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Abstract

The ‘Moran effect’ predicts that dynamics of populations of a species are synchronized
over similar distances as their environmental drivers. Strong population synchrony
reduces species viability, but spatial heterogeneity in density dependence, the en-
vironment, or its ecological responses may decouple dynamics in space, preventing
extinctions. How such heterogeneity buffers impacts of global change on large-scale
population dynamics is not well studied. Here, we show that spatially autocorrelated
fluctuations in annual winter weather synchronize wild reindeer dynamics across high-
Arctic Svalbard, while, paradoxically, spatial variation in winter climate trends contribute
to diverging local population trajectories. Warmer summers have improved the carry-
ing capacity and apparently led to increased total reindeer abundance. However, fluc-
tuations in population size seem mainly driven by negative effects of stochastic winter
rain-on-snow (ROS) events causing icing, with strongest effects at high densities. Count
data for 10 reindeer populations 8-324 km apart suggested that density-dependent
ROS effects contributed to synchrony in population dynamics, mainly through spatially
autocorrelated mortality. By comparing one coastal and one ‘continental’ reindeer popu-
lation over four decades, we show that locally contrasting abundance trends can arise
from spatial differences in climate change and responses to weather. The coastal popu-
lation experienced a larger increase in ROS, and a stronger density-dependent ROS ef-
fect on population growth rates, than the continental population. In contrast, the latter
experienced stronger summer warming and showed the strongest positive response to
summer temperatures. Accordingly, contrasting net effects of a recent climate regime
shift—with increased ROS and harsher winters, yet higher summer temperatures and im-
proved carrying capacity—led to negative and positive abundance trends in the coastal
and continental population respectively. Thus, synchronized population fluctuations by
climatic drivers can be buffered by spatial heterogeneity in the same drivers, as well as

in the ecological responses, averaging out climate change effects at larger spatial scales.
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1 | INTRODUCTION

Fluctuations in the abundance of wildlife populations are often strongly
influenced by stochastic weather effects and, in the longer run, climate
(Seether, 1997). Because climate and weather patterns are typically
autocorrelated in space (Koenig, 1999), Moran (1953) suggested that
fluctuations of spatially distinct populations should be synchronized
similarly if their dynamics are driven by these weather patterns, and
when assuming equal (log-linear) density dependence (i.e. the ‘Moran
effect’, Royama, 1992). Spatial population synchrony has indeed been
observed across large areas and in a wide range of taxa (e.g. Bjgrnstad,
Ims, & Lambin, 1999; Koenig, 1999; Liebhold, Koenig, & Bjgrnstad,
2004; Seether et al., 2007; Walter et al., 2017), yet it has often proved
difficult to disentangle the synchronizing role of weather from those
of dispersal and trophic interaction effects (Engen, Lande, & Seether,
2002; Engen, Lande, Sather, & Bregnballe, 2005; Ims & Andreassen,
2000; Lande, Engen, & Saether, 1999; Liebhold et al., 2004; Moran,
1953; Royama, 1992; Ydenberg, 1987). Nevertheless, several studies
have now demonstrated that the Moran effect is often the main cause
of spatial co-fluctuations in population abundances (e.g. in feral sheep
Ovies aries, Grenfell et al., 1998; roe deer Capreolus capreolus, Grgtan et
al., 2005; caribou and reindeer Rangifer tarandus, Post & Forchhammer,
2004; passerine birds, Seether et al., 2007; plants, i.e. an analogue to the
Moran effect, Defriez & Reuman, 2017; Koenig & Knops, 1998, 2013;
marine plankton, Defriez, Sheppard, Reid, & Reuman, 2016).

While fluctuations in asynchronous local populations will be can-
celled out in large-scale population sizes, a high level of population
synchrony may lead to mass extinctions, for instance under extreme
events (Heino, Kaitala, Ranta, & Lindstrom, 1997). Thus, strong,
weather-driven population synchrony is expected to increase extinc-
tion risk at the ‘meta-population’ or species level (Engen et al., 2002;
Heino et al., 1997; Ranta, Kaitala, Lindstrom, & Linden, 1995) under
widespread environmental change, such as global warming (Post &
Forchhammer, 2002). However, the observed strength and spatial
scale of synchrony in population dynamics is usually much lower than
that of climate itself (Saether et al., 2007, 2003; Stenseth et al., 1999;
Walter et al., 2017). A multitude of other drivers, which vary spatially,
may also act on population growth rates or the ecological carrying ca-
pacity, desynchronizing population dynamics (Engen & Saether, 2005).
Even the extent to which different populations respond to a specific
weather driver often varies locally due, for instance, to habitat hetero-
geneity (Anders & Post, 2006; Engen & Sather, 2005; Post, Brodie,
et al., 2009; Saether, 1997). This may lead to uncorrelated dynamics
in space that could moderate the effects of common environmental
drivers, such as weather and climate, at the level of meta-population
or species (Hilborn, Quinn, Schindler, & Rogers, 2003), thereby en-
hancing species persistence (Anders & Post, 2006). Accordingly, to

understand climate change effects at large spatial scales, we should
assess how spatial heterogeneity in the environment or in the eco-
logical responses averages out the effects of shared climate forcing
acting across populations (Post, Forchhammer, et al., 2009; Sheppard,
Bell, Harrington, & Reuman, 2016).

The relative contribution of weather fluctuations to animal pop-
ulation dynamics seems to be particularly large in marginal habitats,
such as at high latitudes (Ims & Ehrich, 2013), so Arctic tundra food
webs tend to display relatively strong population synchrony within
and across species (Hansen et al., 2013; Ims & Fuglei, 2005; Post &
Forchhammer, 2002, 2004). The climate is changing more rapidly in
the Arctic than in any other biome on earth, especially during winter
(AMAP, 2017; Bintanja & Andry, 2017). As a consequence, the fre-
quency of extreme warm spells and associated heavy rain-on-snow
(ROS) events in winter is increasing, causing dramatic changes to
the snow-pack characteristics (Hansen et al., 2014; Kohler & Aanes,
2004; Peeters et al., 2019; Putkonen & Roe, 2003) and, hence, the
feeding conditions for overwintering herbivores. Especially in perma-
frost conditions, heavy ROS percolating through the snow may lead to
the formation of basal ice (‘ground-ice’), encapsulating the vegetation.
Such ice-locked tundra has potentially ecosystem-wide consequences
(Hansen et al., 2013). For instance, icing events can cause overwinter
body mass loss, reduced skeleton growth, and reduced survival and fe-
cundity in muskox (Ovibos moschatus) and reindeer (Albon et al., 2017;
Berger, Hartway, Gruzdev, & Johnson, 2018; Stien et al., 2012). These
effects of fluctuations in ROS, which can interact with density-de-
pendent mechanisms (Hansen et al., 2019), may result in large annual
fluctuations in animal densities (Forbes et al., 2016; Forchhammer &
Boertmann, 1993; Hansen, Aanes, Herfindal, Kohler, & Saether, 2011;
Kohler & Aanes, 2004; Miller & Gunn, 2003). However, such nega-
tive influence of warmer and wetter winters may—at least locally—be
counteracted by the positive impacts of a shorter winter and a longer
and warmer plant growth season (Albon et al., 2017; Tews, Ferguson,
& Fahrig, 2007), causing an increase in ecological carrying capacity
due to increased primary production (Van der Wal & Stien, 2014) and
‘Arctic greening’ (Jia, Epstein, & Walker, 2003; Vickers et al., 2016).

Disentangling such contrasting climate change effects on popula-
tion dynamics is difficult, regardless of spatial scale (for a simulation
study of caribou, see Tews et al., 2007). Arctic ungulate populations
are typically influenced by a variety of other factors, such as hunting,
insect harassment, infrastructure development, and predators, and
these impacts often vary spatially (Gunn, Russell, White, & Kofinas,
2009). Poor data quality and discontinuous time series also char-
acterize many monitored populations. Few long-term, continuous
time series have therefore been available with sufficient spatial rep-
lication to investigate spatial population synchrony (but see Post &

Forchhammer, 2004, based on harvest records), and the buffering
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role of spatial heterogeneity, either in the environment or ecological
responses. Here, we take advantage of such a rare, spatially replicated
dataset, to analyse spatiotemporal patterns of population dynamics
in wild Svalbard reindeer (Rangifer tarandus platyrhynchus) in the high
Arctic, a hot-spot of climate change. We ask: what is the role of the
Moran effect in the large-scale net outcome of recent climate change
for this northernmost Rangifer subspecies? We assess this by exam-
ining (a) local and total population size trends for 10 reindeer pop-
ulations; (b) how annual fluctuations in weather (i.e. ROS), and their
pattern of spatial autocorrelation, synchronize reindeer dynamics in
space (Moran, 1953); and (c) how the effects of this synchronization
are moderated by spatial heterogeneity in climate, climate trends (i.e.
long-term changes in weather), and density-dependent climate re-
sponses. In particular, we account for local variation in strength of
density dependence and how it may interact with ROS effects on fe-
cundity, mortality and population growth rates (Hansen et al., 2019).

2 | MATERIALS AND METHODS

2.1 | Study system

The climate in Svalbard is mild for the latitude (74-81°N, 10-35°E),
with mean annual, summer (July to August) and winter (November
to April) temperatures at Svalbard Airport of 6.7, 5.3 and -13.9°C
respectively. Conditions are generally oceanic, yet dry (mean annual
precipitation = 190 mm), and become increasingly dry with distance
from the coastline (Van Pelt et al., 2016). Furthermore, weather pat-
terns differ considerably between western parts, which are strongly
influenced by the warm Gulf Stream, and the east, which is more
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influenced by the Arctic Ocean and sea-ice cover (Johansen, Karlsen,
& Temmervik, 2012; Sakshaug, Johnsen, & Kovacs, 2009).

The Svalbard tundra is characterized by a simple food web,
with few species. The wild Svalbard reindeer is the only mam-
malian herbivore, besides a small local population of sibling voles
Microtus levis (Ims & Ehrich, 2013). The reindeer are largely sol-
itary and virtually free from predation, although rare attacks by
polar bears (Ursus maritimus) on sick or weak reindeer have been
observed (Derocher, Wiig, & Bangjord, 2000). Thus, direct density
dependence and large annual variations in weather conditions—
notably the amount of ROS, but also the length and warmth of
the summer—shape the reindeer’s body condition and vital rates
(Albon et al., 2017; Solberg et al., 2001; Stien et al., 2012). This,
in turn, causes large fluctuations in population abundances from
year to year (Albon et al., 2017; Hansen et al., 2011, 2013; Kohler
& Aanes, 2004; Solberg et al., 2001). There is some evidence of
spatial population synchrony (Aanes et al., 2003), most likely ex-
plained by spatially autocorrelated fluctuations in weather rather
than dispersal, which is strongly restricted by natural barriers such
as open sea, glaciers and steep mountains. Genetic analyses also
indicate significant population differentiation across very small
distances (Coté et al., 2002), largely confirming the observation
that Svalbard reindeer are resident within annual home ranges of
only a few km? (Tyler & @ritsland, 1989). Overall, individuals do not
move between neighbouring populations, except under special cir-
cumstances, such as following overgrazing or extreme ROS events
(Hansen, Aanes, & Sather, 2010; Loe et al., 2016). Combined
with the strong climatic signals observed in vital rates (Albon
et al.,, 2017), the characteristics of this study system provide a

[ Sassendalen
[  Svenskeya

FIGURE 1 Map of Svalbard (inset) and the study area. Crosses show the locations of weather stations, coloured polygons delineate
the monitored reindeer populations (see also Figure 2) and black dots show the position of the Ny-Alesund (Brgggerhalvgya) and Svalbard

Airport (Adventdalen) weather stations
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rare opportunity to investigate the impacts of climate-induced en-
vironmental change on the population dynamics and trends of a

high-Arctic ungulate, both locally and at a meta-population scale.

2.2 | Data

We obtained daily time series of mean temperature and total precipita-
tion data from five manned weather stations 14-410 km apart (Figure 1).
Data from Barentsburg were downloaded from Tutiempo Network, S.L.
(https://en.tutiempo.net/climate/ws-201070.html), while data from
Hornsund were provided by the Institute of Geophysics of the Polish
Academy of Sciences. For the three remaining weather stations (i.e.
Svalbard Airport, Ny-AIesund and Hopen), we downloaded data from
the Norwegian Meteorological Institute (http://eklima.met.no).

Reindeer population monitoring data were obtained using mul-
tiple census methods across 10 reindeer populations. Total counts
of live reindeer, calves and carcasses (easily visible as patches of
white fur in the terrain) were carried out annually by helicopter in
early August 1997-2015 across six populations (Figure 1). Five of
these six populations are hunted in the fall with a fairly constant
annual offtake corresponding to <5% of the local population size. In
addition, total population counts were performed annually on foot
in late June/early July 1979-2015 in Adventdalen (Hansen et al.,
2013; Tyler, Forchhammer, & @ritsland, 2008) and included the num-
ber of calves and carcasses. Finally, following the reintroduction of
12 reindeer to Ny-Alesund, Broggerhalvaya, in 1978 and the subse-
quent population irruption and spatial expansion southwards (Aanes,
Saether, & @ritsland, 2000), three semi-isolated populations in this
northwesternarea have been monitored by annual total ground counts
(including number of calves). Counts were conducted by snowmobile
in early spring (i.e. late March to April 1978-2015 on Breggerhalvgya)
and on foot in summer (i.e. July; Brgggerhalvgya 1999-2015; Sarsgyra
2000-2015, except 2011; Kaffigyra 2002-2015, except 2011-2012)
(Hansen et al., 2011; Le Moullec et al., 2017). The two seasonal mea-
sures of population size on Brgggerhalvgya were highly correlated
(r=.92, Figure S1). For Brgggerhalvgya, we used (a) the summer count
time series in the analysis of Svalbard-scale population dynamics and
patterns of population synchrony (see below), to maximize meth-
odological consistency; and (b) the spring count time series for the
comparison of population dynamics with Adventdalen, to maximize
time-series length.

2.3 | Svalbard-scale reindeer parameters

Based on all 10 reindeer populations, we estimated overall annual
abundances and vital rates, and their temporal trends. For consist-
ency, and because most population time series were established
in 1997, we restricted the study period to 1997-2015. Note that,
because of missing years in some populations, simple averaging or
adding of population sizes was not possible. For each population,
we obtained annual proxies of ‘fecundity’ by dividing the number of
calves by the total number of reindeer, and ‘mortality’ by dividing the
number of carcasses by the total number of reindeer the previous
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year (see Peeters et al., 2017). Note that carcass counts are likely
to give underestimates of mortality rates, although presumably
consistent between years. Annual estimates of the ‘across Svalbard-
scale’ fecundity and mortality (i.e. across all populations) were then
obtained through linear mixed effects regression models of the local
fecundity or mortality estimates (on a logit scale) as a function of
year (as a fixed factor) and population (random intercept effect).
These regressions were weighted by the population-specific mean
population size (over each time series) to allow larger populations to
contribute more to the across Svalbard proxies than smaller ones.
Estimates of across Svalbard-scale proxies of relative abundance
(‘population size’ Ng.,...4) and, thereby, population growth rates
(Ryatbard = In(NSvaIbard,t+1/NSvaIbard,t))’ were also obtained using a simi-

lar linear mixed effects regression model of local population sizes N.

2.4 | Estimating the contribution of Svalbard-scale
climate to spatial synchrony

We analysed spatial synchrony in fecundity, mortality and population
growth rates R, between the 10 local populations by implementing
a nonparametric covariance function, which uses smoothing splines
to estimate spatial covariance as a function of distance (Bjgrnstad
& Falck, 2001). This method estimates spatial synchrony based on
pairwise correlations and distances among populations. We set the
maximum degrees of freedom for the smoothing spline to 4 (2 for
mortality due to low sample size), and confidence intervals around
the nonparametric curve were based on bootstrapping with 1,000
iterations. We used 25 years of data overlap as a criterion to calcu-
late pairwise correlations, and the available population time series
resulted in 45 (8-324 km), 15 (8-64 km) and 45 (8-324 km) pair-
wise correlations for reindeer fecundity, mortality (data lacking for
Brgggerhalvaya, Sarsgyra, Kaffigyra and Svenskgya; Table S2), and
population growth rates respectively.

Rain-on-snow and population density are clearly the main
drivers of annual fluctuations in vital rates and abundance (Albon
et al,, 2017; Hansen et al., 2011, 2013, 2019; Kohler & Aanes, 2004;
Solberg et al., 2001; Stien et al., 2012), and ROS and density effects
may also interact (Hansen et al., 2019; see also Coulson et al., 2001).
More specifically, the ROS effect diminishes at very low population
densities because available ice-free patches per capita will anyways
be sufficient, while at high densities, ‘all’ reindeer will suffer from a
multiplicative effect of ROS on resource competition (Hansen et al.,
2019). We therefore tested the extent to which density-dependent
ROS effects contributed to the synchrony in fecundity, mortality and
population growth rates by also estimating the correlations between
populations after accounting for this climate-density interaction
effect, i.e. the correlations in model residuals. ROS, was calculated as
the annual amount of rain in winter (November, - April,,), i.e. In(mm
precipitation + 1, to avoid log of zero) falling at temperatures 21°C. For
each local population, we fitted generalized linear regression models
of fecundity and mortality (quasi-binomial family, logit link), and linear
regression models of population growth rates, as functions of ROS,
in interaction with detrended In population size. As nearby weather
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station data were not available for most populations (Figure 1), we
used a common ‘across Svalbard-scale’ ROS, estimate obtained from
a linear mixed effects regression model of ROS, at the five weather
stations as a function of year (as fixed factor), and with weather station
as random intercept effect. The residuals from the population-specific
models of fecundity, mortality and population growth rates were
then analysed for pairwise correlations and spatial synchrony across
the range of distances. The contribution of density-dependent ROS
effects to the observed synchrony in fecundity, mortality and popula-
tion growth was estimated based on the difference in nonparametric
bootstrapped replicates of average synchrony (n = 1,000) before and
after accounting for the density-dependent ROS effect.

Although any (temporal variation in) spatially correlated monitoring
efforts could ‘artificially’ increase the measured synchrony, the differ-
ent monitoring methods between populations reduce this risk. For the
counts performed on the ground, the accuracy seems relatively high (i.e.
less biased and more precise; Le Moullec et al., 2017; Tyler et al., 2008).
For instance, the correlation between early spring and summer popu-
lation size on Brgggerhalvgya, counted on snow mobiles and on foot,
respectively, was very high (r = .92). Likewise, the correlation in popula-
tion size between our Adventdalen count data and independent counts
performed by Tyler et al. (2008) in the same valley in 2001-2007 was
also very high (r = .97), indicating high precision of the counts.

2.5 | In-depth analysis of climate effects on the
dynamics of two focal populations

To obtain a more detailed understanding of local population dynam-
ics and trends, and the causes and consequences of spatial heter-
ogeneity, we analysed the population dynamics of the two longer
reindeer abundance time series from Adventdalen (1979-2015) and
Brgggerhalvgya (1978-2015). These two populations are each near
a manned weather station (Figure 1), enabling the inclusion of local
weather conditions in the analyses. We first looked for linear trends
and sudden break points in the mean (i.e. ‘regime shifts’) weather
conditions, by implementing the binseg function (with segment
length restricted to minimum 5 years) in the changepoint package
(Killick, Haynes, & Eckley, 2016) for R (R Core Team, 2018).

For the ‘continental’ populationin Adventdalen, central Spitsbergen
(Figure 1), we fitted a linear regression model of population growth
rates against the following local-scale predictors: density N,, ROS,,
the interaction N, x ROS,, annual amount of snowfall, (in mm, calcu-
lated as total precipitation (mm) falling at temperatures <1°C; Solberg
etal., 2001), mean summer temperature, (July to August; Hansen et al.,
2013), and winter length, (see also Albon et al., 2017). Winter length
was estimated as the number of days between the time when the 10-
day running mean of daily temperature in the fall, fell below freezing
(0°C) and stayed below for a minimum of 10 consecutive days, and the
time in spring,,, when the 10-day running mean of daily temperature
was above freezing and stayed above for a minimum of 10 consecutive
days (Le Moullec, Buchwal, Wal, Sandal, & Hansen, 2019).

For comparison of climate effects between the two populations,

a similar model was then applied to the coastal Brgggerhalvgya

population, adding a two-level factor ‘period’ (irruptive phase and
post-irruptive phase, see Results) in the N, x ROS, interaction (i.e. a
three-way interaction, period x N, x ROS,) to account for a possible
change in density dependence in this irruptive population from the
crash year in 1994 and onwards (Kohler & Aanes, 2004). All analy-
ses were performed in R (R Core Team, 2018), implementing the
packages Ime4 for mixed-effects models (Bates, Maechler, Bolker,
& Walker, 2015) and ncf for the nonparametric covariance function
(Bjgrnstad, 2016).

3 | RESULTS

3.1 | Spatiotemporal patterns in weather and
reindeer dynamics across Svalbard

During 1997-2015, data from weather stations across Svalbard
showed an overall positive trend in both ROS (Figure 2a,f) and summer
temperature (Figure S2). This indicates worsening winter feeding con-
ditions due to more frequent icing (shown through in situ ice measure-
ments, Figure S3a), yet, at the same time, improved food abundance
and carrying capacity due to higher plant productivity in the warmer
summers (inferred by the Normalized Difference Vegetation Index,
Figure S3b). Although reindeer population size trajectories (Figure 2d)
showed locally contrasting linear trends, varying from negative to
positive (Figure 2g), there was evidence of a statistically significant
increase over time of the ‘across Svalbard-scale’ reindeer abundance
index (Figure 2g), weighted for local mean population sizes. Fecundity,
mortality and population growth rates were all characterized by large
annual fluctuations (Figure 2b,c,e), resulting in saw-shaped pat-
terns indicating direct density dependence. For instance, population
growth rates R, were particularly small in 2005, 2007 and 2009—i.e.
years with fairly high levels of ROS at most weather stations, as well
as high estimated mortality and low fecundity. Conversely, population
growth rates were relatively large in 2006, 2008 and 2010. Thus, at
the Svalbard scale, correlations with annual ROS, were negative for
fecundity (Pearson’s r = -.63, p < .01), positive for mortality (r = .56,
p < .05) and negative for population growth rates (r = -.44, p = .07)
(Figure 3). Linear regression models accounting for potential density
dependence in this ROS effect confirmed the overall presence of di-
rect density dependence but also indicated inconsistent patterns of
climate-density interactions across populations (Table S1).
Rain-on-snow showed a high mean pairwise correlation between
weather stations (ppos = 0.62 [95% confidence interval = 0.48,
0.76]), and the correlation decreased with distance (Figure S4).
Similarly, pairwise correlations between the reindeer populations in
annual fecundity (mean pairwise correlation Precundity = 0.52 [0.39,
0.67]), mortality (pMortaIity = 0.83 [0.77, 0.89]; note the shorter ex-
tent of distances) and population growth rates (p, = 0.23 [0.02,
0.43]) were generally positive and decreased with increasing dis-
tance between populations (Figure 4a-c; Table S2). When account-
ing for only an additive effect of ROS, in population-specific linear
models, the average pairwise population correlations (in resid-
uals) remained similar for mortality (p, .4 = 0.83 [0.76, 0.91]) and
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population growth rates (p,.,4 = 0.21 [0.01, 0.39]), but were lower
for fecundity (p,.;q = 0.44 [0.28, 0.62]). However, when accounting
for a density-dependent ROS effect (N, x ROS,, Table S1), correla-
tions between populations were lower for population growth rates
(Presig = 0-15 [-0.18, 0.48]) and, in particular, mortality (p ;4 = 0.67
[0.49, 0.88]), while less so for fecundity (p,.q = 0.47 [0.26, 0.64])
(Figure 4d-f). Thus, based on whether the lower 5% percentile (i.e.
an a priori expected change, ‘one-tailed’) of the change in pairwise
correlation obtained from bootstrapping was above or below zero
(Figure 4g-i), this change in correlation due to the N, x ROS, ef-
fect was far from ‘significant’ for fecundity (mean difference = 0.06
[-0.12, 0.26)), significant for mortality (0.44 [0.17, 0.79]) and mar-
ginally non-significant for population growth rates (0.12 [-0.02,
0.25]). Note that synchrony models with other weather variables
(analyses not presented) or with only density N, included as covari-
ate caused relatively little or no reduction in average regional syn-
chrony (fecundity: p 4 = 0.52 [0.31, 0.71]; mortality: p .4 = 0.73

2005 2010 2015
Year ()

[0.60, 0.89]; population growth rates: p ., = 0.23 [0.01, 0.47]).
Thus, we conclude that density-dependent ROS effects were the
main detected contributor to the observed synchrony in popula-
tion dynamics, yet marginally non-significant, and mainly operating

through synchronization of mortality.

3.2 | Causes and consequences of spatial
heterogeneity

Can the same climate or weather parameters cause synchronous
annual population dynamics while simultaneously causing diverg-
ing long-term trends? Population growth rates were indeed posi-
tively correlated (r = .46, Table S2) between our two focal reindeer
populations (i.e. Adventdalen [‘continental’] and Bragggerhalvgya
[coastal], 126 km apart, Figure 1), from which we had both local
weather data and long-term, ground-based count data. However,

some small yet important differences in climate trends between



HANSEN ET AL.

3662 — -
Y218 2% Global Change Biolog

0.30 1
0.25 ~

0.20 1

Fecundity

0.15 1

0.20 ~
0.10 1 o
0.05 -

0.02 1
0.01 A
0.005 1

0.002 1

Mortality

03{ °
[e]
021 o
014 9
Q
004 ©
o
_0_1_

—0.2 4
—0.3 - 0.2 0

0 20 40 60 80 100
ROS (mm)

Population growth rate, R
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these two populations have become evident since the 1990s
(Figure 5a,b). Firstly, the linear regressions indicated a significant
increase in the annual amount of ROS (on natural log-scale) dur-
ing 1978-2015 at the weather station on Brgggerhalvagya (i.e.
Ny-Alesund; B =.055,t =244, p < .05), but not at the station in
Adventdalen (i.e. Svalbard Airport; g = .030, t = 1.63, p = .11). A
regime shift with overall higher annual ROS since around year 2000
was detected in Ny-Alesund (Figure 5a), but not at Svalbard Airport
(see Peeters et al., 2019 for a longer time span). Secondly, while
linear regression models indicated a summer temperature increase
over time for both Ny-Alesund (5 = .028, t = 3.09, p < .01) and
Svalbard Airport (8 = .053, t = 4.85, p < .001), the slope was twice
as steep at the latter station. Thus, a sudden regime shift with el-

evated summer temperature levels from around 1998 was detected

at both weather stations, but in this case the increase was greater
at Svalbard Airport (ca. 1.3°C) than in Ny-Alesund (ca. 0.9°C,
Figure 5b). We found no evidence for other differences between
Adventdalen and Brgggerhalvgya in temporal trends of potential
drivers of reindeer population growth (Figure S2), i.e. winter length
(equally strong linear decrease in both areas) and total snowfall (no
strong trends).

The differences in the relative magnitude of temporal change
in ROS and summer temperature between populations contrib-
uted to the long-term reindeer population trajectories in these two
focal populations. Overall, the effects of local weather variables on
population growth rates were broadly similar (i.e. similar signs, but
with different strengths) in Adventdalen and on Brgggerhalvgya
(Figure 6). Thus, linear regression models (for a cross-validation
procedure, see Figure S5), which were run separately for each pop-
ulation due to the period/irruption factor on Brgggerhalvgya, sug-
gested an overall negative ROS effect on population growth rates.
The ROS effect was stronger at high reindeer densities, and, impor-
tantly, this interaction effect between ROS and density was stronger
on Brgggerhalvgya than in Adventdalen (Figure é). In contrast, the
positive effect of summer temperature was stronger in Adventdalen
than on Brgggerhalvgya. Snowfall amount tended to have an overall
negative effect, while there was no evidence of an influence of win-
ter length in either population.

As expected from the slightly different effects of local weather
on population growth and the local differences in climate trends,
we found contrasting abundance trends between the two popula-
tions. More specifically, the population size trend was strongly pos-
itive in Adventdalen (irrespective of trend starting year; Figure 5d)
where the local weather station data indicated no significant in-
crease in ROS (Figure 5a) but a strong regime shift in summer tem-
peratures from the late 1990s (Figure 5b). In contrast, the trend
slopes for the post-irruptive Brgggerhalvgya population—which
experienced weaker summer warming but stronger ROS increase—
tended to be negative when the trend starting year was before
~2001 (Figure 5d). Since around that time, the population size
first declined for then to stabilize around relatively low densities
(Figure 5c). Accordingly, there was a consistent difference in esti-
mated trends of abundance between the two focal populations (i.e.
generally no overlap between confidence intervals and the mean
estimate for the other population), irrespective of choice of trend
starting year (Figure 5e).

4 | DISCUSSION

This study has demonstrated that, although weather fluctuations
tend to synchronize short-term (i.e. annual) dynamics, the longer
term dynamics of wild reindeer populations can be decoupled by
spatially heterogeneous climate change effects. Annual fluctua-
tions in the amount of ROS during winter contributed to synchro-
nized mortality rates and, thereby, population dynamics across
large distances in Svalbard (Figure 4), while paradoxically, the very
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same environmental driver contributed to opposite trends in local
reindeer abundances (Figures 2g and 5d). We document how such
diverging population trends can occur due to local variation in
both the relative strength of winter versus summer climate change
trends (Figure 5) and the density-dependent responses to warming
(Figure 6). However, the net outcome of improved carrying capacity
versus worsening winter-feeding conditions appears to be a growing
total population of Svalbard reindeer (Figure 2d,g), in contrast to the
recent patterns of decline observed in some other Rangifer popula-
tions (Mallory & Boyce, 2017; Vors & Boyce, 2009).

Post, Forchhammer, et al. (2009) pointed out that spatial
environmental heterogeneity and scale-dependent ecological
responses are key to understanding and predicting net impli-
cations of the various climate change effects reported in Arctic
tundra study sites. In caribou and reindeer, some observed pop-
ulation declines have indeed been linked to global environmental
change, but the proposed drivers seem to differ locally and in-
clude habitat fragmentation (Festa-Bianchet, Ray, Boutin, Coté,

& Gunn, 2011), Arctic ‘shrubification’ (Fauchald, Park, Temmervik,
Myneni, & Hausner, 2017), increased insect harassment (Mallory
& Boyce, 2017) and worsening winter-feeding conditions (Forbes
et al,, 2016; Hansen et al., 2011). Also, the drivers of change may
vary in time. For instance, the early population size trajectories
on Brgggerhalvgya since the reindeer reintroduction in 1978
followed irruption-like dynamics (Aanes et al., 2000), with habi-
tat degradation in the early 1990s (Hansen, Henriksen, Aanes, &
Saether, 2007) that may have contributed to the 1994 population
crash and, thereby, our trend estimates. The more recent negative
trends, which appear to be a consequence of negative net effects
of climate change, were in sharp contrast to the Adventdalen pop-
ulation increase during the same period. Accordingly, because of
the spatial and temporal diversity of factors influencing Rangifer
population growth rates and ecological carrying capacity, Gunn
et al. (2009) warned against generalizing observed local abun-
dance trends and impacts of climate change. The concern that

there is a ‘global’ decline in Rangifer abundance due to increased



3664 _— .
\W2IB 2% Global Change Biolog

HANSEN ET AL.

(a) —e— Adventdalen
. 200 A —e— Brgggerhalvgya
E 150 |
vy 100
@)
s 50 -
O .
o
®
=
g ©
E G
EE
wn e
=
ﬁh
2o
N =
T e
m -+
g5
oy
w ! Y L T T T T T
< 1980 1990 2000 2010
Year
s (d)
wn
I 0.3
N
| 0.2 1 !
; 0.1 1 ‘n-‘ue“"él"’”“i‘.‘f.."’,.
00 TR {H4; L
T 01 - ++++++H i
[1}] J T T T T T T T
— 1980 1990 2000 2010
Starting year (t)

FIGURE 5 Time-series data and population trends in two focal
reindeer populations. Annual fluctuations in (a) rain-on-snow
(ROS), (b) summer temperatures and (c) standardized reindeer
population sizes, and the estimates of (d) population size trends
(with varying trend starting year; whiskers showing 95% Cl) over
the period 1978-2015 in Breggerhalvaya (blue; Ny-Alesund
weather station) and Adventdalen (red; Svalbard Airport weather
station). Horizontal dashed lines in (a) and (b) denote detected
‘regime shifts’, i.e. change points in mean. Population size trends in
(c) are shown as solid lines, for the period after the irruptive phase
in Brgggerhalvgya

anthropogenic impact (Vors & Boyce, 2009) also lacks quantita-
tive support. Most Eurasian reindeer populations show no sign of
decline, but rather the opposite (Uboni et al., 2016), which also
appears to be the case for Svalbard reindeer. Importantly, however,
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FIGURE 6 Climate-density effects on two focal reindeer
populations. Standardized parameter estimates are shown for
effects of weather and population size (N) on reindeer population
growth rates on Brgggerhalvgya (blue; estimates from the post-
irruptive phase are shown) and in Adventdalen (red). Whiskers show
95% confidence intervals

the substantial local variation in abundance trends calls for great
caution when extrapolating results from single-population studies
of long-term climate change effects, even on such small spatial
scales (in a Rangifer context).

The extinction risk of a meta-population or (sub)species de-
pends in part on the degree of population synchrony, and thereby
the strength of climate as a synchronizing agent (Engen et al.,
2002; Heino et al., 1997; Ranta et al., 1995). The estimated re-
gional level of synchrony of Svalbard reindeer dynamics was high
for single vital rates, but this was less apparent in the population
growth rates, which are more strongly influenced by sampling
error. However, as expected based on the observed pattern of au-
tocorrelation in ROS (Figure S4), synchrony declined with distance
for all these population parameters. Uboni et al. (2016) found no
such pattern of spatial scaling in their pairwise population cor-
relations in population growth rates across large distances (up to
~7,000 km) in Eurasian reindeer, but for our range of distances
(up to ~324 km) their average regional synchrony (ca. 0.24) was
very similar to ours (p, = 0.23). Their lack of evidence for climate
effects on population dynamics and synchrony could, at least in
part, be a result of not accounting for local variation in density
dependence and climate-density interactions, the importance of
which has been clearly demonstrated here. Thus, even in ‘sim-
ple’ trophic systems such as Svalbard, where the influence of
human presence is low and where few external factors other than

weather fluctuations are expected to influence annual reindeer



HANSEN ET AL.

population fluctuations (Ims & Ehrich, 2013; Tyler et al., 2008), it
has proven crucial to account for density dependence in studies
of population dynamics (Aanes et al., 2000; Albon et al., 2017;
Hansen et al., 2011; Tyler et al., 2008). In this study, direct density
dependence was generally present across populations and pop-
ulation parameters, but there was little evidence of a consistent
pattern of ROS-density interaction effects (as found in Hansen
et al., 2019) across the 10 populations. The contribution of this in-
teraction effect to population synchrony was therefore not huge;
its synchronizing effect was significant for mortality, yet negligi-
ble for fecundity (which seemed better explained by an additive
ROS effect), and, thereby, only close to significant for population
growth rates. This lack of significance, and the local variation
across Svalbard in estimated effects of ROS, and its interaction
with density, could in part also be due to the slightly ‘noisy’ and
short datasets used for this analysis. Furthermore, the Svalbard-
scale ROS variable probably reflected local conditions better for
some populations (close to one or more weather stations) than
others, e.g. the remote Svenskgya population in eastern Svalbard
(Figure 1). Nevertheless, the in-depth analysis of the two high-
quality datasets confirmed that important local differences in
density regulation indeed occur. Accordingly, when density de-
pendence and its potential interaction with climate effects differ
locally, the assumption of the Moran effect that there is a similar
(log-linear) density dependence among populations does not hold.
Contrasting density dependence desynchronizes population dy-
namics (Engen et al., 2005) and should clearly be accounted for in
the analysis of climate effects on population synchrony.

One major reason for the overall poor understanding of den-
sity-dependent and -independent drivers of Arctic ungulate popu-
lation dynamics, and how they vary in space, is that time series of
population monitoring data are notoriously discontinuous (Mallory,
Campbell, & Boyce, 2018; Uboni et al., 2016; Vors & Boyce, 2009).
This complicates any attempt to quantify how climate change
shapes the dynamics and trends at the level of population/herd,
meta-population, and subspecies, as well as patterns of spatial pop-
ulation synchrony. The accuracy of ‘total population count’ data
is also rarely assessed, but aerial counts are often assumed to be
uncertain and underestimates of the actual population sizes (Poole,
Cuyler, & Nymand, 2013). We have no reason to believe that the
helicopter counts used here differ in that sense; however, ground
counts appear highly accurate (Le Moullec et al., 2017). Uncertain
aerial counts contribute to noise in the dataset, reducing the mea-
sured level of population synchrony and the ability to detect effects
of climate on population growth rates and their spatial synchrony.
However, because of the solitary, non-migratory behaviour of
Svalbard reindeer, and the rather small, well-defined study areas
in open tundra landscapes, we believe that these helicopter counts
generally captured major changes occurring from year to year, as
well as the long-term trends. This is especially the case for the vital
rates, which were highly correlated across relatively nearby pop-
ulations, as also indicated in other subspecies of Rangifer (Hegel,
Verbyla, Huettmann, & Barboza, 2012).
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Climate projections suggest that the rapid regime shifts ob-
served in winter (Peeters et al.,, 2019) and summer climate in
Svalbard represent a bellwether for future changes in other parts
of the Arctic (IPCC, 2013). Based on our results (see also Albon et
al., 2017), it seems likely that continued warming leads to a chang-
ing relative importance of seasons for reindeer population dynam-
ics, locally and at the meta-population level. ROS events and the
phenomenon of ice-locked pastures are anticipated to increase
further in frequency, magnitude and spatial extent, and not only
in Svalbard (Bintanja & Andry, 2017; Rennert, Roe, Putkonen, &
Bitz, 2009). Because the local impact of such events may depend
on the population state, often with a multiplicative effect at high
density due to the strong resource competition, a change in event
frequency will influence population stability and local extinction
probability in Rangifer (Hansen et al., 2019). Given the local varia-
tion in density-climate interactions found here, altered patterns of
large-scale population dynamics and synchrony can therefore also
be expected.

Other snow pack changes than basal ice formation, notably snow
depth (Tyler, 2010), may modify the effects of ROS events on win-
ter-feeding conditions (Peeters et al., 2019), and snowfall amount per
se was also found to have a negative effect on both the Adventdalen
and Brgggerhalvgya populations. Furthermore, a progressively lon-
ger snow-free season (Albon et al., 2017) and improved carrying ca-
pacity due to summer warming and ‘greening’ (which is likely highly
autocorrelated in space; Milner, Stien, & Van der Wal, 2018) can have
positive effects on population growth, both in the short and long run,
as observed in Adventdalen (but see Fauchald et al., 2017 for the low
Arctic). As demonstrated in this study, the net effect of changes in
environmental drivers linked with summer or winter warming could
be expected to vary spatially due to local variation in climate trends
and density-dependent responses, decoupling Rangifer population
dynamics in space and, potentially, reducing extinction risk (e.g.
Heino et al., 1997).

The results from this study have ecological implications far be-
yond the levels of population, meta-population and subspecies.
Like many other deer species (Coté, Rooney, Tremblay, Dussault,
& Waller, 2004), Svalbard reindeer play a key role in the ecosys-
tem through top-down and bottom-up effects of trophic inter-
actions. Impacts of grazing, trampling and high nutrient turnover
rates resulting from increased reindeer densities may cause vege-
tation state transitions from lichen- to moss- and graminoid-dom-
inated vegetation (Hansen et al., 2007; Van der Wal, 2006). Thus,
similar or contrasting long-term trends in abundance between
reindeer populations, distributed across large areas, may influ-
ence the spatial autocorrelation in vegetation structure, with im-
plications for other herbivores and ecosystem components (Ims &
Ehrich, 2013). Importantly, reindeer carcasses represent a major
food source for the Svalbard population of Arctic fox (Vulpes lago-
pus), and stochastic ROS events therefore cause lagged synchrony
in the two species’ population growth rates (Hansen et al., 2013).
The Arctic fox does not kill reindeer but is the most important
predator of the other overwintering herbivore, the Svalbard rock
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ptarmigan (Lagopus muta hyperborea), as well as migratory birds.
This key ecosystem role of Rangifer through trophic interaction
effects is not unique to Svalbard (Ims & Ehrich, 2013; Legagneux
et al., 2014). Thus, how future climate change affects the level and
spatial scaling of abundance synchrony in caribou and reindeer and,
in turn, their food plants and consumers, are likely to impact spatio-
temporal ecological dynamics occurring at the entire tundra com-

munity level.

ACKNOWLEDGEMENTS

This study was financed by the Norwegian Research Council through
projects 276080, 244647 and 223257 (Centres of Excellence fund-
ing scheme), as well as the Norwegian Polar Institute and Centre
for Biodiversity Dynamics at the Norwegian University of Science
and Technology. We thank numerous people for help in the field,
the Institute of Geophysics of the Polish Academy of Sciences
(Hornsund) and the Norwegian Meteorological Institute for weather
data, the Governor of Svalbard for providing reindeer helicopter
count data, and Jos Milner for comments and language corrections.

We declare no conflicts of interest.

ORCID

Brage Bremset Hansen https://orcid.org/0000-0001-8763-4361
https://orcid.org/0000-0002-2341-1035
https://orcid.org/0000-0002-3290-7091
https://orcid.org/0000-0002-5860-9252

Bart Peeters
Mathilde Le Moullec

Ivar Herfindal

REFERENCES

Aanes, R., Saether, B.-E., & @ritsland, N. A. (2000). Fluctuations of an
introduced population of Svalbard reindeer: The effects of density
dependence and climatic variation. Ecography, 23, 437-443. https://
doi.org/10.1111/j.1600-0587.2000.tb00300.x

Aanes, R., Saether, B.-E., Solberg, E. J., Aanes, S., Strand, O., & @ritsland, N. A.
(2003). Synchrony in Svalbard reindeer population dynamics. Canadian
Journal of Zoology, 81, 103-110. https://doi.org/10.1139/202-227

Albon, S. D., Irvine, R. J., Halvorsen, O., Langvatn, R, Loe, L. E., Ropstad,
E., ... Stien, A. (2017). Contrasting effects of summer and winter
warming on body mass explain population dynamics in a food-limited
Arctic herbivore. Global Change Biology, 23, 1374-1389. https://doi.
org/10.1111/gcb.13435

AMAP. (2017). Snow, water, ice and permafrost in the Arctic (SWIPA)
2017. Oslo, Norway: Arctic Monitoring and Assessment Programme
(AMAP).

Anders, A. D., & Post, E. (2006). Distribution-wide effects of cli-
mate on population densities of a declining migratory land-
bird. Journal of Animal Ecology, 75, 221-227. https://doi.
org/10.1111/j.1365-2656.2006.01034.x

Bates, D., Maechler, M., Bolker, B., & Walker, S. (2015). Fitting linear
mixed-effects models using Ime4. Journal of Statistical Software, 67,
1-48. https://doi.org/10.18637/jss.v067.i01

Berger, J., Hartway, C., Gruzdeyv, A., & Johnson, M. (2018). Climate deg-
radation and extreme icing events constrain life in cold-adapted
mammals. Scientific Reports, 8, 1156. https://doi.org/10.1038/
s41598-018-19416-9

Bintanja, R., & Andry, O. (2017). Towards a rain-dominated Arctic. Nature
Climate Change, 7, 263-267. https://doi.org/10.1038/nclimate3240

Bjarnstad, O. N. (2016) ncf: Spatial nonparametric covariance functions.
R package.

Bjgrnstad, O. N., & Falck, W. (2001). Nonparametric spatial covariance
functions: Estimation and testing. Environmental and Ecological
Statistics, 8, 53-70.

Bjgrnstad, O. N., Ims, R. A., & Lambin, X. (1999). Spatial population dy-
namics: Analyzing patterns and processes of population synchrony.
Trends in Ecology & Evolution, 14, 427-432. https://doi.org/10.1016/
S0169-5347(99)01677-8

Coté, S. D., Dallas, J. F., Marshall, F,, Irvine, R. J., Langvatn, R., & Albon,
S. D. (2002). Microsatellite DNA evidence for genetic drift and philo-
patry in Svalbard reindeer. Molecular Ecology, 11, 1923-1930. https://
doi.org/10.1046/j.1365-294X.2002.01582.x

Coté, S. D., Rooney, T. P., Tremblay, J. P, Dussault, C., & Waller, D. M.
(2004). Ecological impacts of deer overabundance. Annual Review
of Ecology Evolution and Systematics, 35, 113-147. https://doi.
org/10.1146/annurev.ecolsys.35.021103.105725

Coulson, T., Catchpole, E. A., Albon, S. D., Morgan, B. J., Pemberton, J.
M., Clutton-Brock, T. H,, ... Grenfell, B. T. (2001). Age, sex, density,
winter weather, and population crashes in Soay sheep. Science, 292,
1528-1531. https://doi.org/10.1126/science.292.5521.1528

Defriez, E. J., & Reuman, D. C. (2017). A global geography of synchrony
for terrestrial vegetation. Global Ecology and Biogeography, 26, 878-
888. https://doi.org/10.1111/geb.12595

Defriez, E. J., Sheppard, L. W., Reid, P. C., & Reuman, D. C. (2016). Climate
change-related regime shifts have altered spatial synchrony of plank-
ton dynamics in the North Sea. Global Change Biology, 22, 490-502.
https://doi.org/10.1111/gcb.13229

Derocher, A. E., Wiig, O., & Bangjord, G. (2000). Predation of Svalbard
reindeer by polar bears. Polar Biology, 23, 675-678. https://doi.
org/10.1007/s003000000138

Engen, S., Lande, R., & Seether, B. E. (2002). The spatial scale of popula-
tion fluctuations and quasi-extinction risk. The American Naturalist,
160, 439-451. https://doi.org/10.1086/342072

Engen,S.,Lande,R.,Saether,B.E.,&Bregnballe, T.(2005). Estimating the pat-
tern of synchrony in fluctuating populations. Journal of Animal Ecology,
74, 601-611. https://doi.org/10.1111/j.1365-2656.2005.00942.x

Engen, S., & Sather, B.-E. (2005). Generalizations of the Moran effect
explaining spatial synchrony in population fluctuations. The American
Naturalist, 166, 603-612. https://doi.org/10.1086/491690

Fauchald, P., Park, T., Tammervik, H., Myneni, R., & Hausner, V. H. (2017).
Arctic greening from warming promotes declines in caribou populations.
Science Advances, 3,e1601365. https://doi.org/10.1126/sciadv.1601365

Festa-Bianchet, M., Ray, J. C., Boutin, S., C6té, S. D., & Gunn, A. (2011).
Conservation of caribou (Rangifer tarandus) in Canada: An uncer-
tain future. Canadian Journal of Zoology, 89, 419-434. https://doi.
org/10.7557/2.37.1.4103

Forbes, B. C., Kumpula, T., Meschtyb, N., Laptander, R., Macias-Fauria,
M., Zetterberg, P., ... Bartsch, A. (2016). Sea ice, rain-on-snow and
tundra reindeer nomadism in Arctic Russia. Biology Letters, 12,
20160466. https://doi.org/10.1098/rsbl.2016.0466

Forchhammer, M., & Boertmann, D. (1993). The muskoxen Ovibos moscha-
tus in north and northeast Greenland - Population trends and the in-
fluence of abiotic parameters on population-dynamics. Ecography, 16,
299-308. https:/doi.org/10.1111/j.1600-0587.1993.tb00219.x

Grenfell, B. T., Wilson, K., Finkenstadt, B. F., Coulson, T. N., Murray,
S., Albon, S. D, ... Crawley, M. J. (1998). Noise and determinism in
synchronized sheep dynamics. Nature, 394, 674-677. https://doi.

org/10.1038/29291
Grgtan, V., Sether, B.-E., Engen, S., Solberg, E. J,, Linnell, J. D. C.,
Andersen, R., ... Lund, E. (2005). Climate causes large-scale spa-

tial synchrony in population fluctuations of a temperate herbivore.
Ecology, 86, 1472-1482. https://doi.org/10.1890/04-1502


https://orcid.org/0000-0001-8763-4361
https://orcid.org/0000-0001-8763-4361
https://orcid.org/0000-0002-2341-1035
https://orcid.org/0000-0002-2341-1035
https://orcid.org/0000-0002-3290-7091
https://orcid.org/0000-0002-3290-7091
https://orcid.org/0000-0002-5860-9252
https://orcid.org/0000-0002-5860-9252
https://doi.org/10.1111/j.1600-0587.2000.tb00300.x
https://doi.org/10.1111/j.1600-0587.2000.tb00300.x
https://doi.org/10.1139/z02-227
https://doi.org/10.1111/gcb.13435
https://doi.org/10.1111/gcb.13435
https://doi.org/10.1111/j.1365-2656.2006.01034.x
https://doi.org/10.1111/j.1365-2656.2006.01034.x
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1038/s41598-018-19416-9
https://doi.org/10.1038/s41598-018-19416-9
https://doi.org/10.1038/nclimate3240
https://doi.org/10.1016/S0169-5347(99)01677-8
https://doi.org/10.1016/S0169-5347(99)01677-8
https://doi.org/10.1046/j.1365-294X.2002.01582.x
https://doi.org/10.1046/j.1365-294X.2002.01582.x
https://doi.org/10.1146/annurev.ecolsys.35.021103.105725
https://doi.org/10.1146/annurev.ecolsys.35.021103.105725
https://doi.org/10.1126/science.292.5521.1528
https://doi.org/10.1111/geb.12595
https://doi.org/10.1111/gcb.13229
https://doi.org/10.1007/s003000000138
https://doi.org/10.1007/s003000000138
https://doi.org/10.1086/342072
https://doi.org/10.1111/j.1365-2656.2005.00942.x
https://doi.org/10.1086/491690
https://doi.org/10.1126/sciadv.1601365
https://doi.org/10.7557/2.37.1.4103
https://doi.org/10.7557/2.37.1.4103
https://doi.org/10.1098/rsbl.2016.0466
https://doi.org/10.1111/j.1600-0587.1993.tb00219.x
https://doi.org/10.1038/29291
https://doi.org/10.1038/29291
https://doi.org/10.1890/04-1502

HANSEN ET AL.

Gunn, A, Russell, D., White, R. G., & Kofinas, G. (2009). Facing a future of
change: Wild migratory caribou and reindeer. Arctic, 62, iii-vi. https://
doi.org/10.14430/arctic145

Hansen, B. B., Aanes, R., Herfindal, I., Kohler, J., & Sather, B.-E.
(2011). Climate, icing, and wild arctic reindeer: Past relation-
ships and future prospects. Ecology, 92, 1917-1923. https://doi.
org/10.1890/11-0095.1

Hansen, B. B., Aanes, R., & Sather, B.-E. (2010). Partial seasonal mi-
gration in high-arctic Svalbard reindeer (Rangifer tarandus platy-
rhynchus). Canadian Journal of Zoology, 88, 1202-1209. https://doi.
org/10.1139/Z10-086

Hansen, B. B., Gamelon, M., Albon, S. D., Lee, A. M., Stien, A., Irvine, R.
J., ... Grgtan, V. (2019). More frequent extreme climate events stabi-
lize reindeer population dynamics. Nature Communications, 10, 1616.
https://doi.org/10.1038/s41467-019-09332-5

Hansen, B. B., Grotan, V., Aanes, R., Saether, B.-E., Stien, A., Fuglei, E.,
... Pedersen, A. O. (2013). Climate events synchronize the dynamics
of a resident vertebrate community in the high Arctic. Science, 339,
313-315. https://doi.org/10.1126/science.1226766

Hansen, B. B., Henriksen, S., Aanes, R., & Sather, B.-E. (2007). Ungulate
impact on vegetation in a two-level trophic system. Polar Biology, 30,
549-558. https://doi.org/10.1007/s00300-006-0212-8

Hansen, B. B., Isaksen, K., Benestad, R. E., Kohler, J., Pedersen, A.
@., Loe, L. E., ... Varpe, @. (2014). Warmer and wetter winters:
Characteristics and implications of an extreme weather event in the
High Arctic. Environmental Research Letters, 9, 114021. https://doi.
org/10.1088/1748-9326/9/11/114021

Hegel, T. M., Verbyla, D., Huettmann, F., & Barboza, P. S. (2012).
Spatial synchrony of recruitment in mountain-dwelling woodland
caribou. Population Ecology, 54, 19-30. https://doi.org/10.1007/
s10144-011-0275-4

Heino, M., Kaitala, V., Ranta, E., & Lindstrom, J. (1997). Synchronous dy-
namics and rates of extinction in spatially structured populations.
Proceedings of the Royal Society of London Series B-Biological Sciences,
264,481-486. https://doi.org/10.1098/rspb.1997.0069

Hilborn, R., Quinn, T. P., Schindler, D. E., & Rogers, D. E. (2003).
Biocomplexity and fisheries sustainability. Proceedings of the National
Academy of Sciences of the United States of America, 100, 6564-6568.
https://doi.org/10.1073/pnas.1037274100

Ims, R. A, & Andreassen, H. P.(2000). Spatial synchronization of vole pop-
ulation dynamics by predatory birds. Nature, 408, 194-196. https://
doi.org/10.1038/35041562

Ims, R. A., & Ehrich, D. (2013). Terrestrial ecosystems. In H. Meltofte
(Ed.), Arctic biodiversity assessment: Status and trends in Arctic biodi-
versity (pp. 384-440). Akureyri: CAFF.

Ims, R. A., & Fuglei, E. (2005). Trophic interaction cycles in tundra ecosys-
temsandtheimpactofclimatechange.BioScience,55,311-322.https://
doi.org/10.1641/0006-3568(2005)055[0311:TICITE]2.0.CO;2

IPCC. (2013). Climate change 2014: The physical science basis.
Contribution of working group | to the Fifth Assessment Report of
the Intergovernmental Panel on Climate Change. Cambridge & New
York: Cambridge University Press.

Jia, G. J,, Epstein, H. E., & Walker, D. A. (2003). Greening of arctic Alaska,
1981-2001. Geophysical Research Letters, 30, 2067. https://doi.
org/10.1029/2003GL018268

Johansen, B. E., Karlsen, S. R., & Tammervik, H. (2012). Vegetation map-
ping of Svalbard utilising Landsat TM/ETM+ data. Polar Record, 48,
47-63. https://doi.org/10.1017/S0032247411000647

Killick, R., Haynes, K., & Eckley, I. (2016). Changepoint: An R package for
changepoint analysis. R package version 2.2.2.

Koenig, W. D. (1999). Spatial autocorrelation of ecological phenomena.
Trends in Ecology & Evolution, 14, 22-26. https://doi.org/10.1016/
S0169-5347(98)01533-X

Koenig, W. D., & Knops, J. M. H. (1998). Scale of mast-seeding and tree-
ring growth. Nature, 396, 225-226. https://doi.org/10.1038/24293

‘Global Change Biology g4V LEYM

Koenig, W. D., & Knops, J. M. (2013). Large-scale spatial synchrony and
cross-synchrony in acorn production by two California oaks. Ecology,
94, 83-93. https://doi.org/10.1890/12-0940.1

Kohler, J., & Aanes, R. (2004). Effect of winter snow and ground-icing
on a Svalbard reindeer population: Results of a simple snowpack
model. Arctic Antarctic and Alpine Research, 36, 333-341. https://doi.
org/10.1657/1523-0430(2004)036[0333:EOWSAG]2.0.CO;2

Lande, R., Engen, S., & Saether, B.-E. (1999). Spatial scale of population syn-
chrony: Environmental correlation versus dispersal and density regulation.
The American Naturalist, 154, 271-281. https://doi.org./10.1086/303240

Le Moullec, M., Buchwal, A., Van der Wal, R., Sandal, L., & Hansen, B.
B. (2019). Annual ring growth of a widespread high-arctic shrub re-
flects past fluctuations in community-level plant biomass. Journal of
Ecology, 107, 436-451. https://doi.org/10.1111/1365-2745.13036

Le Moullec, M., Pedersen, A @, Yoccoz, N. G., Aanes, R., Tufto, J., &
Hansen, B. B. (2017). Ungulate population monitoring in an open
tundra landscape: Distance sampling versus total counts. Wildlife
Biology, 2017, wib.00299. https://doi.org/10.2981/wlb.00299

Legagneux, P., Gauthier, G., Lecomte, N., Schmidt, N. M., Reid, D., Cadieux,
M.-C,, ... Gravel, D. (2014). Arctic ecosystem structure and functioning
shaped by climate and herbivore body size. Nature Climate Change, 4,
379-383. https:/doi.org/10.1038/nclimate2168

Liebhold,A., Koenig, W.D., & Bjgrnstad, O.N.(2004). Spatial synchrony in pop-
ulation dynamics. Annual Review of Ecology, Evolution, and Systematics, 35,
467-490. https://doi.org/10.1146/annurev.ecolsys.34.011802.132516

Loe, L. E., Hansen, B. B, Stien, A., D. Albon, S., Bischof, R., Carlsson, A.,
... Mysterud, A. (2016). Behavioral buffering of extreme weather
events in a high-Arctic herbivore. Ecosphere, 7, e01374. https://doi.
org/10.1002/ecs2.1374

Mallory, C. D., & Boyce, M. S. (2017). Observed and predicted effects
of climate change on Arctic caribou and reindeer. Environmental
Reviews, 26, 13-25. https://doi.org/10.1139/er-2017-0032

Mallory, C. D., Campbell, M. W., & Boyce, M. S. (2018). Climate influ-
ences body condition and synchrony of barren-ground caribou abun-
dance in Northern Canada. Polar Biology, 41, 855-864. https://doi.
org/10.1007/s00300-017-2248-3

Miller, F. L., & Gunn, A. (2003). Catastrophic die-off of Peary caribou on
the western queen Elizabeth Islands, Canadian High Arctic. Arctic,
56, 381-390.

Milner, J. M., Stien, A., & Van der Wal, R. (2018). Retrospective growth
analysis of the dwarf shrub Cassiope tetragona allows local estima-
tion of vascular plant productivity in high arctic Svalbard. Journal of
Vegetation Science, 29, 943-951.

Moran, P. A. P. (1953). The statistical analysis of the Canadian lynx cycle.
Il. Synchronization and meteorology. Australian Journal of Zoology, 1,
291-298. https://doi.org/10.1071/Z09530291

Peeters, B., Pedersen, A. @., Loe, L. E., Isaksen, K., Veiberg, V., Stien, A.,
... Hansen, B. B. (2019). Spatiotemporal patterns of rain-on-snow and
basal ice in high Arctic Svalbard: Detection of a climate-cryosphere
regime shift. Environmental Research Letters, 14, 015002. https://doi.
org/10.1088/1748-9326/aaefb3

Peeters, B., Veiberg, V., Pedersen, A. @., Stien, A., Irvine, R. J., Aanes,
R., ... Hansen, B. B. (2017). Climate and density dependence cause
changes in adult sex ratio in a large Arctic herbivore. Ecosphere, 8,
e01699. https://doi.org/10.1002/ecs2.1699

Poole,K.G.,Cuyler, C.,&Nymand, J.(2013). Evaluation of caribou Rangifer
tarandus groenlandicus survey methodology in West Greenland.
Wildlife Biology, 19, 225-239. https://doi.org/10.2981/12-004

Post, E., Brodie, J., Hebblewhite, M., Anders, A. D., Maier, J. A. K., &
Wilmers, C. C. (2009). Global population dynamics and hot spots
of response to climate change. BioScience, 59, 489-497. https://doi.
org/10.1525/bi0.2009.59.6.7

Post, E., & Forchhammer, M. C. (2002). Synchronization of animal popu-
lation dynamics by large-scale climate. Nature, 420, 168-171. https://
doi.org/10.1038/nature01064


https://doi.org/10.14430/arctic145
https://doi.org/10.14430/arctic145
https://doi.org/10.1890/11-0095.1
https://doi.org/10.1890/11-0095.1
https://doi.org/10.1139/Z10-086
https://doi.org/10.1139/Z10-086
https://doi.org/10.1038/s41467-019-09332-5
https://doi.org/10.1126/science.1226766
https://doi.org/10.1007/s00300-006-0212-8
https://doi.org/10.1088/1748-9326/9/11/114021
https://doi.org/10.1088/1748-9326/9/11/114021
https://doi.org/10.1007/s10144-011-0275-4
https://doi.org/10.1007/s10144-011-0275-4
https://doi.org/10.1098/rspb.1997.0069
https://doi.org/10.1073/pnas.1037274100
https://doi.org/10.1038/35041562
https://doi.org/10.1038/35041562
https://doi.org/10.1641/0006-3568(2005)055%5B0311:TICITE%5D2.0.CO;2
https://doi.org/10.1641/0006-3568(2005)055%5B0311:TICITE%5D2.0.CO;2
https://doi.org/10.1029/2003GL018268
https://doi.org/10.1029/2003GL018268
https://doi.org/10.1017/S0032247411000647
https://doi.org/10.1016/S0169-5347(98)01533-X
https://doi.org/10.1016/S0169-5347(98)01533-X
https://doi.org/10.1038/24293
https://doi.org/10.1890/12-0940.1
https://doi.org/10.1657/1523-0430(2004)036%5B0333:EOWSAG%5D2.0.CO;2
https://doi.org/10.1657/1523-0430(2004)036%5B0333:EOWSAG%5D2.0.CO;2
https://doi.org./10.1086/303240
https://doi.org/10.1111/1365-2745.13036
https://doi.org/10.2981/wlb.00299
https://doi.org/10.1038/nclimate2168
https://doi.org/10.1146/annurev.ecolsys.34.011802.132516
https://doi.org/10.1002/ecs2.1374
https://doi.org/10.1002/ecs2.1374
https://doi.org/10.1139/er-2017-0032
https://doi.org/10.1007/s00300-017-2248-3
https://doi.org/10.1007/s00300-017-2248-3
https://doi.org/10.1071/ZO9530291
https://doi.org/10.1088/1748-9326/aaefb3
https://doi.org/10.1088/1748-9326/aaefb3
https://doi.org/10.1002/ecs2.1699
https://doi.org/10.2981/12-004
https://doi.org/10.1525/bio.2009.59.6.7
https://doi.org/10.1525/bio.2009.59.6.7
https://doi.org/10.1038/nature01064
https://doi.org/10.1038/nature01064

HANSEN ET AL.

3668 — -
\W2IB 2% Global Change Biolog

Post, E., & Forchhammer, M. C. (2004). Spatial synchrony of local pop-
ulations has increased in association with the recent Northern
Hemisphere climate trend. Proceedings of the National Academy of
Sciences of the United States of America, 101, 9286-9290. https://doi.
org/10.1073/pnas.0305029101

Post, E., Forchhammer, M. C., Bret-Harte, M. S., Callaghan, T. V,,
Christensen, T. R., Elberling, B., ... Aastrup, P. (2009). Ecological
dynamics across the Arctic associated with recent climate change.
Science, 325, 1355-1358. https://doi.org/10.1126/science. 1173113

Putkonen, J., & Roe, G. (2003). Rain-on-snow events impact soil tem-
peratures and affect ungulate survival. Geophysical Research Letters,
30. https://doi.org/10.1029/2002GL016326

R Core Team. (2018). R: A language and environment for statistical comput-
ing. Vienna, Austria: R Foundation for Statistical Computing.

Ranta, E., Kaitala, V., Lindstrom, J., & Linden, H. (1995). Synchrony in
population dynamics. Proceedings of the Royal Society of London
B: Biological Sciences, 262, 113-118. https://doi.org/10.1098/
rspbh.1995.0184

Rennert, K. J,, Roe, G., Putkonen, J., & Bitz, C. M. (2009). Soil thermal and
ecological impacts of rain on snow events in the circumpolar Arctic.
Journal of Climate, 22, 2302-2315. https://doi.org/10.1175/2008)
CLI2117.1

Royama, T. (1992). Analytical population dynamics. London: Chapman &
Hall.

Saether, B.-E. (1997). Environmental stochasticity and population dynamics of
large herbivores: A search for mechanisms. Trends in Ecology & Evolution,
12, 143-149. https://doi.org/10.1016/50169-5347(96)10068-9

Sether, B.-E., Engen, S., Grgtan, V., Fiedler, W., Matthysen, E., Visser,
M. E., ... Winkel, W. (2007). The extended Moran effect and large-
scale synchronous fluctuations in the size of great tit and blue tit
populations. Journal of Animal Ecology, 76, 315-325. https://doi.
org/10.1111/j.1365-2656.2006.01195.x

Sether, B.-E., Engen, S., Mgller, A. P., Matthysen, E., Adriaensen, F.,
Fiedler, W., ... Thomson, D. (2003). Climate variation and regional
gradients in population dynamics of two hole-nesting passerines.
Proceedings of the Royal Society of London B: Biological Sciences, 270,
2397-2404. https://doi.org/10.1098/rspb.2003.2499

Sakshaug, E., Johnsen, G. H., & Kovacs, K. M. (2009). Ecosystem Barents
Sea. Trondheim, Norway: Tapir Academic Press.

Sheppard, L. W., Bell, J. R., Harrington, R., & Reuman, D. C. (2016). Changes
in large-scale climate alter spatial synchrony of aphid pests. Nature
Climate Change, 6, 610-613. https:/doi.org/10.1038/nclimate2881

Solberg, E. J., Jordhoy, P, Strand, O., Aanes, R., Loison, A., Sether, B.-E.,
& Linnell, J. D. C. (2001). Effects of density-dependence and climate
on the dynamics of a Svalbard reindeer population. Ecography, 24,
441-451. https://doi.org/10.1034/j.1600-0587.2001.d01-200.x

Stenseth, N. C., Chan, K.-S., Tong, H., Boonstra, R., Boutin, S., Krebs, C.
J., ... Hurrell, J. W. (1999). Common dynamic structure of Canada lynx
populations within three climatic regions. Science, 285, 1071-1073.
https://doi.org/10.1126/science.285.5430.1071

Stien, A., Ims, R. A, Albon, S. D., Fuglei, E., Irvine, R. J,, Ropstad, E., ...
Yoccoz, N. G. (2012). Congruent responses to weather variability
in high arctic herbivores. Biology Letters, 8, 1002-1005. https://doi.
org/10.1098/rsbl.2012.0764

Tews, J., Ferguson, M. A. D., & Fahrig, L. (2007). Potential net effects of
climate change on High Arctic Peary caribou: Lessons from a spatially

explicit simulation model. Ecological Modelling, 207, 85-98. https://
doi.org/10.1016/j.ecolmodel.2007.04.011

Tyler, N. J. C. (2010). Climate, snow, ice, crashes, and declines in pop-
ulations of reindeer and caribou (Rangifer tarandus L.). Ecological
Monographs, 80, 197-219. https://doi.org/10.1890/09-1070.1

Tyler, N. J. C., Forchhammer, M. C., & @ritsland, N. A. (2008). Nonlinear
effects of climate and density in the dynamics of a fluctuat-
ing population of reindeer. Ecology, 89, 1675-1686. https://doi.
org/10.1890/07-0416.1

Tyler, N. J. C., & @ritsland, N. A. (1989). Why don’t Svalbard rein-
deer migrate. Holarctic Ecology, 12, 369-376. https://doi.
org/10.1111/j.1600-0587.1989.tb00911.x

Uboni, A., Horstkotte, T., Kaarlejarvi, E., Sévéque, A., Stammler, F,,
Olofsson, J., ... Moen, J. (2016). Long-term trends and role of cli-
mate in the population dynamics of Eurasian reindeer. PLoS ONE, 11,
e0158359. https://doi.org/10.1371/journal.pone.0158359

Van der Wal, R. (2006). Do herbivores cause habitat degradation or veg-
etation state transition? Evidence from the tundra. Oikos, 114, 177-
186. https://doi.org/10.1111/j.2006.0030-1299.14264.x

Van der Wal, R., & Stien, A. (2014). High arctic plants like it hot: A long-
term investigation of between-year variability in plant biomass.
Ecology, 95, 3414-3427. https://doi.org/10.1890/14-0533.1

Van Pelt, W. J. J,, Kohler, J,, Liston, G. E., Hagen, J. O., Luks, B., Reijmer, C.
H., & Pohjola, V. A. (2016). Multidecadal climate and seasonal snow
conditions in Svalbard. Journal of Geophysical Research: Earth Surface,
121, 2100-2117. https://doi.org/10.1002/2016JF003999

Vickers, H., Hggda, K. A., Solbg, S., Karlsen, S. R., Temmervik, H.,
Aanes, R., & Hansen, B. B. (2016). Changes in greening in the high
Arctic: Insights from a 30 year AVHRR max NDVI dataset for
Svalbard. Environmental Research Letters, 11, 105004. https://doi.
org/10.1088/1748-9326/11/10/105004

Vors, L. S., & Boyce, M. S. (2009). Global declines of caribou and
reindeer. Global Change Biology, 15, 2626-2633. https://doi.
org/10.1111/j.1365-2486.2009.01974.x

Walter, J. A., Sheppard, L. W., Anderson, T. L., Kastens, J. H., Bjgrnstad,
O. N, Liebhold, A. M., & Reuman, D. C. (2017). The geography of spa-
tial synchrony. Ecology Letters, 20, 801-814. https://doi.org/10.1111/
ele.12782

Ydenberg, R. C. (1987). Nomadic predators and geographical synchrony
in microtine population cycles. Oikos, 50, 270-272. https://doi.
org/10.2307/3566014

SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Hansen BB, Pedersen A@, Peeters B,
et al. Spatial heterogeneity in climate change effects
decouples the long-term dynamics of wild reindeer
populations in the high Arctic. Glob Change Biol.
2019;25:3656-3668. https://doi.org/10.1111/gcb.14761



https://doi.org/10.1073/pnas.0305029101
https://doi.org/10.1073/pnas.0305029101
https://doi.org/10.1126/science.1173113
https://doi.org/10.1029/2002GL016326
https://doi.org/10.1098/rspb.1995.0184
https://doi.org/10.1098/rspb.1995.0184
https://doi.org/10.1175/2008JCLI2117.1
https://doi.org/10.1175/2008JCLI2117.1
https://doi.org/10.1016/S0169-5347(96)10068-9
https://doi.org/10.1111/j.1365-2656.2006.01195.x
https://doi.org/10.1111/j.1365-2656.2006.01195.x
https://doi.org/10.1098/rspb.2003.2499
https://doi.org/10.1038/nclimate2881
https://doi.org/10.1034/j.1600-0587.2001.d01-200.x
https://doi.org/10.1126/science.285.5430.1071
https://doi.org/10.1098/rsbl.2012.0764
https://doi.org/10.1098/rsbl.2012.0764
https://doi.org/10.1016/j.ecolmodel.2007.04.011
https://doi.org/10.1016/j.ecolmodel.2007.04.011
https://doi.org/10.1890/09-1070.1
https://doi.org/10.1890/07-0416.1
https://doi.org/10.1890/07-0416.1
https://doi.org/10.1111/j.1600-0587.1989.tb00911.x
https://doi.org/10.1111/j.1600-0587.1989.tb00911.x
https://doi.org/10.1371/journal.pone.0158359
https://doi.org/10.1111/j.2006.0030-1299.14264.x
https://doi.org/10.1890/14-0533.1
https://doi.org/10.1002/2016JF003999
https://doi.org/10.1088/1748-9326/11/10/105004
https://doi.org/10.1088/1748-9326/11/10/105004
https://doi.org/10.1111/j.1365-2486.2009.01974.x
https://doi.org/10.1111/j.1365-2486.2009.01974.x
https://doi.org/10.1111/ele.12782
https://doi.org/10.1111/ele.12782
https://doi.org/10.2307/3566014
https://doi.org/10.2307/3566014
https://doi.org/10.1111/gcb.14761

