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Abstract

Large-scale climate oscillations may contribute to the observed dramatic fluctuations and regional synchrony in Rangifer
abundance. Here, we test this hypothesis using long-term abundance and physical condition datasets to investigate the rela-
tionships between broad climate patterns, summer-range quality, and population dynamics in three barren-ground caribou
herds in northern Canada. We found that positive intensities of the Arctic Oscillation (AO) in the summer were associated
with warmer temperatures, improved growing conditions for vegetation, and better body condition of caribou. Over this
same period, the body condition of female caribou was positively related to fecundity. We further identified that population
trajectories of caribou herds followed the direction of the AO: herds increased under positive AO intensity, and decreased
under negative AO intensity. Our findings suggest that the AO influences barren-ground caribou population dynamics through

effects on summer-range quality, caribou physical condition, and herd productivity.

Keywords Rangifer tarandus - Climate patterns - Population dynamics - Arctic Oscillation - Caribou

Introduction

Dramatic fluctuations of barren-ground caribou (Rangifer
tarandus groenlandicus) populations have been well docu-
mented, but remain poorly understood (Gunn 2003). These
fluctuations have been linked to variation in summer- and
winter-range quality and availability (Adamczewski et al.
1986; Manseau et al. 1996), predation (Bergerud and Ballard
1988), extreme weather events (Chan et al. 2005), parasites
(Weladji et al. 2003; Hughes et al. 2009), and forage exploi-
tation (Messier et al. 1988). A global decline in Rangifer
populations has occurred across the species’ range with cli-
mate change and anthropogenic disturbance implicated as
potential mechanisms (Vors and Boyce 2009). While various
factors contribute to the abundance trajectory of each herd,
regional synchrony in abundance has been observed across
proximate caribou herds (Klein 1991; Gunn et al. 2011; Fau-
chald et al. 2017) although this synchrony is not consistent
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(Bergerud 1996). Regional variation in caribou population
trends can be partly attributed to the effects of broad-scale
climate patterns, such as those represented by Arctic Oscil-
lation (AO), the North Atlantic Oscillation (NAO), and the
Pacific Decadal Oscillation (PDO) (Joly et al. 2011).

The AO is a broad climate index derived from surface
atmospheric pressure patterns that track the strength of the
polar vortex (Thompson and Wallace 1998). The AO has
positive and negative phases that influence broad weather
patterns across the northern hemisphere (Thompson et al.
2000). For example, during the positive phase of the AO,
atmospheric pressure over the Arctic is lower than aver-
age, which tends to result in warmer and wetter winters in
northern regions as warmer air is able to move further north
(Thompson et al. 2000; Aanes et al. 2002). Negative val-
ues of the AO indicate high pressure in the Arctic region,
allowing greater southward penetration of cold Arctic air.
However, the effects of the AO on weather patterns can vary
markedly across the north (Joly et al. 2011). The AO can and
does fluctuate between positive and negative phases daily,
but often will remain primarily in one phase or the other
for prolonged periods. Similar indices, such as the NAO
and PDO, influence weather patterns in a comparable way,
though in different regions of the world (Hurrell 1995; Man-
tua et al. 1997).
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Several studies have found links between broad climate
patterns, represented by climate indices, and Rangifer popu-
lations around the circumpolar world. Relationships have
been identified between the intensity of the AO and reindeer
population growth rates on Svalbard (Aanes et al. 2002),
similarly for the AO and PDO and caribou growth rates and
calf recruitment in Alaska and the Yukon Territory (Hegel
et al. 2010; Joly et al. 2011), and again for the AO and
Porcupine herd abundance (Griffith et al. 2002), the NAO
and caribou population dynamics (Post and Stenseth 1999;
Forchhammer et al. 2002; Post and Forchhammer 2002), and
the NAO and caribou calf body mass (Couturier et al. 2009).
In contrast, Zalatan (2006) examined a 100-year period and
found an inconsistent relationship between the intensity of
the AO and reported dynamics of the Bathurst population.

Here, we examine the relationship between the AO and
three barren-ground caribou herds in northern Canada: the
Bathurst, Beverly, and Qamanirjuaq (Nagy et al. 2011).
These three herds have undergone relatively synchronous
population trajectories (Fig. 1) over the past several dec-
ades, increasing through the 1980s, reaching peak abun-
dance in the late 1980s to mid 1990s, and then declining at
varying rates to present (Gunn et al. 2011). These declines,
and particularly that of the Bathurst herd, have generated
substantial concern among researchers, wildlife managers,
and communities across the herds’ ranges. Recent studies
have investigated potential mechanisms for these declines
(Boulanger et al. 2011; Adamczewski et al. 2015), but have
not explored whether the similar trends in abundance might
be related to broad climate patterns. We hypothesize that
the relative synchrony of population trajectories of the
Bathurst, Beverly, and Qamanirjuaq caribou herds over the
last 35 years is in part related to the effects of the intensity
of the AO, and further that long-term abundance fluctuations

Fig.1 Abundance estimates for
the Qamanirjuaq, Beverly, and
Bathurst barren-ground caribou
herds (Rangifer tarandus
groenlandicus) from 1982 to
2015. Error bars show + stand-
ard error
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of barren-ground caribou are linked to broad climate indices.
We expect that this relationship acts through the influence
of climate patterns on environmental conditions that affect
forage quality, quantity, and availability on the caribou range
(e.g., Aanes et al. 2002), and thus on the physical condi-
tion of individual animals. To test these hypotheses, we use
long-term datasets on the physical condition and fecundity
of the Beverly herd, and estimates of abundance of each
herd over the past 35 years. First we describe how the AO
is related to local weather patterns on the range of these
herds. We then test for a relationship between the AO and
physical condition of Beverly caribou from 1982 to 1987,
and demonstrate that this can be linked to herd productivity.
Lastly, we further investigate the relationship between the
AO and barren-ground caribou by comparing the intensity of
the AO to the direction of population growth for these three
barren-ground caribou herds.

Materials and methods

Barren-ground caribou can be classified into several
ecotypes based on their level of sociality, spatial tenure,
and migratory behavior (Nagy et al. 2011). The Bathurst,
Beverly, and Qamanirjuaq herds are mainland migratory
barren-ground caribou, an ecotype characterized by large
aggregations of animals and collective long-distance migra-
tions from winter ranges near or below the tree line to calv-
ing grounds and summer ranges on the tundra (Banfield
1954). Nagy et al. (2011) provided annual ranges for these
three herds, among others, delineated by utilization distribu-
tions calculated from locations of satellite-collared female
caribou collected by the Governments of Nunavut and the
Northwest Territories (Fig. 2). The summer ranges that we
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Fig.2 Annual ranges (solid
outline) adapted from Nagy

et al. (2011), and June—August
(hatched) ranges of the Bathurst,
Beverly, and Qamanirjuaq
barren-ground caribou (Rangi-
fer tarandus groenlandicus)
herds. Note that June—August
range extents have been clipped
to conform to Nagy et al. (2011)
annual range extents
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present represent the utilization distributions of satellite-
collared female caribou from June 1 to August 31.

We used linear regression to identify associations
between the intensity (positive or negative) of the AO and
local climate variables. Annual, summer, and winter values
of the AO index from 1979 to 2016 were calculated from
data provided by the National Oceanic and Atmospheric
Administration (https://www.ncdc.noaa.gov/teleconnections/
ao, accessed 11 December 2016). Annual AO values were
determined as the mean AO value for all months, winter
values from the mean AO intensity of January, February,
and March, and summer values from the AO intensities of
June, July, and August. Climate data for the Beverly range
were accessed from the Circum Arctic Rangifer Monitoring
and Assessment (CARMA) network’s caribou range cli-
mate database (Russell et al. 2013). The CARMA database
is derived from NASA’s Modern Era Retrospective Analysis
for Research and Applications (Rienecker et al. 2011).

Multiple regression was used to identify associations
between the body condition of male and female Beverly
caribou in March and the intensity of the AO during win-
ter, the previous summer, and throughout the previous year.
Information on the physical condition of Beverly caribou
from 1980 to 1987 was reported in Thomas and Kiliaan
(1998a), who calculated a number of body condition indi-
ces from data that they collected from 856 female and 402
male Beverly caribou. Dissectible fat (DFAT), estimated by
an equation developed for barren-ground caribou by Adam-
czewski et al. (1987), was found to be the best condition
index among those that they calculated (Thomas and Kiliaan
1998a). We used mean values of DFAT calculated for age

and sex classes to approximate body condition each year
over the study period. Similar data on body condition for the
other two herds were not available for our analysis.

Population estimates for the Beverly, Bathurst, and
Qamanirjuaq caribou herds were taken from previous pub-
lications (Beverly: Campbell et al. 2012; Qamanirjuaq:
Campbell et al. 2010, 2016; Bathurst: Heard and Williams
1991a, b; Gunn et al. 1996; Boulanger et al. 2014; Boulanger
2015). The abundance of each of these herds has been esti-
mated periodically for over 40 years by different research-
ers, although over time survey methods for estimating herd
abundance have changed and improved (e.g., visual calving
ground surveys to photographic calving ground surveys).
This creates challenges in using early abundance estimates
to make direct comparisons. For these reasons, the earliest
population estimate that we considered in our analysis was
from 1982 when calving ground photo surveys became the
standard survey method. Although this restricted the tem-
poral scope of our study, the number of estimates across
herds over 35 years provided a large enough sample for our
analyses.

For each intervening period between herd population
estimates, we compared the average value of the summer
intensity of the AO (only summer intensity was significantly
related to caribou physical condition, see “Results”) to the
direction of population growth (positive, stable, or nega-
tive) for that period. We acknowledge that a linear trend over
these periods, particularly the longer ones, is unlikely, and
we did not think that the available data allowed for meaning-
ful estimates of growth rates between population estimates.
Herd abundance was designated as stable if no statistically
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significant trend was observed between consecutive popula-
tion estimates. For example, the mean abundance estimate
for the Qamanirjuaq herd declined from 495,665 (+ 105,426
SE) in 1994 to 348,661 (+ 44,861 SE) in 2008; however,
due to overlapping confidence intervals, the authors were
not able to decisively determine a trend (Campbell et al.
2010) and we identify the population trend over this period
as “stable.” We performed an exact binomial test to deter-
mine whether the number of observed periods where the
direction of the AO (positive or negative) was equivalent to
the direction of population growth was greater than would be
expected by chance. All statistical analyses were performed
in Program R (R Core Team 2016).

Results
Arctic Oscillation and local climate

The average intensity of the AO during the summer (1
June-31 Aug) was significantly positively associated
with summer temperatures on the Beverly range (Fig. 3;
R? = 0.20, Fyg = 7.13, p = 0.01), meaning that summers
with a positive AO value tended to be warmer. The average
intensity of the AO during the summer also was positively
associated with cumulative growing degrees (Russell et al.
2013) above 5 °C (Fig. 4; R* = 0.21, Fog = 7.53, p = 0.01),
an indicator of the length of a growing season. We did not
find a relationship between the intensity of the AO in the
summer and precipitation, although higher precipitation
tended to occur in cooler years on the Beverly summer range
(R2 =0.10, Fy9 = 3.41, p = 0.07). There was no consistent

Fig.3 Significant (R* = 0.20, 16
Fyy=17.13, p = 0.01) relation-
ship between the annual mean
summer temperature on the
Beverly summer range (data
from CARMA caribou range
climate database) and the
summer (June, July, August)
intensity of the Arctic Oscilla-
tion (AO), 1981-2011 (National
Oceanic and Atmospheric
Administration)
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trend in average summer temperature on the Beverly summer
range over our study period (Fig. 5).

Beverly herd body condition

We constructed linear models of DFAT for each sex by age
with the intensity of the AO (either in the winter, previous
summer, or previous year) as predictor variables. The inten-
sities of the AO in the winter and previous year were not sig-
nificantly related to DFAT. However, DFAT increased with
age in years with larger, positive intensities of the previous
summer AO in both male (Table 1; R?>=0.65, F,5=123.04,
p < 0.0001) and female (Table 1; R? =0.43, Fs = 13.50,
p < 0.0001) caribou. To test the independent effect of the
previous summer intensity of the AO, we also constructed a
linear model of DFAT as predicted by age only for both male
(Table 1; R? =0.42, F,s = 18.83, p < 0.001) and female
(Table 1; R?=0.23, F3;=11.17, p = 0.002) caribou. For
both male and female caribou, models that included the pre-
vious summer intensity of the AO explained approximately
20% more variation in DFAT than models considering age of
the animals alone. To test whether the relationship between
climate and DFAT was not more parsimoniously explained
by summer temperature rather than intensity of the AO, we
constructed a linear model of DFAT for each sex with age
and the mean temperature in the previous summer as pre-
dictor variables. For both sexes, models including intensity
of AO rather than mean summer temperature explained
greater variation in DFAT (Table 1). The intensity of the
AO explained a greater amount of the variance in DFAT in
male caribou than female caribou.

0.5 0 0.5 1 15
AO summer intensity
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Fig.4 Significant relationship 1100
between the cumulative growing
degrees above 5 °C (R*=0.21,
F,y=17.53,p=0.01) on the
Beverly summer range (data
from CARMA caribou range
climate database) and the
summer (June, July, August)
intensity of the Arctic Oscilla-
tion (AQ), 1981-2011 (National
Oceanic and Atmospheric
Administration)
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Fig.5 No significant relation- 16
ship was found between the
mean summer temperature 15
(June, July, August) on the Bev-
erly summer range (data from —_
CARMA caribou range climate & 1
database) and year o
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Arctic Oscillation and barren-ground caribou
abundance

We identified a significant, positive association between
the average summer intensity of the AO and the direc-
tion of population growth of the Bathurst, Beverly,
and Qamanirjuaq herds (Table 2; exact binomial test,
p = 0.0074). We demonstrate this relationship during both
positive and negative phases of the AO, as well as through
periods of low and high caribou abundance. Warmer

0.5 0 0.5 1 15
AO summer intensity

* PR 4

1990

1995 2000

Year

2005 2010 2015

temperatures and longer growing seasons corresponded
to stable or increasing population growth across years and
herds. Note that our analysis considered only the direction
of population growth between abundance estimates and
the signature (positive or negative) of the summer AO and
did not take into account possible variation in growth rates
during the period between survey estimates. We did not
attempt to estimate specific growth rates between abun-
dance estimates.

@ Springer
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Table 1 Results of multiple regression analysis of dissectible fat
(DFAT) of male and female Beverly caribou (Rangifer tarandus
groenlandicus) as predicted by age and intensity of the summer Arc-
tic Oscillation (AOS) from 1982 to 1987, DFAT of male and female
caribou as predicted by age and mean summer temperature (Temp)

from 1982 to 1987, and simple regression analysis of DFAT of male
and female Beverly caribou as predicted by age only from 1982 to
1987. All g and R?* values significant (p < 0.01) unless otherwise
indicated

Model R? Adj. R? F statistic S (SE)

Age AOS Temp
DFAT, . ~ Age + AOS 0.65 0.62 F,5=23.04 0.50 (0.09) 1.87 (0.46) -
DFAT, ;. ~ Age + Temp 0.50 0.45 F,5=1226 0.52 (0.11) - 0.33 (0.17)*
DFAT, . ~ Age 0.42 0.40 F,s=18.83 0.47 (0.11) - -
DFAT;, e ~ Age + AOS 0.43 0.40 F36=13.50 0.26 (0.07) 2.53(072)
DFAT e ~ Age + Temp 0.35 0.31 Fi3=9.63 0.25 (0.07) - 0.53 (0.21)**
DFAT}, e ~ Age 0.23 0.21 F3=11.17 0.26 (0.08) -
*p=0.06
** p=0.02
Table2 Comparison of the signature of the average annual sum- Discussion

mer intensity of the Arctic Oscillation (AOS) and population growth
between population estimates of the Bathurst, Beverly, and Qamanir-
juaq barren-ground caribou (Rangifer tarandus groenlandicus) herds.
Positive values of the AOS corresponded to stable or increasing
population growth, and negative values of the AOS corresponded to
decreasing population growth in 13 of 15 observations, constituting a
significant trend (exact binomial test, p = 0.0074)

Year Population estimate Population growth AOS trend
Bathurst herd
1986 472,000
1990 351,000 Negative Negative
1996 349,000 Stable Positive
2003 186,000 Negative Positive*
2006 128,000 Negative Negative
2009 31,895 Negative Negative
2012 34,690 Stable Negative
2015 19,769 Negative Negative
Beverly herd
1982 164,338
1984 263,691 Positive Positive
1987 93,546 Negative Negative
1994 276,000 Positive Positive
2011 124,189 Negative Negative
Qamanirjuaq herd
1983 230,000
1988 221,000 Stable Positive
1994 495,665 Positive Positive
2008 348,661 Stable Positive
2014 264,718 Negative Negative

* However, the summer AO trend from 1997 to 2003 is negative

@ Springer

We found a significant relationship between broad climate
patterns and the population trajectories of three barren-
ground caribou herds, consistent with previous studies of
climate patterns and Rangifer population dynamics (Post and
Stenseth 1999; Aanes et al. 2002; Forchhammer et al. 2002;
Post and Forchhammer 2002; Joly et al. 2011). From 1988
to 1996, the summer intensity of the AO was largely in the
positive phase, with a mean value of 0.207 (+ 0.135 SE), and
this was a period of population stability or growth for each
of the three herds that we examined here. In contrast, from
1997 to 2016 the summer AO has remained largely in the
negative phase, with a mean value of — 0.154 (+ 0.077 SE),
and over this period the Bathurst, Beverly, and Qamanirjuaq
herds declined in abundance. We found that a greater pro-
portion of the variation in body condition was explained for
male caribou compared to females. This is likely because
our model did not account for pregnant cows that tend to
have higher body fat than non-pregnant cows (Thomas and
Kiliaan 1998a).

Our results suggest that during periods of positive AO
intensity, warmer temperatures on the summer range result
in improved growing conditions for vascular plants that
benefits foraging caribou. Conversely, negative summer
AO intensity is associated with cooler temperatures with
associated shorter growing seasons and increased precipita-
tion on the Beverly summer range. Though we do not have
direct measures of forage quality or quantity, previous stud-
ies have found that cooler and shorter summers tend to result
in reduced vascular plant growth (Chapin and Shaver 1985;
Rachlow and Bowyer 1998; Lenart et al. 2002; Van der Wal
and Stien 2014), and therefore reduced forage quantity and
availability (although climate can also affect forage spe-
cies quality, e.g., Turunen et al. 2009; Mallory and Boyce
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2018; Zamin et al. 2017). We did not investigate relation-
ships between the AO and climate variables on the Bathurst
or Qamanirjuaq ranges and have made the assumption that
similar trends exist as on the Beverly range. We justify this
assumption with the evidence of some range overlap (Fig. 2)
between the three herds during the winter, spring, summer,
and late summer periods (Campbell et al. in prep.).

From 1982 to 1987, differences in the physical condi-
tion of Beverly caribou corresponded with changes in the
intensity and signature of the summer AO. We again reason
that this can be explained by the effect of climate on the
availability of forage (Chapin and Shaver 1985; Lenart et al.
2002; Van der Wal and Stien 2014) because caribou body
condition is necessarily influenced by the availability of
nutritious forage in summer (Reimers 1983; Créte and Huot
1993; Gerhart et al. 1996; Couturier et al. 2009; Tveraa et al.
2013; Albon et al. 2017). Caribou spend 7 months of the
year with a negative protein balance, stemming from the low
protein content of lichen, the primary constituent of their
late-winter diet (Gerhart et al. 1996). Protein stores devel-
oped during the summer are not only necessary for caribou
to maintain body condition over winter, but also for fetal
growth and development in pregnant females. Fetal protein
is synthesized from maternal tissues (Gerhart et al. 1996),
and up to 80% of fetal mass is deposited in late winter, when
caribou diet provides little protein (Coté et al. 2012).

In addition to the relationships between female nutrition
and fetal development, the physical condition of pregnant
cows also has been shown to affect calf survival (Bergerud
1996), and reduced body condition of individuals can lead
to changes in population demography through effects on sur-
vival and reproduction (Créte and Huot 1993; Mahoney and
Schaefer 2002; Albon et al. 2017). The physical condition
of female caribou is positively linked to their reproductive
success (Cameron et al. 1993; Gerhart et al. 1997; Tveraa
et al. 2013), a relationship that has been documented at the
population level in Beverly caribou (Thomas and Kiliaan
1998b). Between 1980 and 1987, years with fatter female
caribou corresponded to higher fecundity across the herd
(Thomas and Kiliaan 1998b). These findings allow us to
propose a mechanism where positive AO intensity in the
summer corresponds to warmer average temperatures and a
longer growing season and improved foraging conditions for
caribou. This leads to caribou in better physical condition
going into winter, perhaps reducing adult winter mortality,
and increasing rates of fecundity and late-winter calf sur-
vival. Conditions during periods of positive AO intensity
then contribute to stable or increasing population growth in
these caribou herds. During periods of negative AO inten-
sity, summers are cooler and growing seasons shorter, which
then contributes to reduced quality, quantity, and availabil-
ity of preferred forage species, poorer condition of caribou,
lower rates of fecundity, and negative population growth. We

note that this proposed mechanism assumes that a similar
relationship exists between the AO and condition of Bathurst
and Qamanirjuaq caribou to the one observed with Beverly
caribou between 1982 and 1987. We support this assumption
with the relative proximity of the herd summer ranges (i.e.,
in terms of broad climate patterns), and the well-documented
relationships between climate, growing season length, avail-
ability of summer forage, and caribou condition (Reimers
1983; Chapin and Shaver 1985; Créte and Huot 1993; Lenart
et al. 2002; Cebrian et al. 2008; Couturier et al. 2009; Van
der Wal and Stien 2014; Tveraa et al. 2013; Albon et al.
2017).

The dynamics of barren-ground caribou populations are
the result of many factors, both density-dependent and sto-
chastic (Bergerud 1996; Sether 1997; Gunn 2003). Due to
the limited data that are available for the Qamanirjuaq, Bev-
erly, and Bathurst herds, we were unable to incorporate fac-
tors such as predation and insect harassment in our analysis.
Although no substitute for these and other important factors
exist, broad climate indices provide useful proxies that can
be used to approximate a variety of environmental condi-
tions that are important to caribou, such as forage quality
and availability, temperature, snow depth, and precipitation.
Caribou population fluctuations have now been linked to
large-scale climate patterns across their circumpolar range,
from the PDO in Alaska (Joly et al. 2011), the AO in the
central Canadian Arctic (Zalatan 2006; this study), and the
NAO in the Greenland and Norway (Post and Stenseth 1999;
Aanes et al. 2002). This collective evidence suggests that
the effects of broad climate patterns could play an important
role as a driver of cyclical fluctuations in caribou popula-
tions. Other mechanisms, such as density-dependent forage
exploitation, have been identified as important contributors
to these fluctuations for some herds (Messier et al. 1988),
but could be less important for other caribou populations
(Rickbeil et al. 2015). The growing number of studies iden-
tifying a link between climate patterns and fluctuations in
caribou abundance provide compelling support for climate
as an important driver of barren-ground caribou cycling, a
link that helps to explain global patterns (Vors and Boyce
2009), and also allows for local and regional differences in
caribou population trends (Joly et al. 2011). The observed
synchrony among adjacent herds is consistent with the
well-documented influence of climate-caused perturbations
on population synchrony (e.g., Moran 1953; Ranta et al.
1997; Post and Forchhammer 2002; Liebhold et al. 2004).
Although we have insufficient data to rule out alternative
hypotheses, if we can assume comparable mechanisms of
population regulation among herds, we speculate that a
Moran effect could contribute a theoretical underpinning to
our results.

We suggest that the effects on forage of these climate
patterns contribute to long-term fluctuations in caribou
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abundance and are of crucial importance to caribou popula-
tion dynamics because they likely increase the vulnerabil-
ity or resilience of caribou to other mechanisms affecting
population decline and growth such as predation, insect
harassment, and disease (Bergerud 1996). However, we
acknowledge the potential significance of other mechanisms,
including anthropogenic disturbance, which through modifi-
cations of caribou behavior and range can overwhelm other
drivers and lead to less-predictable effects on caribou condi-
tion, productivity, and ultimately abundance. Although the
intensity of the summer AO has been predominantly nega-
tive over the past 20 years, long-term fluctuations of the AO
are such that it will again return to a predominantly positive
phase, and this could be beneficial to barren-ground caribou
by affording conditions that support improved forage produc-
tivity, and in turn, reproductive productivity. However, we
caution that the effects of a changing climate and warming
Arctic on the relationships that we identify here are unclear.
Climate change is likely to significantly alter the baseline
environmental conditions to which this species is adapted,
and the oscillations of broad-scale climate patterns around
this baseline might further disrupt ecosystems. For example,
increasingly warm summers are predicted to increase the
prevalence of parasitic insects in Arctic regions and allow
other parasitic species to expand the northern extent of their
range (Callaghan et al. 2004; Kutz et al. 2013). Harassment
by insects is a major energetic cost to caribou (Helle and
Tarvainen 1984; Hagemoen and Reimers 2002; Witter et al.
2012; Mallory and Boyce 2018), and one that might out-
weigh the benefits of potential increases in forage produc-
tivity associated with warmer summers. Further, improved
forage associated with positive intensities of the summer
AO might shift should climate change alter caribou summer
range quality through changing plant community compo-
sition (e.g., increased abundance of shrubs; Myers-Smith
et al. 2011; Sturm et al. 2001; Frost and Epstein 2014) and
reduced forage quality (Turunen et al. 2009; Thompson and
Barboza 2014; Zamin et al. 2017). In fact, under a changing
environmental baseline we speculate that the relationships
we identified here might be altered, even reversed, and sum-
mers with negative AO intensity that are cooler than average
could potentially correlate positively to caribou life-history
traits. In light of this, while we suggest that wildlife manag-
ers could consider using the AO as an index of the vulner-
ability of the Bathurst, Beverly, and Qamanirjuaq herds, this
must be done carefully and in consideration of the implica-
tions of a changing climate and other potential mechanisms
affecting caribou and their habitats.
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