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Abstract

Better knowledge of genetic relationships between the Fortymile caribou herd and its neighbors is needed for conservation
decision-making in Canada. Here, we contribute the first fine-scale analysis of genetic population structure in nine contiguous
caribou herds at the geographic boundaries between Barren-ground and Northern Mountain caribou, and at the Alaska-Yukon
border. Using pairwise differentiation metrics, STRUCTURE, and discriminant analysis of principal components (DAPC)
to analyze 15 microsatellite loci in 379 caribou, we found complex patterns of genetic differentiation. The Fortymile was
the only herd assigned to more than one genetic cluster, indicative of its history as a larger herd whose range expansions
and gene flow to other herds were likely important to maintaining diversity across a functioning genetic metapopulation.
Some small herds (Chisana, Klaza, and White Mountains) were genetically distinct, while others (Hart River, Clear Creek,
Mentasta) exhibited little differentiation from herds they occasionally overlap, including herds assigned to different con-
servation units (DUs). This genetic connectivity does not result from demographic connectivity, as episodic contact during
rut, rather than herd switching, is the likely mechanism. Unusually, one small herd (White Mountains) maintained genetic
differentiation despite rut overlap with Fortymile. Our data reveal that some herds with different ecological and behavioral
attributes are demographically independent but nonetheless genetically connected. Thus, we suggest that managing caribou
for an appropriate level of genetic connectivity, while also supporting herd persistence, will be essential to conserve caribou
genetic diversity in the region.
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Effective conservation of biological diversity below the
species level requires biologically-meaningful conservation
units and integrated management across jurisdictions. With
many caribou (Rangifer tarandus) herds in North America
in decline (Festa-Bianchet et al. 2011; Russell et al. 2018),
the conservation unit delineated for each herd increasingly
determines its legal status and management. Knowledge of
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genetic relationships is needed to assess “discreteness” of
conservation units for caribou (USFWS and NMEFS 1996;
COSEWIC 2020), and contribute to their delineation along-
side ecological, behavioral, geographic, and evolutionary
data (Yannic et al. 2016; COSEWIC 2020). Genetic data
can also reveal metapopulation structure, which is needed
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to ensure conservation actions will maintain gene flow and
viable population sizes that allow for ongoing evolutionary
processes (Weckworth et al. 2013, 2018).

Canada classified caribou Designatable Units (DUs) for
conservation in 2011, but lacked the genetic data needed to
assess herds in the central Yukon (COSEWIC 2011), includ-
ing those along the Alaska-Yukon border (hereafter, “AK-YT
caribou”). In particular, COSEWIC states that “the south-
western boundary of [the Barren-ground DU3] requires
resolution with respect to overlap with Northern Mountain
populations (DU7), and particularly the assignment of the
Forty-Mile population” (COSEWIC 2011). The populations
at this DU boundary are the focus of this study.

Three large AK-YT herds near this DU boundary—the
Porcupine, Fortymile, and Nelchina (Table 1; Fig. 1)—
complete long-distance annual migrations that cross the
USA-Canada border. The Porcupine herd is assigned to the
Barren-ground DU (hereafter, “BG’), a DU which has dra-
matically declined and may be listed as Threatened under
the federal Species at Risk Act (COSEWIC 2016). The
Porcupine herd, however, has increased and is not consid-
ered at risk, though it faces threats from climate change and
industrial development (Severson et al. 2021). The Fortymile
and Nelchina herds have not yet been assigned a DU. Six
additional AK-YT herds in the region are orders of magni-
tude smaller (Table 1). These caribou occupy much smaller
annual ranges, exhibit seasonal altitudinal migrations and
shorter longitudinal migrations, are larger-bodied, and tend
to disperse rather than aggregate during calving. The Hart
River, Clear Creek, Klaza, and Chisana herds are designated
in the Northern Mountain DU (hereafter, “NM”), which
has a status of “Special Concern” (Ray et al. 2015), and
the Mentasta and White Mountains herds in Alaska are not
assigned a DU. These small herds are likely vulnerable to
stochastic events, overharvest, anthropogenic disturbance,

and changes in the quantity or quality of core habitats (Envi-
ronment Canada 2012). In the absence of comprehensive
genetic data, the boundary delineated between the BG and
NM DUs was based primarily upon ecotypic differences in
behavior and habitat use of these herds (COSEWIC 2011).

Uncertainties about the NM-BG boundary stem from
inconsistencies between morphology-based taxonomy
(Harding 2022) and phylogenetic, spatial, and ecotypic data.
AK-YT caribou descended from a common Beringian-Eur-
asian lineage (Weckworth et al. 2012; Yannic et al. 2013;
Taylor et al. 2021), but divergent evolutionary histories
have created genetic substructure within the lineage (Weck-
worth et al. 2012; Polfus et al. 2017; Taylor et al. 2021)
that has not been fully explored. This is especially true for
under-studied, small herds that tend to be more genetically
complex. Though individual caribou vary in their migra-
tory behavior (Cavedon et al. 2022), and some AK-YT NM
individuals demonstrate plasticity in use of seasonal ranges,
small NM herds in the AK-YT tend to consistently exhibit
shorter, altitudinal migrations and retain fidelity to core por-
tions of their relatively-small ranges even if movement pat-
terns shift in response to changes in habitat or herd density.
Inter-herd genetic differentiation is often greater between
small herds (Kuhn et al. 2010; Mager et al. 2014; Taylor
et al. 2021) than large herds (Cronin et al. 2005; Mager et al.
2014; McFarlane et al. 2016), but because small herds are
under-studied, existing data may not accurately represent the
fine-scale genetic structure within the BEL. Previous genetic
studies of AK-YT caribou either lacked some key herds
near the BG-NM boundary (e.g., Kuhn et al. 2010; Tay-
lor et al. 2021) or had small and uneven sample sizes (e.g.,
Zittlau 2004; Kuhn et al. 2010), which are known to limit
the performance of the Bayesian clustering programs used
(Puechmaille 2016). Clearly, a fine-scale study of genetic

Table 1 Characteristics of Alaska-Yukon caribou herds included in this study

Herd Recent Herd Size Historic Est. Herd Size since (Year) Location DU Sample size
Chisana 5822 300-1,800" (1989-) AK & YT NM 32
Clear Creek 792° 800-900° (2001-) YT NM 29
Fortymile 40,000¢ 4,000-500,0001(1920-) AK & YT none 52
Hart River 2,700¢ 1,200-2,700¢ (1978-) YT NM 50
Klaza 1,200¢ 450-1,200% (1989-) YT NM 37
Mentasta 400° 250-3,200° (1973-) AK & YT* none 21
Nelchina 21,500° 8,000-70,000' (1960s) AK & YT none 52
Porcupine 218,000¢ 100,000-218,000™ (1972-) AK,YT, NWT BG 60
White Mountains <5008 200-1,200¢ (1970s-) AK n/a 46

Most recent herd size is given, along with estimated historical herd size given as a range over a (span of years) from: *National Park Service
2023, PRussell et al. 2023, SADF&G 2022, Government of Yukon 2018, ®Hatcher 2020, FADF&G 2023, £Young Jr 2015, "Gross 2015, Murie
1935, JBoertje et al. 2012, “Hegel 2013, 'Hatcher & Robbins 2021, ™Caikoski 2020. Abbreviations: Alaska (AK), Yukon (YT), Northwest Ter-
ritories (NWT), *Mentasta only rarely ranges into the Yukon; Designatable Unit (DU) for herds in Canada include Northern Mountain (NM),

Barren-ground (BG), not yet designated (none)
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Fig.1 Map of Alaska-Yukon caribou. Polygons represent annual
ranges of herds in this study; range overlap does not necessarily indi-
cate co-occurrence because herds may use those portions of their
range in different seasons. Colors indicate DU assignment. Cross-
hatching represents adjacent herds not included in our study. Dashed
line shows a coarse estimate of the former range extent of the For-
tymile herd (modified from McDonald and Cooley 2004, Fig. 13);
seasonal ranges were much smaller and some portions of the range
were infrequently used

population structure at the boundary of the BG and NM DUs
is needed to contribute to assessments of DU discreteness.
The Fortymile and Nelchina herds sit at the nexus
of the BG and NM DUs (Fig. 1), but haven’t yet been
assigned to a DU. During its once-extensive migrations
of 260,000-500,000 caribou in the 1920s (Murie 1935;
Boertje et al. 2012), the Fortymile herd overlapped portions
of the ranges of most of its neighboring herds (McDonald
and Cooley 2004). As the herd declined to ~50,000 in the
1950s-60s and 4,000-6,000 in 1974, its range contracted
and shifted (Valkenburg et al. 1994; McDonald and Cooley
2004), which likely reduced gene flow and increased the iso-
lation of some AK-YT herds. Within the past two decades,

both the Fortymile and Nelchina herds have expanded their
ranges and now utilize large areas of the Yukon, necessitat-
ing their assignment to a DU. Genetic data is needed both
to inform their DU assignment and to understand how the
dramatic changes in abundance and distribution of the For-
tymile have influenced gene flow and genetic drift in AK-YT
caribou.

In this study, we contribute the first fine-scale analysis
of genetic population structure in nine contiguous caribou
herds at the boundaries of the barren-ground and north-
ern mountain DUs, and the international border between
Alaska and the Yukon. This analysis examines a greater
number of microsatellite loci and larger sample sizes per
herd than previous studies by combining existing data from
139 caribou (Mager et al. 2014) with 240 new samples from
Alaska-Yukon border herds. Using pairwise differentiation
metrics and clustering methods, we aim to describe the
genetic diversity, differentiation, and population structure of
AK-YT herds to contribute to conservation decision-making
and interpret patterns of genetic population structure in light
of demographic and spatial dynamics over the past century.

Materials and methods
Study area

The study area encompasses approximately 400,000 km? of
Alaska and central Yukon, including subarctic and tundra
climate zones. Much of the terrain is mountainous, with
boreal forest lowlands and alpine tundra uplands, as well as
arctic tundra along the Beaufort Sea coast. Caribou summer
ranges tend to be in tundra and subalpine habitats. The size
and isolation of these habitat patches influence the spatial
distribution of caribou in the region, though habitat selec-
tion varies seasonally, annually, and decadally in response
to many other factors. Our study focuses on nine contiguous
AK-YT herds that span the international border as well as
the BG-NM DU boundary (Fig. 1), which are a subset of
the approximately 800,000 caribou in 53 herds that inhabit
Alaska and the Yukon.

DNA extraction and PCR

Caribou whole blood, dried blood on filter paper, hair, and
fecal samples were collected by the Yukon Department of
Environment, Alaska Department of Fish and Game, and
Bureau of Land Management. The herd identities of sam-
pled caribou were determined by biologists in the natural
resource agencies who sampled them, usually based on pres-
ence in known seasonal ranges and often confirmed with
collar locations. Most samples were from adult females. We
extracted DNA from 240 new samples using the DNeasy
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Blood & Tissue Kit (QIAGEN Inc., Valencia, CA, USA) fol-
lowing manufacturer protocols for each sample type. DNA
was amplified at 18 polymorphic microsatellite loci using
PCR. Loci were combined in three multiplexes: Multiplex
1—RT6, RT27 and RT1 (Wilson et al. 1997), OheD and
OheQ (Jones et al. 2000), NVHRT30 (Rged and Midthjell
1998), BM6506 and BM4513 (Bishop et al. 1994), and
OARFCB193 (Buchanan and Crawford 1993); Multiplex
2—RT9long, RT7 and RT24 (Wilson et al. 1997); and Mul-
tiplex 3—RT30 (Wilson et al. 1997), BL42 (Bishop et al.
1994), BMS745 (Stone et al. 1995), TEXAN4 (Holder et al.
1994), C89 (Jones et al. 2000) and BMS1788 (Stone et al.
1995). We performed PCR amplifications in 10uL reactions
containing SuL. Qiagen Multiplex Master Mix, 2.5uL sterile
water, 1uL of the multiplex primer mix and 1.5uL DNA
template. Reactions were carried out in an Eppendorf Mas-
tercycler gradient thermocycler or an MJ Research PTC-150
Thermal cycler using the following steps: (1) 5 min initiation
at 95 °C followed by (2) 30 cycles of 30 s at 95 °C, 90 s at
57 °C, and 30 s at 72 °C, and (3) a final extension of 45 min
at 60 °C. Negative controls were used in each PCR. Frag-
ment lengths were analyzed using a 3730x1 96-Capillary
Genetic Analyzer (Applied Biosystems) at the Yale DNA
Analysis Facility on Science Hill and the Keck Lab at Yale
University (New Haven, CT).

Genotyping

We scored alleles using the Microsat Analysis app (Ther-
mofisher Cloud) with automated bins followed by manual
checking of all runs. 92% of samples had duplicate or trip-
licate genotypes, with 2% of duplicates mismatched on
average per locus after low quality samples were excluded.
Nearly all inconsistencies were reconciled easily with
manual genotyping. When inconsistencies could not be
resolved, the data were deleted. In order to calibrate allele
calls between these genotypes and existing data from Mager
et al. (2014), we re-analyzed 16 archived blood samples.
All loci calibrated easily between the two datasets with the
exception of BL42, which we eliminated.

We next flagged identical individuals using GenAlEx
v.6.503 (Peakall and Smouse 2006, 2012), which is espe-
cially important for fecal samples that could be deposited by
the same individual (Paetkau 2003). We removed potential
duplicate fecal samples including two that were identical,
two that were identical at all but 1 locus, and four with miss-
ing data that matched other individuals at all remaining loci.
A fecal sample from 2018 matched a blood sample collected
in 2002 but it is very unlikely that these are the same indi-
vidual, so both samples were retained.

We checked for systematic genotyping errors including
null alleles, allelic dropout, and mis-genotyping of stutter
peaks using MICRO-CHECKER v.2.2.3 (Van Oosterhout
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et al. 2004). The locus RT27 exhibited homozygote excess
in three herds, which could be due to allelic dropout or null
alleles, so we excluded it. We checked for linkage disequi-
librium by testing the null hypothesis of independence of
loci in each population and globally using Genepop on the
Web v.4.7.5 (Raymond and Rousset 1995; Rousset 2008).
We found evidence of linkage between OheD and C89 in
a pattern that suggests these two markers may amplify the
same locus, so we excluded OheD. After error-checking, the
final dataset included genotypes for 379 caribou (Table 1) at
15 microsatellite loci.

Statistical analysis

We used GenoDive v.3.0 (Meirmans and Van Tienderen
2004; Meirmans 2020) to quantify genetic variation by herd,
and the pegas package (Paradis 2010) in R v.4.1.0 (R Core
Team, 2021) to calculate allelic richness rarefacted to n=21.
We then regressed allelic richness against In herd size to test
for a hypothesized positive relationship (Frankham 1996).
We used ADZE v.1.0 (Szpiech et al. 2008) to estimate pri-
vate allelic richness, rarefacted to the maximum standard
sample size, max_G, of n=21. Private allelic richness was
calculated for all possible groupings of herds, in addition to
individual herds, with the aim of detecting potential geo-
graphic groupings of private alleles.

We used Genodive v.3.0 to calculate metrics of genetic
differentiation between pairs of herds, including G’ st
(Hedrick 2005), which is standardized to the maximum
differentiation possible given the genetic variation at loci,
and Jost’s D (Jost et al. 2018), which is independent of
within-population diversity. We used 100,000 permutations
to compute a p-value for each herd pair, then assessed for
significant genetic differentiation after adjusting our alpha
of 0.05 for multiple comparisons using two false discovery
rate methods (Benjamini and Hochberg 1995; Benjamini and
Yekutieli 2001) as well as the Bonferroni correction.

We delineated genetic clusters within our AK-YT caribou
sample using the STRUCTURE v.2.3.4 admixture model
with correlated allele frequencies and locpriors (Pritchard
et al. 2000, 2010; Falush et al. 2003; Hubisz et al. 2009),
with herd identity as a proxy for sampling locations because
caribou were sampled from known seasonal ranges. The
locprior model is well-suited to caribou microsatellites
for several reasons: 1) it aids in detecting true clusters
when STRUCTURE admixture model results are unclear
(Hubisz et al. 2009; Pritchard et al. 2010; Porras-Hurtado
et al. 2013); 2) it will not give a false signal of population
structure if no structure exists (Hubisz et al. 2009); and 3)
it is ideal for datasets with weak population structure that
cannot be consistently detected by the standard STRUCTU
RE model (e.g. populations differentiated by Fgp < 0.03;
Latch et al. 2006). This is particularly important because the
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maximum value of Fqp is low in datasets with high within-
population variability such as caribou, making it possible for
populations that are actually quite differentiated to have low
Fqr, which limits their detection by STRUCTURE. We ran
the admixture model without locpriors as well to allow for
comparison (Hubisz et al. 2009). All models were run with
a burn-in of 200,000 Markov Chain Monte-Carlo (MCMC)
iterations, followed by a run length of 500,000 MCMC itera-
tions. The parameter alphapropsd was set at 0.10 to improve
mixing after we compared the default (0.025) to alternatives
(0.05, 0.10, 0.25, and 0.5) and found that the intermediate
values reduced the variability in In probability across multi-
ple runs at the same K. Because uneven sampling of genetic
populations may lead to incorrect clustering results, we also
compared an alternative model calculating a separate alpha
for each population (Wang 2017) to the default, but results
were similar so we used the simpler default model.

We assessed the number of clusters (K) that best repre-
sented the underlying population structure using two crite-
ria visualized with Structure Harvester (Earl and vonHoldt
2012): (1) the asymptote of a curve plotting mean log prob-
ability against increasing values of K (Pritchard et al. 2010),
and (2) AK, which is the rate of change of the log probability
among values of K (Evanno et al. 2005). Additionally, we
visually assessed whether assignment proportions of individ-
uals were asymmetric between populations, and thus likely
to represent true population structure (Pritchard et al. 2010).
Because STRUCTURE tends to resolve for the highest-
order value of K when the AK criterion is used (Janes et al.
2017), we used hierarchical clustering to detect potential
sub-structure within each cluster (Vihi et al. 2007). After
determining the most likely value of K, we examined the
individual assignment proportions of the run with the high-
est log probability (Warnock et al. 2010), grouped all indi-
viduals with > 0.50 assignment to each cluster into different
datasets, then re-ran each dataset separately. If substructure

was detected within a group (i.e., K> 1), the individuals
were split again into separate datasets and re-run. For each
analysis, we examined models ranging from one to the total
number of herds included plus one (e.g., the full sample of
nine herds was examined from K= 1-10). Ten replicate runs
were performed for each value of K. We used CLUMPAK
(Kopelman et al. 2015) to average cluster assignments and
align cluster labels across multiple runs for each K.

Because STRUCTURE has known limitations with sub-
tle or complex population structures, it is recommended
to compare STRUCTURE results with other approaches
(Latch et al. 2006; Janes et al. 2017; Lawson et al. 2018). We
implemented discriminant analysis of principal components
(DAPC) in the adegenet package v.2.1.3 (Jombart 2008) in
R v.4.1.0 (R Core Team, 2021) to summarize patterns of
genetic differentiation between herds. DAPC is a multivari-
ate approach that uses PCA to transform genetic data, fol-
lowed by DA to maximize differentiation between groups,
making it useful for clustering subpopulations (Jombart et al.
2010). We used herds as a priori groups rather than assess-
ing the number of groups with the find.clusters() function,
which has poor success when differentiation between groups
is low (Miller et al. 2020). We retained 90 PCs in order to
capture ~90% of the variance explained by the PCA. All 8
linear discriminants were retained.

Results
Within-Herd genetic diversity

AK-YT caribou herds were genetically diverse, with
expected heterozygosity ranging from 0.79 to 0.85 (Table 2).
There was no relationship between In herd size and allelic
richness (simple linear regression: F=2.10, p=0.19,

Table 2 Genetic d.iversity of Herd I A AR,, PAR,, Ho Hg Gy

Alaska-Yukon caribou herds
Chisana 32 8.67 7.70 0.09 0.79 0.79 0.00
Clear Creek 29 10.73 9.62 0.34 0.81 0.84 0.04
Fortymile 52 11.80 941 0.23 0.84 0.85 0.01
Hart River 50 11.60 9.59 0.28 0.82 0.85 0.04
Klaza 37 8.60 7.56 0.20 0.76 0.79 0.04
Mentasta 21 9.40 9.08 0.17 0.83 0.84 0.00
Nelchina 52 10.73 8.68 0.16 0.85 0.83 -0.03
Porcupine 60 12.80 10.05 0.41 0.84 0.85 0.01
White Mountains 46 10.13 8.58 0.22 0.79 0.83 0.04

Sample size (n) and genetic variation for each herd given as average number of alleles per locus (A), rar-
efacted allelic richness (AR,;; mean number of alleles per locus adjusted for n=21), rarefacted private
allelic richness (PAR,;; mean number of alleles per locus that are unique to the herd, adjusted for n=21),
observed frequency of heterozygotes within herds (Hg), gene diversity (Hg; the expected frequency of het-
erozygotes within herds with a correction for sampling bias (Nei 1987)); and inbreeding coefficient (Gyg)
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R?=0.23); some of the smallest herds had low diversity,
but other small herds had quite high diversity despite their
size. Private allelic richness was generally highest in herds
with high total allelic richness (Table 2).

Genetic differentiation

Pairwise genetic differentiation between herds ranged from
0 to 0.18 (Jost’s D), with most herd pairs exhibiting statis-
tically-significant differentiation (Supplementary Informa-
tion Table S1). The Chisana, Klaza, and White Mountains
herds were each strongly and significantly differentiated
from all other herds. By contrast, the Hart River and Clear
Creek herds were not significantly differentiated from one
another or from the neighboring Porcupine or Fortymile
herds. The Porcupine and Fortymile herds, however, exhib-
ited low but statistically significant differentiation from each
other. Mentasta and Nelchina herds were also significantly
differentiated from all other herds (with the exception of
Mentasta and Fortymile) but were not differentiated from
one another.

Structure analysis

AK-YT caribou were split into two clusters (K =2) by the
STRUCTURE locprior model according to Evanno et al’s
(2005) AK criterion, with a smaller peak at K=35 (Supple-
mentary Information Fig. S1), whereas the lowest mean In
probability and its asymptote was at K=5 (Supplementary
Information Fig. S2). The STRUCTURE admixture model
without locpriors found K =1 based on mean In proba-
bility, though an increase at K =6 could indicate some
substructure (Supplementary Information Fig. S3). Simi-
lar patterns of genetic clustering were observed in STRU
CTURE analyses with and without locpriors, however, the
STRUCTURE locprior model more consistently assigned
individuals within the same herd to the same clusters at

Without LOCPRIORs

higher proportions of individual assignment (Fig. 2). The
values of r < <1 reported by STRUCTURE for locprior
runs also indicated that locations are informative for our
data (Hubisz et al. 2009).

Taken together, these STRUCTURE results suggest
there are five genetic clusters within our sample, nested
within two higher-order genetic clusters (Fig. 2). Hierar-
chical clustering with the STRUCTURE locprior model
found two groups within Cluster 1 and three groups within
Cluster 2 based on both the In probability of the data and
AK (Fig. 3, Supplementary Information Figs. S4, S5, and
S6). Cluster 1 included two subclusters corresponding to
the Chisana and Klaza herds (Fig. 3). Within Cluster 2,
there was one group comprised of the Clear Creek, Hart
River, and Porcupine herds (subcluster 2.1), a second
group containing the Mentasta and Nelchina herds (2.2),
and a third group containing the White Mountains herd
(2.3). All individuals within each of those herds had > 0.50
assignment to their cluster (Fig. 3). The Fortymile herd,
however, was not assigned to a single cluster. Most Forty-
mile individuals had 0.40-0.55 proportion assignment to
both subcluster 2.1 and 2.2, and <0.15 proportion assign-
ment to subcluster 2.3 (Fig. 3). No additional substructure
was revealed during a final set of hierarchical STRUCTU
RE analyses.

Discriminant analysis of principal components

In a DAPC, the Chisana herd diverged strongly from other
herds. The Klaza and White Mountains herds also diverged
from other herds but overlapped one another somewhat
when plotted along the first and second discriminant func-
tions (DFs; Fig. 4). Along the third DF, these two herds
were also divergent from other herds, but in separate direc-
tions (Fig. 4). The Mentasta, Nelchina, and White Moun-
tains herds exhibited partial separation from other herds

With LOCPRIORs

Fig.2 Assignment of caribou in STRUCTURE models of two to five clusters (K=2-5). Each vertical bar represents an individual, with colors
representing proportion of assignment to each cluster. Results from the admixture model (left) are compared with the locprior model (right)
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Fig.3 Hierarchical clustering of caribou with the STRUCTURE
locprior model. Each vertical bar represents an individual, with
colors representing the proportion of assignment to each cluster. Step
1: Klaza and Chisana herds cluster separately (Cluster 1) from all
other caribou (Cluster 2). Step 2: Cluster 1 caribou were assigned to
two subclusters, one containing all Chisana caribou (purple) and the
other containing all Klaza caribou (orange). Cluster 2 caribou were

along the fourth DF (Fig. 4). All other herds overlapped
substantially.

Discussion

Our analysis of 379 caribou from nine herds revealed com-
plex patterns of genetic population structure in the border-
lands of the Yukon and Alaska. Large, migratory caribou
herds were, unsurprisingly, the most diverse and least dif-
ferentiated from other herds in the region. Small caribou
herds, however, varied substantially in their genetic diversity
and connectivity, even among herds within the same DU,
ecotype, and population size. The small Klaza, Chisana,
and White Mountains herds were genetically discrete,
whereas the small Hart River, Clear Creek, and Mentasta
herds could not be genetically differentiated from at least
one of their larger neighbors. These patterns were consistent
across the STRUCTURE locprior results (Fig. 3), DAPC
(Fig. 4), and pairwise herd differentiation (Table S1). All
six small herds overlapped or were adjacent to the diverse
and historically-large Fortymile herd at times during the past
century (McDonald and Cooley 2004), and the extent and
seasonality of this contact with Fortymile and other large
herds seems to explain the observed diversity and population
structure of most herds.

Genetic population structure of Alaska-Yukon herds
The Fortymile herd’s high diversity (Table 2) and partial

assignment to multiple genetic clusters (Fig. 3) reflect its
past as a much larger herd with an extensive historical range.
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assigned to three subclusters: Clear Creek, Hart River, and Porcupine
herd individuals all have >0.50 assignment to subcluster 2.1 (blue);
Mentasta and Nelchina herd individuals all have >0.50 assignment
to subcluster 2.2 (burgundy); White Mountains herd individuals all
have >0.50 assignment to subcluster 2.3 (green). Individuals from
the Fortymile herd were not assigned to a single cluster; most have
0.40-0.55 assignment to both subcluster 2.1 and 2.2

Its geographic position at the nexus of several mountain
ranges with suitable habitat has likely facilitated connectiv-
ity with most other herds by allowing for range expansions
and shifts during population highs. The genetic structure of
AK-YT herds thus reveals a historical genetic metapopula-
tion with the large, migratory Fortymile herd at its center as
an agent of genetic connectivity and a repository of genetic
diversity.

A severe decline in the Fortymile herd in the past cen-
tury (Valkenburg et al. 1994; McDonald and Cooley 2004;
Boertje et al. 2012), followed by a recovery to less than one-
third of its estimated historical peak, has almost certainly
altered the dynamics of this genetic metapopulation. A range
contraction by the declining Fortymile herd likely reduced
gene flow to other herds, and our results could reflect this.
For example, STRUCTURE’s failure to assign the Forty-
mile herd to a single cluster could be an artefact of genetic
drift in small and increasingly isolated herds but not in the
Fortymile herd. Even if the Fortymile herd lost diversity
during its decline, it spent only 5-10 years at — 5,000 indi-
viduals before increasing again, which may have limited its
loss of allelic diversity (Jangjoo et al. 2016) compared to
smaller and increasingly-isolated neighboring herds. How-
ever, it is perhaps more likely that our results reflect long
term metapopulation structure before Fortymile’s decline.
Due to lags in genetic signatures, STRUCTURE results for
microsatellites may mirror long-term population dynamics
rather than recent population reductions and patterns of gene
flow (Weckworth et al. 2012).

Though our results likely reflect dynamics before For-
tymile’s recent decline, we found that the genetic diversity
and connectivity of AK-YT herds, with the exception of
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Fig.4 Scatterplot showing caribou herds separated along the discri-
minant functions (DFs) produced by a discriminant analysis of prin-
cipal components (DAPC). a Herds plotted along the first (x-axis)
and second (y-axis) DFs. Symbols represent individual caribou, and
ellipses surround two-thirds of the individuals in each herd. Upper-
left inset: % of cumulative variance (y-axis) plotted against PCA

White Mountains herd, could be explained fairly well by
their extent, seasonality, and frequency of range overlap
with the Fortymile herd over the past century as revealed by
local knowledge (McDonald and Cooley 2004) and spatial
data from primarily female collared caribou. The small Hart
River and Clear Creek herds from the NM DU clustered
together with the BG DU Porcupine herd (Fig. 3), consistent
with Taylor et al’s (2021) findings from whole-genomes and
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eigenvalues; shaded area represents 90 eigenvalues retained. Upper-
right inset: bar graph of the eight discriminant analysis eigenvalues
retained; shaded bars represent the first two discriminant functions
the caribou data are plotted on in this figure. b Herds plotted along
the third (at left) and fourth (at right) DFs

mtDNA. Both herds also had high within-herd diversity sim-
ilar to migratory caribou herds (Table 2). Episodic contact
during the rut may enable gene flow between these other-
wise separate herds. In 2013, 7,000-10,000 Fortymile cari-
bou mixed with Hart River caribou during peak rut in both
herds, with tens of thousands of Porcupine caribou arriv-
ing later during their own rut, which peaks 3—4 weeks after
Hart River/Fortymile (unpublished Government of Yukon



Conservation Genetics

data). This likely occurred more frequently in the past (Por-
cupine Caribou Technical Committee 1993, McDonald and
Cooley 2004). Porcupine, Hart River, and Fortymile herds
also mix in winter in some years (Caikoski 2020; Lenart
2007). No herd switching from Hart River or Clear Creek
into Porcupine or Fortymile has been documented, in con-
trast to northern Alaska where Porcupine appears to draw
some neighboring migratory caribou in Alaska to switch
herds. This difference may be due to a preference of migra-
tory caribou from comparatively smaller herds to join large
groups (Prichard et al. 2020)—a preference that may not be
shared by the less-migratory Hart River and Clear Creek
herds. Clear Creek and Hart River caribou, which were once
considered a single herd before distinct seasonal ranges were
recognized, sometimes overlap and occasionally switch
herds (unpublished Government of Yukon data). Some local
knowledge suggests Hart River herd was much larger in the
past (unpublished Government of Yukon data), which could
help to explain its genetic diversity. Taken together, these
data suggest that the NM Hart River and Clear Creek herds
receive enough gene flow via rut overlap with the Fortymile
and BG Porcupine herds to prevent genetic differentiation,
but that they remain demographically separate populations.

The two remaining NM DU herds in our study, the Klaza
and Chisana herds, were both strongly differentiated from
other herds. Ours is the first study to find that Klaza is genet-
ically discrete from Fortymile, likely because we sampled
more densely from Klaza than previous studies. Klaza and
Chisana had only limited overlap with Fortymile in the past
century, and probably not during the rut. The current Klaza
summer range was used by Fortymile caribou during winter
in the 1920-1930s and 1960s (McDonald and Cooley 2004),
and occasionally since 2013. Chisana herd’s current range
had even less overlap with the historical Fortymile annual
range (McDonald and Cooley 2004), with no clear evidence
that the two herds ever co-occurred in the same season, and
if so, only in winter. Chisana does occasionally overlap
Nelchina and Mentasta herds during the winter (Lieb 1994).
We believe a lack of contact with other herds during the rut,
coupled with the persistently small size of the Klaza (Hegel
2013) and Chisana herds, likely limits the effective popula-
tion size (Ne) of each herd enough that genetic drift drives
their differentiation from Fortymile. Small Ne can be one of
the most important factors explaining spatial genetic struc-
ture detected by microsatellites in small, isolated caribou
populations (Weckworth et al. 2013). While Chisana and
Klaza could have been genetically isolated for long enough
that they have developed ecologically-significant local adap-
tations, it is also possible that the allelic diversity they share
with the Fortymile herd (Kuhn et al. 2010) reflects a com-
mon genetic history, with recent, rapid genetic drift driving
their differentiation.

Three remaining herds in our study, which occur mostly
in Alaska and are not assigned to DUs, also give insight into
AK-YT metapopulation structure. The small Mentasta and
larger migratory Nelchina herds clustered together, consist-
ent with previous microsatellite data, and likely due to rut
overlap and male dispersal (Roffler et al. 2012). The Forty-
mile herd was partially assigned to this Nelchina-Mentasta
cluster by STRUCTURE, though we also found low-level
differentiation between Nelchina and Fortymile (Table S1).
Nelchina and Fortymile ranges overlap during winter
(unpublished Government of Yukon data), with increased
overlap since the 1990s due to a 100+ km eastward shift by
Nelchina from overgrazed former winter range to areas with
greater lichen biomass (Collins et al. 2011). Some exchange
of individuals, mostly from Nelchina to the Fortymile, has
also been observed but does not seem to occur in large num-
bers (unpublished Government of Yukon data). Interestingly,
though Nelchina and Fortymile are large migratory herds
currently 100-200 times larger than Mentasta, the Mentasta
herd has similar allelic richness and heterozygosity. Men-
tasta averaged 2,600 individuals in the 1970-80s (Hatcher
2020), whereas Nelchina has signatures of a past genetic
bottleneck (Mager et al. 2014), suggesting similar effective
population sizes.

Finally, the small White Mountains herd was the only
herd we studied that is genetically distinct from Fortymile
despite documented periodic overlap in all seasons, includ-
ing the rut. These findings are surprising given that White
Mountains herd was long considered a remnant of the Forty-
mile, with a shared calving area from 1920 to 1960s (Murie
1935; Skoog 1956; Valkenburg et al. 1994) and rut over-
lap in the 1960s and since 2008 (Young 2015). Peak rut
timing and habitat use are similar for Fortymile and White
Mountains, suggesting a different and unknown mecha-
nism separating the herds. If the White Mountains herd has
harem-breeding rut behavior (common for small montane
herds; Harding 2022) and Fortymile employs short-term
pair-bonding behavior common to large migratory herds,
genetic differentiation could persist despite spatial overlap
during the rut. However, this presumed mating system dif-
ference also exists for the Hart River and Porcupine herds
that appear to interbreed. It is also possible that frequent
rut overlap only began in recent decades. The puzzling dif-
ferentiation between Fortymile and White Mountains herds
highlights a need for further research on how behavioral
plasticity and heritable variation in migratory behavior and
other traits contribute to ecotypic diversity and taxonomy
of Alaskan caribou.
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Implications for conservation and assignment
of designatable units

Our findings contribute to caribou conservation in Canada
by providing the data needed to assess discreteness of con-
servation units, delineate the boundary between the BG and
NM DUs, and assign the Fortymile and Nelchina herds to
DUs (COSEWIC 2011). Additionally, our results suggest
large herds are drivers of diversity and genetic connectivity
in the region, and their capacity for cycles of growth and
range expansion that link herds genetically should be con-
sidered in conservation decisions.

Our results suggest there is no genetic disjunction at the
current boundary between the NM and BG DUs. Instead, the
northwestern-most NM herds (Hart River and Clear Creek)
grouped with BG caribou, while the NM Klaza and Chisana
herds were in separate genetic clusters. Within the scope
of our study, there appears to be a genetic break between a
northern group of genetically diverse and connected herds
(Porcupine, Fortymile, Hart River, and Clear Creek) and
herds (e.g., Klaza, Chisana) that do not currently seasonally
overlap the ranges of the large migratory herds in our study.
COSEWIC (2011) acknowledges that Barren-ground herds
tend not to be genetically-discrete, while mountain herds
often are. If genetic discreteness among herds is considered
a defining feature of the NM DU, then our results could
be interpreted as evidence to shift the DU boundary south,
with Hart River and Clear Creek becoming part of the BG
DU. Genetic data will be needed to evaluate whether adja-
cent herds such as Bonnet Plume and Redstone could poten-
tially group with the BG DU as well. There are substantial
limitations to this idea. First, genetic connectivity between
Porcupine and neighboring NM herds does not necessarily
indicate demographic connectivity, as episodic contact dur-
ing the rut is the most likely mechanism preventing genetic
divergence of these herds and there is no evidence of signifi-
cant exchange of individuals between them. Therefore, they
may function as a genetic metapopulation but not a demo-
graphic one. This distinction is crucial because herds are
the management unit used to set sustainable harvest levels
that ensure herd persistence and access by local communi-
ties to traditional subsistence resources; if herds are demo-
graphically independent despite genetic connectivity, then
the dynamics within each herd (not inter-herd interactions)
shape population trends that are relevant to management.
Second, shifting the DU boundary to match genetic popu-
lation structure ignores important ecological and behavio-
ral differences between the NM and BG herds (Ray et al.
2015), which could potentially reflect heritable variation in
migratory behaviors (Cavedon 2022) and ecological traits
important for adaptive potential (Polfus et al. 2017). Third,
the genetic substructure within the NM DU identified in this
study and over a broader area by Taylor et al. (2021) may be
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evolutionarily-significant in its own right, as it likely reflects
a complex evolutionary history including multiple coloniza-
tion and introgression events during past glacial cycles. It
is possible that our focus on the northern portion of the NM
DU amplifies the genetic population dynamics at a contact
zone between two DUs that are otherwise discrete, though
recent work by Taylor et al. (2021) suggests this may not be
the case. Fine-scale research throughout the full range of the
NM DU would help to clarify these patterns.

Assignment of the Fortymile and perhaps Nelchina herds
to a DU is a stated goal of COSEWIC (2011), but we were
unable to definitively assign either herd to a DU based on
genetics. The Fortymile was the only herd in our study with-
out majority assignment to one of the genetic clusters. The
Nelchina herd was somewhat discrete from the Porcupine-
Hart River-Clear Creek cluster, but was also quite differen-
tiated from the other herds (except Mentasta, which only
rarely ranges into the Yukon and is not assigned a DU). Most
individuals in the Fortymile and Nelchina herds undergo
long-distance migrations and aggregate for calving, like BG
caribou, however both use alpine habitats and have been
reduced to less than 10,000 individuals with much smaller
ranges in the recent past, similar to NM caribou. We inter-
pret the Fortymile herd’s genetic results as indicative of a
once-larger migratory herd that has retained much of its
ancestral diversity and signatures of genetic connectivity in
the region. The Fortymile may not reach its historical size
again soon, however, as the herd has declined since 2017
to ~38,000 caribou. Regardless of what DU the Fortymile
herd is assigned to, we suggest that recovery of this large
population and its extensive migrations is likely important
to sustain a diverse and functioning genetic metapopulation
in the AK-YT region.

Conservation of biodiversity includes conservation of
evolutionary potential, and our results shed light on how
ongoing evolutionary processes operate across DU bounda-
ries in AK-YT caribou. We illuminate three particular ways
in which large migratory herds may be important drivers of
genetic diversity in small herds in the region:

1) Our findings suggest that occasional contact during
the rut has a greater influence on genetic connectivity than
annual range overlap in most herds. Importantly, gene flow
due to rut overlap occurs without individuals switching
herds, thus keeping herds demographically independent.
Variation in annual movements by adjacent herds mean that
overlap during the brief season of rut only occurs in some
years; the genetic structure we observe is likely related to
the relative frequency of past rut overlap episodes in most
herds (though White Mountains herd is an exception).
Thus, seasonality of movements by adjacent herds and their
range stability over time may be among the most impor-
tant factors influencing connectivity between herds. Future
shifts in migration routes caused by changes in abundance,
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environmental change, or human impacts could significantly
alter patterns of gene flow in the region.

2) Population size is an influential driver of both genetic
diversity and population structure in caribou (Serrouya et al.
2012; Mager et al. 2014). Genetic drift appears to have a
strong influence on the genetic discreteness of the smallest
AK-YT herds, with the exception of small herds that overlap
others during the rut and thus have a larger effective popula-
tion size than their herd size would suggest. Because of this,
infusions of genes from neighboring herds could have an
outsized effect on small herds (Frankham et al. 2014).

3) Genetic population structure does not neatly align with
ecotype differences in caribou at the NM-BG boundary, but
genetics are likely linked with ecotype-associated migra-
tory behaviors via a complex set of feedbacks. Migratory
movements and habitat selection differ between individual
caribou, with some evidence of a heritable component to
these behaviors (Gubili et al. 2017; Cavedon et al. 2022).
Nearly all caribou in BG herds and a majority of caribou
in NM herds migrate (Cavedon et al. 2022), but NM cari-
bou tend to be more sedentary with shorter migrations and
less aggregation. Caribou also sometimes change migratory
phenotypes (e.g., caribou translocated from a high-density
migratory herd adopted sedentary behavior at lower densi-
ties; Hinkes et al. 2005). Sedentary and migratory pheno-
types, in turn, shape the geography of herd interactions that
affect gene flow. Migratory caribou tend to exhibit greater
flexibility in habitat use (Gubili et al. 2017) and can shift
their ranges long distances in response to changes in popula-
tion size (Hinkes et al. 2005) or environmental conditions
(Collins et al. 2011).

If large herds drive diversity in the AK-YT region via
interactions with neighboring herds, as we propose, it is
important to consider how a persistent reduction in the
Fortymile herd might impact the genetic diversity, connec-
tivity, and adaptive capacity of other herds in the region.
Declines and herd extirpations in threatened and endangered
Boreal and Southern Mountain Woodland caribou provide
a cautionary tale that suggests viable population sizes and
gene flow between herds is crucial. In the Atlantic-Gaspé-
sie caribou population, for example, human activities that
reduced gene flow have resulted in two isolated groups of
caribou, each with much smaller effective sizes that will
likely result in rapid loss of genetic diversity due to drift
with increased risk of extirpation (Pelletier et al. 2019). In
the Canadian Rockies, where gene flow tends to be restricted
to neighboring herds and especially limited for sedentary
caribou (Gubili et al. 2017), and where fragmentation of
metapopulations limits gene flow (Weckworth et al. 2012),
preservation of high-quality habitats that facilitate genetic
connectivity is needed. In continuously-distributed Boreal
caribou, DU delineation may inadvertently reduce gene
flow if management units artificially divide a genetically

connected population without ensuring mechanisms for
genetic exchange (Priadka et al. 2019). Though NM and BG
caribou differ in many ways from boreal herds, similar con-
servation aims are likely important to AK-YT herds includ-
ing viable population sizes, ongoing gene flow, and habitat
conservation to maintain herd connectivity and enable range
expansions, shifts, and behavioral plasticity (Severson et al.
2021). Regardless of how herds are ultimately assigned to
DUs, we suggest that supporting the persistence of small
herds and conserving intermediary habitats for range expan-
sion of large herds will be crucial to sustain genetic diversity,
connectivity, and adaptive potential of caribou in the region.
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