varga, J., Fernandez, G., & Reiter, M. E. (2022). Impact of
human disturbance on the abundance of non-breeding shorebirds
in a subtropical wetland. Biotropica, 54, 1160-1169.

Pollock, K. H., Nichols, J. D., Brownie, C., & Hines, J. E. (1990). Statistical
inference for capture-recapture experiments. Wildlife Monographs,
107, 3-97.

Poole, K. G., Mowat, G., & Fear, D. A. (2001). DNA-based population esti-
mate for grizzly bears Ursus arctos in northeastern British Columbia,
Canada. Wildlife Biology, 7, 105-115.

R Core Team. (2016). R: A language and environment for statistical computing.
R Foundation for Statistical Computing. https://www.R-project.org/

Sévéque, A, Lonsinger, R. C., Waits, L. P.,, Brzeski, K. E., Komoroske, L.
M., Ott-Conn, C. N., Mayhew, S. L., Norton, D. C., Petroelje, T. R.,
Swenson, J. D., & Morin, D. J. (2024). Sources of bias in applying
close-kin mark-recapture to terrestrial game species with different
life histories. Ecology, 105, e4244.

Sharma, Y., Bennett, J. B., Rasi¢, G., & Marshall, J. M. (2022). Close-kin
mark-recapture methods to estimate demographic parameters of
mosquitoes. PLoS Computational Biology, 18, €1010755.

Open Access,

Skaug, H. J. (2001). Allele-sharing methods for estimation of population size.

Skaug, H. J. (2017). The parent-offspring probability when sampling age-
structured populations. Theoretical Population Biology, 118, 20-26.

Van Horn, R. C., Altmann, J., & Alberts, S. C. (2008). Can't get there from
here: Inferring kinship from pairwise genetic relatedness. Animal
Behavior, 75, 1173-1180.

Wagner, T., Schliep, E. M., North, J. S., Kundel, H., Custer, C. A., Ruzich,
J. K., & Hansen, G. J. A. (2023). Predicting climate change impacts
on poikilotherms using physiologically guided species abundance
models. Proceedings of the National Academy of Sciences of the
United States of America, 120, €2214199120.

Wan, X., Yan, C., Wang, Z., & Zhang, Z. (2022). Sustained population de-
cline of rodents is linked to accelerated climate warming and human
disturbance. BMC Ecology and Evolution, 22, 102.

Waples, R. S., & Feutry, P. (2021). Close-kin methods to estimate census
size and effective population size. Fish and Fisheries, 23, 273-293.

Williams, B., Nichols, J., & Conroy, C. (2002). Analysis and management of
animal populations. Academic Press.

How to cite this article: Merriell, B. D., Manseau, M., & Wilson,
P. J. (2024). Assessing the suitability of a one-time sampling
event for close-kin mark-recapture: A caribou case study.
Ecology and Evolution, 14, €70230. https://doi.org/10.1002/
ece3.70230

APPENDIX

TABLE A1 Input settings used for COLONY parentage
assignment.

Mating system | Female polygamy
Male polygamy

Mating system Il With inbreeding

Without clone
Species Dioecious

Diploid
Length of run Long
Analysis method Full-likelihood (FL)
Likelihood precision Very high

Run specifications Update allele frequency: No
Sibship scaling: No
Number of runs: 5
Random number seed: 1234

Sibship prior No prior
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