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1 | INTRODUCTION
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Abstract

Habitat connectivity is a key factor influencing species range dynamics. Rapid warm-
ing in the Arctic is leading to widespread heterogeneous shrub expansion, but im-
pacts of these habitat changes on range dynamics for large herbivores are not well
understood. We use the climate-shrub-moose system of northern Alaska as a case
study to examine how shrub habitat will respond to predicted future warming, and
how these changes may impact habitat connectivity and the distribution of moose
(Alces alces). We used a 19 year moose location dataset, a 568 km transect of field
shrub sampling, and forecasted warming scenarios with regional downscaling to map
current and projected shrub habitat for moose on the North Slope of Alaska. The
tall-shrub habitat for moose exhibited a dendritic spatial configuration correlated
with river corridor networks and mean July temperature. Warming scenarios predict
that moose habitat will more than double by 2099. Forecasted warming is predicted
to increase the spatial cohesion of the habitat network that diminishes effects of
fragmentation, which improves overall habitat quality and likely expands the range
of moose. These findings demonstrate how climate change may increase habitat con-
nectivity and alter the distributions of shrub herbivores in the Arctic, including crea-

tion of novel communities and ecosystems.
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Experimental studies using increased temperature, shrub dendro-
chronology, and spatial correlation between summer temperature

Globally, many species are shifting their range in response to
changes in climate (Parmesan & Yohe, 2003; Root et al., 2003).
Climate-driven shrub expansion is one example of a global range
shift (Myers-Smith et al., 2011; Naito & Cairns, 2011a) occurring
across tundra and alpine ecosystems, including circumarctic re-
gions (Tape, Sturm, & Racine, 2006), European and Australian Alps
(Anthelme, Villaret, & Brun, 2007; Cannone, Sgorbati, & Guglielmin,
2007; McDougall, 2003), and the Tibetan Plateau (Brandt, Haynes,
Kuemmerle, Waller, & Radeloff, 2013; Zhao, Wu, & Yin, 2011).

and shrub growth indicate that summer temperature strongly af-
fects the growth of shrubs in tundra ecosystems (Elmendorf et al.,
2012; Forbes, Fauria, & Zetterberg, 2010; Hallinger, Manthey, &
Wilmking, 2010; Walker et al., 2006; Wang et al., 2019). The expan-
sion of shrubs may be facilitating range shifts for shrub-dependent
species in the Arctic, such as moose (Alces alces), snowshoe hares
(Lepus americanus), and migratory songbirds (Boelman et al., 2015;
Tape, Christie, Carroll, & O’Donnell, 2016; Tape, Gustine, Ruess,
Adams, & Clark, 2016; Wheeler, Hgye, & Svenning, 2018). How
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shrub expansion will influence patterns and processes of range
shift dynamics at the expanding edge in the Arctic is not well
understood.

Shrub expansion in the Arctic has broad implications for ecosys-
tem functioning. The presence of shrubs alters surface energy fluxes
(Chapin, Eugster, McFadden, Lynch, & Walker, 2000; Chapin et al.,
2005; Liston, Mcfadden, Sturm, & Pielke, 2002; Sturm et al., 2001),
nutrient and element cycling (Jackson, Banner, Jobbagy, Pockman,
& Wall, 2002; Kielland, 2001), surface water and moisture influxes
(Liston et al., 2002; Sturm et al., 2001), and biotic interactions and
community structure (Blois, Zarnetske, Fitzpatrick, & Finnegan,
2013; Myers-Smith et al., 2011; Post et al., 2009; Walther et al.,
2002). Herbivore colonization facilitated by shrub expansion in arc-
tic riparian corridors (Hall Jr., 1973; Tape, Christie, et al., 2016; Tape,
Gustine, et al., 2016) could accelerate ecosystem turnover of carbon
and nitrogen (Bryant, 1987; Butler & Kielland, 2008; Kielland, Bryant,
& Ruess, 1997) and alter shrub structure, productivity, and commu-
nity composition (Bryant, 1987; Butler, Kielland, Rupp, & Hanley,
2007; Olofsson & Post, 2018; Tape, Lord, Marshall, & Ruess, 2010).

The arrival of new herbivores may also alter biotic interactions
and create novel ecosystems in the Arctic. For example, recent col-
onizers like moose and possibly snowshoe hares may compete with
ptarmigan (Lagopus lagopus), as well as with each other, for forage
on the North Slope of Alaska (hereafter the North Slope) (Zhou,
Prugh, Tape, Kofinas, & Kielland, 2017). Through apparent compe-
tition (Holt, 1977), moose expansion may also facilitate an increase
in shared predators (e.g., wolves: Canis lupus, and bears: Ursus arc-
tos) with caribou (Rangifer tarandus). Habitat alteration has increased
moose and deer (Odocoileus spp.) populations in southwestern
Canada, for instance, which has increased wolf density and threat-
ens woodland caribou (R. tarandus caribou) populations through in-
cidental predation (Latham, Latham, McCutchen, & Boutin, 2011;
Wittmer, Sinclair, & McLellan, 2005). Thus, shrub expansion and its
associated herbivores is predicted to have strong impacts on local
community structure and ecosystem functioning (Kielland, Bryant, &
Ruess, 2006), though it remains unclear the specific effects of shrub
habitat connectivity on large herbivore distribution and population
dynamics.

Structural connectedness of habitat patches facilitates move-
ment of organisms within a landscape (Hanski, 1999). Since the de-
velopment of the niche concept in relation to species distribution
(Grinnell, 1917), modern theories of species distribution have rec-
ognized dispersal as a key component, together with abiotic habitat
conditions (environmental niche) and biotic interactions (Guisan &
Thuiller, 2005; Pulliam, 2000; Soberén, 2007). In a patchy landscape,
movement via source-sink dynamics among local populations main-
tains the persistent occupancy of sink habitat patches (Hanski, 1998;
Pulliam, 1988), and thus influences range dynamics, where disper-
sal balances local extinction and colonization rates (Hanski, 1999;
Soberén, 2007). By combining the theories of spatial movement (i.e.,
metapopulation and source-sink dynamics) and the Hutchinsonian
niche concept (Hutchinson, 1957), species distributions can be pre-

dicted in a given geographic space (Pulliam, 2000; Soberén, 2007).

Understanding patterns and dynamics of dispersal barriers, there-
fore, will improve accuracy and reduce uncertainties in the predic-
tions of distributions under climate change (Aratjo & Guisan, 2006).
In this paper, we use the climate-shrub-moose system of northern
Alaska to examine how shrub habitat will respond to forecasted fu-
ture warming, including how these changes may impact habitat con-
nectivity and dispersal dynamics of a shrub herbivore at the edge of
its range.

Retrospective analyses show that moose colonized the North
Slope in early 1900s (Coady, 1980; Hall Jr., 1973; Tape, Gustine,
et al., 2016), as shrub expansion created new ecological conditions.
It is unknown how moose habitat will change in the future if shrubs
expand in the tundra and habitat patches possibly coalesce. Our ob-
jectives were to (a) create a detailed, current moose distribution map;
(b) predict future trends in tall-shrub habitat for moose under differ-
ent warming scenarios; (c) describe patterns and spatial structure of
future habitat dynamics on the North Slope; and (d) understand how
climate-induced habitat expansion could influence habitat connec-
tivity and range shift dynamics. To address our objectives, we de-
veloped a species distribution model (Phillips, Anderson, & Schapire,
2006) in conjunction with a simpler temperature-threshold model to
estimate moose habitat. Moose habitat was then projected under
forecasted warming scenarios to assess potential changes in moose
habitat and connectivity in the future. We hypothesize that shrub
expansion will increase the structural connectivity of patch net-
works, which in turn will accelerate moose range extension in the
river corridor systems. This research contributes to improved pre-

dictions of species responses to climate change.

2 | METHODS
2.1 | Study area

The arctic tundra of northern Alaska covers three major physi-
ographic regions: the Brooks Range, Arctic Foothills, and Arctic
Coastal Plain (67.76°-71.37°N, 140.97°-166.22°W). The North
Slope in our study area starts from the edge of the Brooks Range
mountains in the south and continues onto the open and flat areas of
Arctic Coastal Plain. Low arctic vegetation features mainly commu-
nities of dwarf shrubs, sporadic tall-shrubs (>1 m), tussocks formed
with graminoid and sedge species, and moss tundra (Walker et al.,
2005). River and creek drainage systems, where most shrub ex-
pansion occurs, host riparian communities of plants dominated by
tall-shrubs such as feltleaf willow (Salix alexensis) and Siberian alder
(Alnus viridis ssp. fruticosa; Tape, Hallinger, Welker, & Ruess, 2012).
Feltleaf willow, a key forage species for moose, is an early succes-
sional species that generally occupies active floodplain corridors
and tributary creeks. Patches of tall feltleaf willows with herbaceous
plants growing between shrub stands serve as critical habitat for
herbivores like moose, where they have greater accessibility and
mobility during browsing while reducing dangers from predation
(Mould, 1977; Zhou et al., 2017).
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2.2 | Shrub surveys

We measured riparian habitat characteristics along a 568 km tran-
sect crossing three physiographic regions including major environ-
mental gradients, which we accessed via an inflatable boat over a
3 week period in August 2015. We randomly selected 59 sampling
sites in riparian areas of three connected rivers: Nigu, Etiviuk, and
Colville Rivers. At each site, we sampled a 50 m transect perpendicu-
lar to the river. Along each 50 m transect, we selected five points (at
10, 20, 30, 40, and 50 m) and at each point, we selected four nearest
shrubs within a radius of 5 m. To obtain shrub height and canopy
diameter, we measured the height of the tallest live branch of the
thicket and averaged the minimum and maximum of canopy diam-
eter of the live shrub stands. Among the 937 individual shrubs we
recorded, 406 were feltleaf willows that were analyzed in this paper

(further details on field sampling in Zhou et al., 2017).

2.3 | Moose surveys

Spring moose surveys were conducted in our study area in April each
year from 1997 to 2015 (n = 19 years). Piper PA-18 and Cessna 182
aircrafts were used to fly survey transects in the management unit,
where most of the survey effort was focused on major drainages
of the Colville, Anaktuvuk, Chandler, and Killik Rivers. During the
surveys, biologists from the Alaska Department of Fish and Game
(ADF&G) recorded GPS locations and group size of each moose ob-
served. During April, when the surveys were conducted, the tundra
was continuously snow-covered, except for occasional windblown
ridges and the riparian shrubs protruding from the snow along rivers
and streams. Moose are confined to riparian corridors as their sole
source of forage at this time of year (Mould, 1977), and this limiting
resource is the focus of our current and future shrub height projec-

tions. Moose are highly visible from the air during these surveys, and

TABLE 1 Environmental predictors
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itis therefore assumed that all moose are counted using this method.
This paper used available GPS data from 1997 to 2015 for species

distribution modeling.

2.4 | Species distribution modeling

To develop a species distribution model for moose, we used our
moose location data and multiple environmental predictor layers at
various scales to build a Maxent model (Phillips et al., 2006). Based
on the species-environment association, Maxent predicted poten-
tial habitat on the North Slope by identifying areas in the landscape
that had similar environmental conditions to the locations where
moose had been observed (Phillips et al., 2006).

To develop the Maxent model, we randomly split the moose
presence data into a training set (2,188 locations, 80% of data) and
a testing set (547 locations, 20% of data). We used 14 environmen-
tal predictors, including topographic features, land cover types,
soil types, river systems, and climatic variables (Table 1). To assess
Maxent model performance for predictive accuracy, we used 10-fold
cross validation, with area under curve (AUC) of receiver operating
characteristics for internal model evaluation (Fawcett, 2006), and
the held-out testing data set (20% of presence data) for external
model evaluation. We used the jackknife test to assess which vari-
ables of environmental predictors are most important in the model
(Phillips et al., 2006).

To determine whether a simple model based on temperature and
riparian landscape features would adequately predict moose distri-
butions, we examined the association between the growth of tall
feltleaf willows and summer temperature to understand how moose
habitat will respond to the warming climate in our study area. Moose
on the North Slope predominantly inhabit riparian areas with tall-
shrubs (Mould, 1977) and their occurrence closely follows tall-shrub

distribution in our study area (Zhou et al., 2017).

for Maxent model. “Static” predictors are X ) X Tem!a?ral

assumed to be spatially static whereas No. Categorical names for the environmental predictor stability Data type

“dynamic” predictors are assumed to 1 Aspect Static Continuous

change during our modeling period 2 Slope Static Continuous
3 Elevation Static Continuous
4 Soil types Static Categorical
5 Distance to coastal line Static Continuous
6 Distance to major rivers Static Continuous
7 Decadal mean July temperature 2000-2009 Dynamic Continuous
8 Decadal mean January temperature 2000-2009 Dynamic Continuous
9 Decadal mean annual temperature 2000-2009 Dynamic Continuous
10 Decadal mean annual precipitation 2000-2009 Dynamic Continuous
11 Decadal mean summer precipitation 2000-2009 Dynamic Continuous
12 Decadal mean winter precipitation 2000-2009 Dynamic Continuous
13 Length of growing season 2000-2009 Dynamic Continuous
14 Land cover types Dynamic Categorical
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To explore the relationship between shrub size and summer
temperature at each site, we measured the mean shrub height
and canopy diameter at each sampling site and calculated shrub
canopy volume (volume formula for a cone: V = r*h/3) as an
estimation of shrub size. The mean July air temperature was
extracted for each sampling site from a raster map (771 m reso-
lution) of surface air temperature between 1971 and 2000 from
Scenarios Network for Alaska and Arctic Planning (SNAP) hosted
at the University of Alaska Fairbanks (https://www.snap.uaf.edu/)
that used the downscaling method of the PRISM Climate Group
(http://prism.oregonstate.edu/). Based on available climatic data,
PRISM interpolates a complete climate grid over the region using a
peer-reviewed mathematical process that incorporates local phys-
iographic features (Daly et al., 2008). The shrub size was plotted
against mean July air temperature, and the threshold for tall-shrub
growth was identified with an unsupervised learning method of
K-means clustering that separated the observations into two clus-
ters of small and large shrubs.

We used our estimated temperature threshold to identify suitable
tall-shrub habitat in the riparian areas. Based on the top predictors
in the Maxent model, our temperature-threshold model combined
July temperature and river networks to estimate tall-shrub habitat
for moose. Areas within 5 km of riparian corridors with mean July
temperature above the temperature threshold were classified as po-
tential tall-shrub habitats (i.e., moose habitat). To evaluate the utility
of this simple temperature-threshold model for mapping potential
shrub habitat for moose, we calculated the proportion of observed

moose locations that occurred within identified moose habitat.

2.5 | Climate projection modeling

Projections of future changes in moose habitat were explored with
two warming scenarios of the Intergovernmental Panel on Climate
Change (IPCC): viz. A2 and B1. These were selected to establish a
likely envelope of scenarios; in the A2 warming scenario, surface
temperature continues to rise, whereas in the B1 scenario warming
peaks at midcentury (IPCC, 2014). For future projections of surface
temperature in our study area, we used the modeled decadal means
of July temperature in 2010s, 2050s, and 2090s, which was locally
fine-tuned to Alaska by SNAP with downscaling processes based
on PRIMS climatological dataset from 1971 to 2000. Based on the
temperature threshold we identified for shrub growth, we estimated
moose habitat for each modeling period under scenarios A2 and B1.
All scenarios were run with a five climate-model average, where the
model output was from the top five models that best replicated the
historical climate of Alaska.

To assess the accuracy of predicted mean July temperatures,
we used available weather records from MesoWest (https://mesow
est.utah.edu) during 2005-2018. We used Welch two sample t test
to compare predicted and observed temperatures at three weather
stations: Anaktuvuk Pass Airport (11.96°C vs. A2: 11.44°C and B1:
11.66°C) in the Brooks Range, Umiat airfield (12.83°C vs. A2: 12°C

and B1: 12.25°C) in the Arctic Foothills, and Nuigsut Airport (9.08°C
vs. A2: 8.06°C and B1: 8.49°C) on the Arctic Coastal Plain.

2.6 | Habitat connectivity metrics

To assess structural connectivity of habitat, we computed three
patch metrics using the LecoS python plugin (Jung, 2016) in QGIS
(https://qgis.org/en/site/), which is based on the metrics from the
FRAGSTATS software hosted at UMass Landscape Ecology Lab
(http://www.umass.edu/landeco/research/fragstats/fragstats.
html). Metric 1, effective mesh size (Jaeger, 2000), characterizes
the fragmentation of a landscape based on the probability of two
randomly chosen points in the landscape being connected (i.e., not
separated by habitat barriers). The connection probability is given by

5
S \A

I:

and the probability is converted to the effective mesh size by multiply-

ing it by the total landscape area:
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Mer=AC= = > AZ
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where A; = area of patch i, and A, = the total area of the landscape.
Effective mesh size denotes the size of the continuous patch area
that can be accessed from a randomly placed point without leaving
the patch. It can be interpreted as the ability of two randomly placed
animals to find each other. Increasing effective mesh size causes the
habitat patches to become more aggregated, increasing habitat con-
nectivity. Metric 2, area of the largest patch, calculates the area of
the largest patch among the patch networks, focusing on the degree
of increase in the area of the largest patch with increased landscape
connectivity. Metric 3, total core area, measures the total area of the
shrub patches after removing the edge-influenced area within 771 m
(one cell value in the raster layer recognized by LecoS) from the edge
in each shrub patch. Patches of equal area are not necessarily equal in
their area exposed to edges. With increased physical connectivity of
the landscape, for example, the magnitude of increase in the total core
area of elongated and narrow patches with rough edges is smaller than
that of round-shaped patches with smooth edges. If patch connectivity
and areas of patches increase, both the area of the largest patch and
total core area of the patches within the landscape should increase.

3 | RESULTS

Our Maxent model (AUC = 0.884) of moose habitat achieved a 95%
accuracy rate based on the 20% withheld dataset of observed moose
locations. The jackknife test showed that the most important vari-
able in the Maxent model was distance to major rivers (dist2river),

followed by riparian soil types (soil) and mean July temperature
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(tjul2000_09; Figure S1). Whereas river systems and soil types were
assumed to be spatially static during our projection period, mean
July temperature was the most important environmental predictor
among the dynamic variables.

We identified a temperature threshold for the growth of tall-
shrub feltleaf willow in the riparian systems (Figure 1). K-means clus-
tering analysis showed that large willows centered at the estimated
mean July temperature of 11.0°C. Canopy volume of feltleaf willow
increased abruptly where the estimated mean July temperature ex-
ceeded 11.0°C (Figure 1b). Although the threshold was clear, there
was an outlier at close to 8°C (dark gray dot in Figure 1b). Using
the 11.0°C threshold, we created a map of current moose habitat
(Figure 2). Our temperature-threshold model was based on the top
three predictors in the Maxent model (Table 1; Figure S1): mean
July temperature, distance to rivers (within 5 km of river systems),
and riparian soil category (contained within 5 km of river systems).
This temperature-threshold model correctly predicted 82% of the
observed moose locations recorded during surveys (Figure 2a).
Output from the Maxent and temperature-threshold models mim-
icked the spatial structures of moose habitat (Figure 2). The tem-
perature-threshold model contained 85% of Maxent output in the
modeling area, indicating that the far simpler temperature-threshold
model performed well in predicting moose habitat.

The mean July temperature averaged across sampling sites
showed an upward trend under both A2 and B1 scenarios (Figure 3).
During 2005-2018, the predicted mean July temperatures by both
A2 and B1 were slightly lower than the observed temperatures at the
three remote sites but showed no statistical difference (Table S1),
except the A2 prediction at Nuigsut (observed = 9.08 + 0.438,
A2 = 8.06 + 0.105, t = -2.2593, df = 14.499, p = .04). Thus, if this
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FIGURE 1 Shrub size and mean July temperature by two
independent datasets exhibited a similar relationship. (a) Data from
Swanson (2015) showed a threshold at mean July temperature

of approximately 12°C, and (b) our data showed an estimated
threshold of 11.0°C (vertical dashed line)
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period is an indication, warming projections from both scenarios are
likely conservative. Under both scenarios, the amount of potential
habitat for moose was predicted to increase on the North Slope of

Alaska (Figure 4). Moose habitat expansion was predicted to increase
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FIGURE 2 Current potential habitat for moose estimated by

(a) a temperature-threshold model that refers to the empirical
association between summer temperature and tall-shrub growth in
the riparian corridors and (b) a Maxent model that is based on 14
environmental predictors processed through the machine-learning
algorithm. The habitat estimations (mean July °C) were validated
by observed moose locations (red triangles) from 19 years of field
survey data. Black dots in (a) show field sites for shrub sampling
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FIGURE 3 Trends in predicted mean July temperature at shrub
field sampling sites. Predicted mean July temperature averaged
across field sites under IPCC scenario A2 (A1) and B1 (B1), with
linear trendlines. Predicted temperature anomalies from 11°C (our
estimated threshold) are shown in the right column for A2 (A2) and
B1 (B2) scenarios
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FIGURE 4 Predicted increases in shrub
habitat for moose under A2 (left column)
and B1 (right column) warming scenarios
during (A) 2010s, (B) 2050s, and (C)
2090s. Red triangles represent observed
moose locations

FIGURE 5 Predicted increases in shrub
habitat for moose under (A) A2 and (B) B1
warming scenarios between 2010s (dark
green) and 2090s (light green)

FIGURE 6 Habitat connectivity
metrics under warming scenarios A2 and
B1.The “M_" is the effective mesh size,
which denotes the continuous patch areas
that can be accessed from a random point
without leaving the patch. Increasing

M, indicates that the habitat patches

are more aggregated and physically
connected. “Area of the largest patch”

is the area of the patch that has the
largest area among all the patches on the
landscape. “Total core area” adds all core
areas of patches after removinga 771 m
buffer to account for edge effects
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FIGURE 7 Increase in habitat
connectivity under A2 warming scenario.
The previously isolated patches (marked
A-F) would be connected to form larger
and more physically connected habitat
networks. Patch connection at the roots
(the red ellipses) of the dendritic networks
will dramatically increase structural
connectedness of patch networks within
the landscape

Global Change Bilogy MV TR VS

by 153% (2.5-fold) under A2 warming scenario and 106% (twofold)
under B1 warming scenario by the year 2099. Most noticeably,
moose habitat was predicted to penetrate into the river drainage
systems to the north and west toward the arctic coastlines, expand
greatly eastward on the North Slope toward the Canadian border, as
well as increase in the Brooks Range to the south (Figures 4 and 5).
All three metrics for structural connectedness of shrub patches
are predicted to increase with habitat expansion (Figure 6), as patches
gradually coalesce to form larger and more connected patches
(Figure 7). Our model indicates that connecting near-neighbor patches
to the largest patch on the landscape will increase its area by 141%
under A2 scenario and 83% under Bl scenario by the year 2099.
Similarly, the total core area available to moose is projected to increase
by 161% under A2 scenario and 111% under B1 scenario by the year
2099. Because the spatial configuration of moose habitat is a dendritic
pattern, the area of connected patches is expected to dramatically in-
crease due to coalescing roots of the dendritic patterns, instead of a

gradual increase by connecting more patches incrementally (Figure 7).

4 | DISCUSSION
4.1 | Shrub habitat connectivity in a warming Arctic

Here we examined the predicted spatiotemporal patterns of shrub
patches under warming and associated changes in habitat connectiv-
ity. Our results suggest that physical connectedness of shrub patches
in river corridors will dramatically increase if the warming trend con-
tinues in the Arctic. With increased structural connectedness of shrub
patch networks, the total area of spatially connected shrub patches
will increase, and thus moose habitat will also increase. The 19 year
moose survey showed that many patches in river corridors in our
study area seemingly had sufficient shrub abundance but were not oc-
cupied by moose. A significant proportion of Alaskan moose migrate
seasonally between habitats in different latitudes and elevations (Joly,
Craig, Sorum, Mcmillan, & Spindler, 2015; Mauer, 1998). Increased
connectivity of shrub patches in arctic river corridors will likely accel-
erate colonization of the newly created niche conditions by shrub-de-
pendent species such as moose at the edge of their expanding ranges.

The moose distribution model showed a dendritic pattern that

matches the pattern of tall-shrub habitat along river drainage systems

in arctic Alaska (Beck, Horning, Goetz, Loranty, & Tape, 2011). Future

expansion of tall-shrub distribution may show a similar dendritic pat-
tern, and as such, herbivores that require tall-shrubs (e.g., moose and
hares) will be limited to river corridors with abundant shrub patches.
In river corridors, favorable conditions for expanding shrubs (such
as early successional species like feltleaf willow) are created mainly
by fluvial dynamics that produce new silt bars for shrub coloniza-
tion (Butler et al., 2007). Floodplains in river corridors also provide
continuous hyporheic supply of nutrients (Koyama & Kielland, 2011),
which overall increases nutrient availability and ameliorates micro-
site growth condition for tall shrubs.

The dendritic expansion of tall-shrub habitat highlights the
role of landscape patterns in spatial responses of species to cli-
mate change (Opdam & Wascher, 2004). Landscape structures, un-
derpinned by physiographical patterns and hydrological regimes,
clearly will exert significant control over patterns of shrub-habitat
expansion under climate warming in arctic Alaska (Naito & Cairns,
2011b; Tape et al., 2012). We therefore emphasize the importance
of examining patterns of range expansion rather than simple met-
rics of habitat change: whether the landscape structures syner-
gistically enhance or hinder species range expansion with climate
change (e.g., Saura, Bodin, & Fortin, 2014; Warren et al., 2001).
Our findings suggest that dendritic patterns of shrub habitat in our
study area will likely enhance the range expansion of shrub-de-
pendent herbivores via increased structural connectivity of patch
networks.

4.2 | Projected expansion of shrub habitat

Multiple lines of evidence, including warming manipulations, den-
drochronology of shrubs, and spatial correlations, indicate that
warming increases deciduous shrubs across the tundra biome (Arft
et al., 1999; Blok et al., 2011; Elmendorf et al., 2012; Forbes et al.,
2010; Hallinger et al., 2010; Myers-smith & Hik, 2018; Walker et al.,
2006; Wang et al., 2019). Tall-shrubs in river valley systems may
reach a tipping point of phase transition toward shrub dominance
(Naito & Cairns, 2015), consistent with our analysis showing a dis-
tinct temperature threshold in feltleaf willow growth, marked by an
abrupt increase in shrub size after mean July temperature surpasses

11.0°C. A shrub study in an adjacent region identified a remarkably
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similar temperature threshold for felfleaf willow growth of 11.8°C
(Swanson, 2015). Currently, mean July temperature at most sites on
the North Slope seldom exceeds 11.0°C, indicating the potential for
increased growth of willow shrubs if summer temperature continues
torise.

The estimation of northern range limit of tall-shrubs by our tem-
perature-threshold model is likely to be conservative. Influenced
by the cold temperature of the Arctic Ocean, the lower segment
of the Colville River (~80 km to the arctic coast) has relatively low
summer temperature. However, a few sites along the corridor facil-
itate tall shrubs (Zhou et al., 2017). Field and browse surveys show
that moose occasionally disperse into these sites, but our tempera-
ture-threshold model did not predict moose at these sites close to
arctic coast, though our Maxent model did. Since projections of
IPCC warming scenarios in our study area may also be conserva-
tive, we expect that moose may disperse further north in the lower
floodplain areas than the estimation by our temperature-threshold
model.

The shrub-temperature relationship that drives the model pre-
dictions does not account for several important indirect effects of
warming, such as hydrological effects, which could alter shrub habi-
tat predictions. Floodplain hydrologic disturbance (viz. a large flood)
could at least locally modify tall-shrub patches (Butler et al., 2007)
and corresponding growth trajectories. A lack of large floods could
have a similar effect by permitting shrub patches to experience
vegetation succession into graminoid-sedge tussock tundra. The
observed peaks in daily mean discharge rates of the Colville River
(Umiat station, 2003-2018), however, showed no patterns over the
period (Figure S2). Earlier snow melt induced by spring warming
could result in earlier occurrence of peak flow, but the available data
during 2002-2019 (n = 18 years) showed no clear trend (Figure S3).
Climate models on average predict moderate increases in annual
precipitation at our shrub sampling sites (Figures S4 and S5), which
could result in modest increases in discharge unaccounted for in our
model. However, increased ground temperature via shrub trapped
snow accumulation (Pomeroy et al., 2006) could lead to development
of taliks at tall-shrub sites that allow water loss to the sub-perma-
frost region, resulting in a loss of stream water (Jafarov et al., 2018).

Permafrost thaw occurring in many Arctic locations (Liljedahl
et al., 2016) could trigger disturbances that either enhance or curtail
shrub growth, depending on microsite characteristics; these feed-
backs are also not considered in our model. Whereas feltleaf willows
can capitalize on in situ nutrients in floodplains with well-drained soil
and higher soil pH (Swanson, 2015), areas with frequent tundra fires
(Jones et al., 2015) and thermokarst and thaw slumps (Huebner &
Bret-Harte, 2019; Lantz, Kokelj, Gergel, & Henry, 2009) also release
nutrients and provide favorable conditions for establishment and
growth of deciduous shrubs. An improved understanding of tundra
fire and permafrost disturbance would likely improve the accuracy
of projected tall-shrub distributions in tundra regions.

Herbivory in the floodplain also can potentially reduce shrub
height and retard expansion rate for palatable species (Bryant, 1987,
Bryant, Joly, Chapin, DeAngelis, & Kielland, 2014; Kielland et al.,

1997; Olofsson et al., 2009; Olofsson & Post, 2018), though our
model does not include these effects. Feltleaf willow is the preferred
forage species of moose, hares, and ptarmigan (L. lagopus, Lagopus
muta) in our study area (Zhou et al., 2017), and other arctic herbi-
vores in the region, including muskox (Ovibo moschatus) and caribou,
also prefer willows over well-defended species such as alder (Bryant
& Kuropat, 1980; Christie et al., 2015). We observed that browsing
by hares in the study area severely damaged and shortened willow
shrubs more than alders (Zhou et al., 2017). Repeated browsing by
moose in the floodplain areas facilitates a shift toward dominance
of late successional species, such as alder, and suppresses palatable
and early successional species like feltleaf willow (Butler et al., 2007;
Kielland et al., 1997). A similar transition can be facilitated by hare
browsing (Bryant, 1987). Furthermore, colonization by beavers,
which currently occupy parts of the Brooks Range but are very rare
or absent from the North Slope, could greatly alter the distribution
of willow species in the riparian corridors by cutting them down for
forage and engineering, while also flooding others (Tape, Jones, Arp,
Nitze, & Grosse, 2018).

This local uncertainty is compounded when modeling moves
from shrub habitat projection to dynamics of herbivore popula-
tions. Population performance and distribution are not solely de-
termined by habitat condition (Soberén, 2007). For example, the
North Slope moose population fluctuated in our study area since
1970 despite the ongoing shrub expansion. Snowshoe hare popu-
lations exhibit ~10 year cycles, seemingly independent of regional
warming trends (Elton & Nicholson, 1942; Krebs, 2011). Biotic in-
teractions such as predation and disease also influence herbivore
distribution dynamics (Dussault et al., 2005; Jeffries & Lawton,
1984; Soberdn, 2007). Although we expect the changes in habitat
availability and connectivity projected by our models will be an im-
portant factor influencing the future distribution of moose, other
limiting factors such as predation, harvest, and disease need to be
accounted for as well.

The expansion patterns of habitats for shrub-dependent herbi-
vores projected by environmental covariates in our model will thus
be modulated by additional forces such as hydrology, permafrost or
fire disturbance, and biotic interactions at fine scales. Species distri-
bution models such as the Maxent model used here inherently as-
sume a static, linear relationship between environmental variables
and species distributions (Guisan & Thuiller, 2005). If these rela-
tionships vary across a species’ range or over time, projections may
be inaccurate (Van De Kerk, Verbyla, Nolin, Sivy, & Prugh, 2018).
Despite these inherent uncertainties in projecting future changes of
complex systems like the climate-shrub-herbivore system (Oreskes,
Shrader-Frechette, & Belitz, 1994), the importance of environmental
filters, such as temperature, increases with greater modeling scale
for species distribution (Pearson, Dawson, Berry, & Harrison, 2002).
Combined with river networks, climate change is predicted to con-
trol habitat expansion at large scales in the Arctic (ElImendorf et al.,
2012; Forbes et al., 2010; Myers-smith & Hik, 2018; Naito & Cairns,
2011b; Walker et al., 2006; Wang et al., 2019), consistent with the

findings presented here.
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4.3 | Emergence of novel arctic ecosystems

Warming-induced expansion and increased connectivity of shrub habi-
tat are likely reshuffling wildlife communities and reshaping community
structure in the Arctic. With shrub expansion, moose, snowshoe hares,
and beavers are expanding their ranges northward (Tape, Christie,
et al., 2016; Tape, Gustine, et al., 2016; Tape et al., 2018). Shrub ex-
pansion may reduce lichen forage availability and pasture quality for
caribou in their arctic range (Fraser, Lantz, Olthof, Kokelj, & Sims, 2014;
Joly, Jandt, & Klein, 2009). Shrub expansion may also alter communi-
ties of migratory songbirds (Boelman et al., 2015) and arthropods (Rich,
Gough, & Boelman, 2013). Reshuffled wildlife community in the Arctic
will likely alter the complexity of community structures and biotic in-
teractions (Alexander, Diez, & Levine, 2015; Blois et al., 2013; Deacy
et al., 2017; Harley, 2011) and influence ecosystem processes of el-
ement and nutrient cycling (Bryant, 1987; Buckeridge, Zufelt, Chu, &
Grogan, 2010; Butler & Kielland, 2008; Jackson et al., 2002).

ACKNOWLEDGEMENTS

We thank Naomi O'Neal and Adele Wieiaczka for their extensive help
with fieldwork; Katie Christie and Martha Raynolds for their advice
on field sampling protocol; Falk Huettmann and Andy Baltensperger
for their helpful comments on modeling; Ryan Klimstra from ADF & G
for his assistance in communication during our collaboration. This re-
searchis supported by the Liz Claiborne and Art Ortenberg Foundation
through UAF's George Schaller Fellowship, UAF Dissertation
Completion Fellowship, National Climate Adaptation Center, and sup-
port from Alaska EPSCoR NSF award # OIA-1757348 to J.Z., Alaska
EPSCoR NSF award # OIA-1208927 and NSF Award # 1263854 to G.K,,
NSF award #1833056 to K.D.T.,and NASA ABoVE award NNX15AU21A
to L.P. We thank the three anonymous reviewers for their constructive
comments, which strengthened this manuscript.

ORCID

Jiake Zhou https://orcid.org/0000-0002-0909-2592
Ken D. Tape https://orcid.org/0000-0002-1039-6868
Laura Prugh https://orcid.org/0000-0001-9045-3107
Knut Kielland https://orcid.org/0000-0001-6153-8232
REFERENCES

Alexander, J. M., Diez, J. M., & Levine, J. M. (2015). Novel competitors
shape species’ responses to climate change. Nature, 525, 515-518.
https://doi.org/10.1038/nature14952

Anthelme, F., Villaret, J.-C., & Brun, J.-J. (2007). Shrub encroachment in
the Alps gives rise to the convergence of sub-alpine communities
on a regional scale. Journal of Vegetation Science, 18(3), 355-362.
https://doi.org/10.1111/j.1654-1103.2007.tb02547.x

Aratjo, M. B., & Guisan, A. (2006). Five (or so) challenges for species
distribution modelling. Journal of Biogeography, 33(10), 1677-1688.
https://doi.org/10.1111/j.1365-2699.2006.01584.x

Arft, A. M., Walker, M. D., Gurevitch, J., Alatalo, J. M., Bret-Harte, M.
S., Dale, M., ... Wookey, P. A. (1999). Responses of Tundra plants to
experimental warming: Meta-analysis of the International Tundra
Experiment. Ecological Monographs, 69(4), 491-511. https://doi.
0rg/10.1890/0012-9615(1999)069[0491:ROTPTE]2.0.CO;2

Global Change Bilogy RV TRV

Beck, P. S. A., Horning, N., Goetz, S. J.,, Loranty, M. M., & Tape, K. D.
(2011). Shrub cover on the north slope of Alaska: A circa 2000
baseline map. Arctic, Antarctic, and Alpine Research, 43(3), 355-363.
https://doi.org/10.1657/1938-4246-43.3.355

Blois, J. L., Zarnetske, P. L., Fitzpatrick, M. C., & Finnegan, S. (2013).
Climate change and the past, present, and future of biotic interac-
tions. Science, 341(6145), 499-504. https://doi.org/10.1126/scien
ce.1237184

Blok, D., Sass-Klaassen, U., Schaepman-Strub, G., Heijmans, M. M. P. D,
Sauren, P, & Berendse, F. (2011). What are the main climate drivers
for shrub growth in Northeastern Siberian tundra? Biogeosciences,
8(5), 1169-1179. https://doi.org/10.5194/bg-8-1169-2011

Boelman, N. T., Gough, L., Wingfield, J., Goetz, S., Asmus, A., Chmura,
H. E., ... Guay, K. C. (2015). Greater shrub dominance alters breed-
ing habitat and food resources for migratory songbirds in Alaskan
arctic tundra. Global Change Biology, 21(4), 1508-1520. https://doi.
org/10.1111/gcb.12761

Brandt, J. S., Haynes, M. A, Kuemmerle, T., Waller, D. M., & Radeloff, V. C.
(2013). Regime shift on the roof of the world: Alpine meadows convert-
ing to shrublands in the southern Himalayas. Biological Conservation,
158, 116-127. https://doi.org/10.1016/j.biocon.2012.07.026

Bryant, J. P. (1987). Feltleaf willow-snowshoe hare interactions: Plant
carbon/nutrient balance and floodplain succession. Ecology, 68(5),
1319-1327. https://doi.org/10.2307/1939216

Bryant, J. P.,, Joly, K., Chapin, F. S., DeAngelis, D. L., & Kielland, K.
(2014). Can antibrowsing defense regulate the spread of woody
vegetation in arctic tundra? Ecography, 37(3), 204-211. https://doi.
org/10.1111/j.1600-0587.2013.00436.x

Bryant, J. P., & Kuropat, P. J. (1980). Selection of winter forage by subarc-
tic browsing vertebrates: The role of plant chemistry. Annual Review
of Ecology and Systematics, 11(1), 261-285. https://doi.org/10.1146/
annurev.es.11.110180.001401

Buckeridge, K. M., Zufelt, E., Chu, H., & Grogan, P. (2010). Soil nitrogen
cycling rates in low arctic shrub tundra are enhanced by litter feed-
backs. Plant and Soil, 330(1-2), 407-421. https://doi.org/10.1007/
s11104-009-0214-8

Butler, L. G., & Kielland, K. (2008). Acceleration of vegetation turn-
over and element cycling by mammalian herbivory in ripar-
ian ecosystems. Journal of Ecology, 96(1), 136-144. https://doi.
org/10.1111/j.1365-2745.2007.01318.x

Butler, L. G., Kielland, K., Rupp, T. S., & Hanley, T. A. (2007).
Interactive controls of herbivory and fluvial dynamics on land-
scape vegetation patterns on the Tanana River floodplain, inte-
rior Alaska. Journal of Biogeography, 34(9), 1622-1631. https://doi.
org/10.1111/j.1365-2699.2007.01713.x

Cannone, N., Sgorbati, S., & Guglielmin, M. (2007). Unexpected im-
pacts of climate change on alpine vegetation. Frontiers in Ecology
and the Environment, 5(7), 360-364. https://doi.org/10.1890/1540-
9295(2007)5[360:UI0CCO]2.0.CO;2

Chapin, F. S., Eugster, W., McFadden, J. P,, Lynch, A. H., & Walker, D.
A. (2000). Summer differences among arctic ecosystems in regional
climate forcing. Journal of Climate, 13(12), 2002-2010. https://doi.
org/10.1175/1520-0442(2000)013<2002:SDAAEI>2.0.CO;2

Chapin, F. S., Sturm, M., Serreze, M. C., McFadden, J. P., Key, J. R,,
Lloyd, A. H., ... Welker, J. M. (2005). Role of land-surface changes
in arctic summer warming. Science, 310(5748), 657-660. https://doi.
org/10.1126/science. 1117368

Christie, K. S., Bryant, J. P., Gough, L., Ravolainen, V. T,, Ruess, R. W., &
Tape, K. D. (2015). The role of vertebrate herbivores in regulating
shrub expansion in the Arctic: A synthesis. BioScience, 65(12), 1123-
1133. https://doi.org/10.1093/biosci/biv137

Coady, J. W. (1980). History of moose in Northern Alaska and adjacent
regions. Canadian Field-Naturalist, 94(1), 61-68.

Daly, C., Halbleib, M., Smith, J. I., Gibson, W. P., Doggett, M. K., Taylor,
G. H.,, ... Pasteris, P. P. (2008). Physiographically sensitive mapping


https://orcid.org/0000-0002-0909-2592
https://orcid.org/0000-0002-0909-2592
https://orcid.org/0000-0002-1039-6868
https://orcid.org/0000-0002-1039-6868
https://orcid.org/0000-0001-9045-3107
https://orcid.org/0000-0001-9045-3107
https://orcid.org/0000-0001-6153-8232
https://orcid.org/0000-0001-6153-8232
https://doi.org/10.1038/nature14952
https://doi.org/10.1111/j.1654-1103.2007.tb02547.x
https://doi.org/10.1111/j.1365-2699.2006.01584.x
https://doi.org/10.1890/0012-9615(1999)069%5B0491:ROTPTE%5D2.0.CO;2
https://doi.org/10.1890/0012-9615(1999)069%5B0491:ROTPTE%5D2.0.CO;2
https://doi.org/10.1657/1938-4246-43.3.355
https://doi.org/10.1126/science.1237184
https://doi.org/10.1126/science.1237184
https://doi.org/10.5194/bg-8-1169-2011
https://doi.org/10.1111/gcb.12761
https://doi.org/10.1111/gcb.12761
https://doi.org/10.1016/j.biocon.2012.07.026
https://doi.org/10.2307/1939216
https://doi.org/10.1111/j.1600-0587.2013.00436.x
https://doi.org/10.1111/j.1600-0587.2013.00436.x
https://doi.org/10.1146/annurev.es.11.110180.001401
https://doi.org/10.1146/annurev.es.11.110180.001401
https://doi.org/10.1007/s11104-009-0214-8
https://doi.org/10.1007/s11104-009-0214-8
https://doi.org/10.1111/j.1365-2745.2007.01318.x
https://doi.org/10.1111/j.1365-2745.2007.01318.x
https://doi.org/10.1111/j.1365-2699.2007.01713.x
https://doi.org/10.1111/j.1365-2699.2007.01713.x
https://doi.org/10.1890/1540-9295(2007)5%5B360:UIOCCO%5D2.0.CO;2
https://doi.org/10.1890/1540-9295(2007)5%5B360:UIOCCO%5D2.0.CO;2
https://doi.org/10.1175/1520-0442(2000)013%3C2002:SDAAEI%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2000)013%3C2002:SDAAEI%3E2.0.CO;2
https://doi.org/10.1126/science.1117368
https://doi.org/10.1126/science.1117368
https://doi.org/10.1093/biosci/biv137

ZHOU ET AL.

© L wiLey- KT

of climatological temperature and precipitation across the conter-
minous United States. International Journal of Climatology, 28(15),
2031-2064. https://doi.org/10.1002/joc.1688

Deacy, W. W., Armstrong, J. B., Leacock, W. B., Robbins, C. T., Gustine,
D.D.,Ward, E. J., ... Stanford, J. A. (2017). Phenological synchroniza-
tion disrupts trophic interactions between Kodiak brown bears and
salmon. Proceedings of the National Academy of Sciences of the United
States of America, 114(39), 10432-10437. https://doi.org/10.1073/
pnas.1705248114

Dussault, C., Ouellet, J.-P., Courtois, R., Huot, J., Breton, L., &
Jolicoeur, H. (2005). Linking moose habitat selection to limit-
ing factors. Ecography, 28(5), 619-628. https://doi.org/10.1111/
j.2005.0906-7590.04263.x

Elmendorf, S. C., Henry, G. H. R., Hollister, R. D., Bjork, R. G., Boulanger-
Lapointe, N., Cooper, E. J., ... Wipf, S. (2012). Plot-scale evidence
of tundra vegetation change and links to recent summer warming.
Nature Climate Change, 2(6), 453-457. https://doi.org/10.1038/
NCLIMATE1465

Elton, C., & Nicholson, M. (1942). The ten-year cycle in numbers of the
lynx in Canada. Journal of Animal Ecology, 11(2), 215-244. https://doi.
org/10.2307/1358

Fawcett, T. (2006). An introduction to ROC analysis. Pattern Recognition
Letters, 27(8), 861-874. https://doi.org/10.1016/j.patrec.2005.10.010

Forbes, B. C., Fauria, M. M., & Zetterberg, P. (2010). Russian Arctic
warming and “greening” are closely tracked by tundra shrub wil-
lows. Global Change Biology, 16(5), 1542-1554. https://doi.org/
10.1111/j.1365-2486.2009.02047.x

Fraser, R. H., Lantz, T. C., Olthof, I., Kokelj, S. V., & Sims, R. A. (2014).
Warming-induced shrub expansion and lichen decline in the west-
ern Canadian Arctic. Ecosystems, 17(7), 1151-1168. https://doi.org/
10.1007/510021-014-9783-3

Grinnell, J. (1917). Field test of theories concerning distributional control.
The American Naturalist, 51(602), 115-128.

Guisan, A., & Thuiller, W. (2005). Predicting species distribution: Offering
more than simple habitat models. Ecology Letters, 8(9), 993-1009.
https://doi.org/10.1111/j.1461-0248.2005.00792.x

Hall, Jr., E. S. (1973). Archaeological and recent evidence for expansion
of moose range in northern Alaska. Journal of Mammology, 54(1),
294-295. https://doi.org/10.2307/1378902

Hallinger, M., Manthey, M., & Wilmking, M. (2010). Establishing a miss-
ing link: Warm summers and winter snow cover promote shrub ex-
pansion into alpine tundra in Scandinavia. New Phytologist, 186(4),
890-899. https://doi.org/10.1111/j.1469-8137.2010.03223.x

Hanski, 1. (1998). Metapopulation dynamics. Nature, 396(6706), 41-49.
https://doi.org/10.1016/0169-5347(89)90061-X

Hanski, 1. (1999). Habitat connectivity, habitat continuity, and metapop-
ulations in dynamic landscapes. Oikos, 87(2), 209-219. https://doi.
org/10.2307/3546736

Harley, C. D. G. (2011). Climate change, keystone predation, and biodi-
versity loss. Science, 334(2011), 1124-1127. https://doi.org/10.1126/
science.1210199

Holt, R. D. (1977). Predation, apparent competition, and the structure
of prey communities. Theoretical Population Biology, 12(2), 197-229.
https://doi.org/10.1016/0040-5809(77)90042-9

Huebner, D. C., & Bret-Harte, M. S. (2019). Microsite conditions in retro-
gressive thaw slumps may facilitate increased seedling recruitment
in the Alaskan Low Arctic. Ecology and Evolution, 9(4), 1880-1897.
https://doi.org/10.1002/ece3.4882

Hutchinson, G. E. (1957). Concluding remarks and future work. Cold
Spring Habor Symposia on Quantitative Biology, 22, 415-427. https://
doi.org/10.1101/5SQB.1957.022.01.039

IPCC.(2014). Climate change 2014: Synthesis report. Contribution of work-
ing groups I, Il and lll to the fifth assessment report of the International
Panel on Climate Change. Core Writing Team, R. K. Pachauri, & L. A.
Meyer (Eds.). Geneva, Switzerland: IPCC, 151 pp.

Jackson, R. B., Banner, J. L., Jobbagy, E. G., Pockman, W. T., & Wall, D. H.
(2002). Ecosystem carbon loss with woody plant invasion of grass-
lands. Nature, 418(6898), 620-623. https://doi.org/10.1038/natur
e00910

Jaeger, J. A. G.(2000). Landscape division, splitting index, and effective
mesh size: New measures of landscape fragmentation. Landscape
Ecology, 15(2), 115-130. https://doi.org/10.1023/A:100812932
9289

Jafarov, E. E., Coon, E. T., Harp, D. R., Wilson, C. J., Painter, S. L.,
Atchley, A. L., & Romanovsky, V. E. (2018). Modeling the role of
preferential snow accumulation in through talik development
and hillslope groundwater flow in a transitional permafrost land-
scape. Environmental Research Letters, 13(10), 105006. https://doi.
org/10.1088/1748-9326/aadd30

Jeffries, M. J.,, & Lawton, J. H. (1984). Enemy free space and the structure
of ecological communities. Biological Journal of the Linnean Society,
23(4), 269-286. https://doi.org/10.1111/j.1095-8312.1984.tb00145.x

Joly, K., Craig, T., Sorum, M. S., Mcmillan, J. S., & Spindler, M. A. (2015).
Moose movement patterns in the Upper Koyukuk River drainage,
Northcenteral Alaska. Alces, 51, 87-96.

Joly, K., Jandt, R. R., & Klein, D. R. (2009). Decrease of lichens in Arctic
ecosystems: The role of wildfire, caribou, reindeer, competition and
climate in north-western Alaska. Polar Research, 28(3), 433-442.
https://doi.org/10.1111/j.1751-8369.2009.00113.x

Jones, B. M,, Grosse, G., Arp, C. D., Miller, E,, Liu, L., Hayes, D. J., &
Larsen, C. F. (2015). Recent Arctic tundra fire initiates widespread
thermokarst development. Scientific Reports, 5, 15865. https://doi.
org/10.1038/srep15865

Jung, M. (2016). LecoS - A python plugin for automated landscape
ecology analysis. Ecological Informatics, 31, 18-21. https://doi.
org/10.1016/j.ecoinf.2015.11.006

Kielland, K. (2001). Short-circuiting the nitrogen cycle: Ecophysiological
strategies of nitrogen update in plants from marginal environ-
ments. In N. Ae, J. Arihara, K. Okada, & A. Srinivasan (Eds.), Plant
nutrient acquisition (pp. 376-398). Tokyo: Springer. https://doi.
org/10.1007/978-4-431-66902-9_17

Kielland, K., Bryant, J. P., & Ruess, R. W. (1997). Moose herbivory and
carbon turnover of early successional stands in interior Alaska. Oikos,
80(1), 25-30. https://doi.org/10.2307/3546512

Kielland, K., Bryant, J. P., & Ruess, R. W. (2006). Mammalian herbivory,
ecosystem engineering, and ecological cascades in Alaskan boreal
forest. In F. S. Chapin, M. W. Oswood, K. Van Cleve, L. A. Viereck,
& D. L. Verbyla (Eds.), Alaska’s changing boreal forest (pp. 211-226).
Oxford: Oxford University Press.

Koyama, L., & Kielland, K. (2011). Plant physiological responses to hy-
drologically mediated changes in nitrogen supply on a boreal for-
est floodplain: A mechanism explaining the discrepancy in nitrogen
demand and supply. Plant and Soil, 342(1-2), 129-139. https://doi.
org/10.1007/s11104-010-0676-8

Krebs, C. J.(2011). Review of lemmings and snowshoe hares: the ecology
of northern Canada. Proceedings of the Royal Society B, 278(1705),
481-489. https://doi.org/10.1098/rspb.2010.1992

Lantz, T. C., Kokelj, S. V., Gergel, S. E., & Henry, G. H. R. (2009).
Relative impacts of disturbance and temperature: Persistent
changes in microenvironment and vegetation in retrogressive
thaw slumps. Global Change Biology, 15(7), 1664-1675. https://doi.
org/10.1111/j.1365-2486.2009.01917.x

Latham, A. D. M., Latham, M. C., McCutchen, N. A., & Boutin, S. (2011).
Invading white-tailed deer change wolf-caribou dynamics in north-
eastern Alberta. Journal of Wildlife Management, 75(1), 204-212.
https://doi.org/10.1002/jwmg.28

Liljedahl, A. K., Boike, J., Daanen, R. P, Fedorov, A. N., Frost, G. V., Grosse,
G., ... Zona, D. (2016). Pan-Arctic ice-wedge degradation in warming
permafrost and influence on tundra hydrology. Nature Geoscience,
9(April), 312-318. https://doi.org/10.1038/nge02674


https://doi.org/10.1002/joc.1688
https://doi.org/10.1073/pnas.1705248114
https://doi.org/10.1073/pnas.1705248114
https://doi.org/10.1111/j.2005.0906-7590.04263.x
https://doi.org/10.1111/j.2005.0906-7590.04263.x
https://doi.org/10.1038/NCLIMATE1465
https://doi.org/10.1038/NCLIMATE1465
https://doi.org/10.2307/1358
https://doi.org/10.2307/1358
https://doi.org/10.1016/j.patrec.2005.10.010
https://doi.org/10.1111/j.1365-2486.2009.02047.x
https://doi.org/10.1111/j.1365-2486.2009.02047.x
https://doi.org/10.1007/s10021-014-9783-3
https://doi.org/10.1007/s10021-014-9783-3
https://doi.org/10.1111/j.1461-0248.2005.00792.x
https://doi.org/10.2307/1378902
https://doi.org/10.1111/j.1469-8137.2010.03223.x
https://doi.org/10.1016/0169-5347(89)90061-X
https://doi.org/10.2307/3546736
https://doi.org/10.2307/3546736
https://doi.org/10.1126/science.1210199
https://doi.org/10.1126/science.1210199
https://doi.org/10.1016/0040-5809(77)90042-9
https://doi.org/10.1002/ece3.4882
https://doi.org/10.1101/SQB.1957.022.01.039
https://doi.org/10.1101/SQB.1957.022.01.039
https://doi.org/10.1038/nature00910
https://doi.org/10.1038/nature00910
https://doi.org/10.1023/A:1008129329289
https://doi.org/10.1023/A:1008129329289
https://doi.org/10.1088/1748-9326/aadd30
https://doi.org/10.1088/1748-9326/aadd30
https://doi.org/10.1111/j.1095-8312.1984.tb00145.x
https://doi.org/10.1111/j.1751-8369.2009.00113.x
https://doi.org/10.1038/srep15865
https://doi.org/10.1038/srep15865
https://doi.org/10.1016/j.ecoinf.2015.11.006
https://doi.org/10.1016/j.ecoinf.2015.11.006
https://doi.org/10.1007/978-4-431-66902-9_17
https://doi.org/10.1007/978-4-431-66902-9_17
https://doi.org/10.2307/3546512
https://doi.org/10.1007/s11104-010-0676-8
https://doi.org/10.1007/s11104-010-0676-8
https://doi.org/10.1098/rspb.2010.1992
https://doi.org/10.1111/j.1365-2486.2009.01917.x
https://doi.org/10.1111/j.1365-2486.2009.01917.x
https://doi.org/10.1002/jwmg.28
https://doi.org/10.1038/ngeo2674

ZHOU ET AL.

Liston, G. E., Mcfadden, J. P., Sturm, M., & Pielke, R. A. (2002). Modelled
changes in arctic tundra snow, energy and moisture fluxes due to
increased shrubs. Global Change Biology, 8(1), 17-32. https://doi.
org/10.1046/j.1354-1013.2001.00416.x

Mauer, F. J. (1998). Moose migration: Northeastern Alaska to northwest-
ern Yukon Territory, Canada. Alces, 34(1), 75-81.

McDougall, K. L. (2003). Aerial photographic interpretation of veg-
etation changes on the Bogong High Plains, Victoria, between
1936 and 1980. Australian Journal of Botany, 51(3), 251. https://doi.
org/10.1071/bt02079

Mould, E. D. (1977). Movement patterns of moose in the Colville River area
(MS thesis). University of Alaska Fairbanks, Fairbanks, AK.

Myers-Smith, I. H., Forbes, B. C., Wilmking, M., Hallinger, M., Lantz,
T., Blok, D., ... Hik, D. S. (2011). Shrub expansion in tundra ecosys-
tems: Dynamics, impacts and research priorities. Environmental
Research Letters, 6(4), 045509. https://doi.org/10.1088/1748-9326/
6/4/045509

Myers-smith, I. H., & Hik, D. S. (2018). Climate warming as a driver of tun-
dra shrubline advance. Journal of Ecology, 106(2), 547-560. https://
doi.org/10.1111/1365-2745.12817

Naito, A. T., & Cairns, D. M. (2011a). Patterns and processes of global
shrub expansion. Progress in Physical Geography, 35(4), 423-442.
https://doi.org/10.1177/0309133311403538

Naito, A. T., & Cairns, D. M. (2011b). Relationships between Arctic
shrub dynamics and topographically derived hydrologic charac-
teristics. Environmental Research Letters, 6(4), 045506. https://doi.
org/10.1088/1748-9326/6/4/045506

Naito, A. T., & Cairns, D. M. (2015). Patterns of shrub expansion in
Alaskan arctic river corridors suggest phase transition. Ecology and
Evolution, 16, 267-282. https://doi.org/10.1002/ece3.1341

Olofsson, J., Oksanen, L., Callaghan, T., Hulme, P. E., Oksanen, T., &
Suominen, O. (2009). Herbivores inhibit climate-driven shrub expan-
sion on the tundra. Global Change Biology, 15(11), 2681-2693. https://
doi.org/10.1111/j.1365-2486.2009.01935.x

Olofsson, J., & Post, E. (2018). Effects of large herbivores on tundra
vegetation in a changing climate, and implications for rewilding.
Philosophical Transactions of the Royal Society B, 373(1761), 20170437.
https://doi.org/10.1098/rstb.2017.0437

Opdam, P., & Wascher, D. (2004). Climate change meets habitat fragmen-
tation: Linking landscape and biogeographical scale levels in research
and conservation. Biological Conservation, 117(3), 285-297. https://
doi.org/10.1016/j.biocon.2003.12.008

Oreskes, N., Shrader-Frechette, K., & Belitz, K. (1994). Verification,
validation, and confirmation of numerical models in the earth sci-
ences. Science, 263(5147), 641-646. https://doi.org/10.1126/scien
ce.263.5147.641

Parmesan, C., & Yohe, G. (2003). A globally coherent fingerprint of cli-
mate change impacts across natural systems. Nature, 421(6918),
37-42. https://doi.org/10.1038/nature01286

Pearson, R. G., Dawson, T. P, Berry, P. M., & Harrison, P. A. (2002).
SPECIES: A spatial evaluation of climate impact on the envelope
of species. Ecological Modelling, 154(3), 289-300. https://doi.
org/10.1016/50304-3800(02)00056-X

Phillips, S. J., Anderson, R., & Schapire, R. E. (2006). Maximum en-
tropy modeling of species geographic distributions. Ecological
Modelling, 190(3), 231-259. https://doi.org/10.1016/j.ecolmodel.
2005.03.026

Pomeroy, J. W., Bewley, D. S., Essery, R. L. H., Hedstrom, N. R., Link,
T., Granger, R. J., ... Janowicz, J. R. (2006). Shrub tundra snowmelt.
Hydrological Processes, 20(4), 923-941. https://doi.org/10.1002/
hyp.6124

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.

Giobal Change Bioiosy RV TRV

Science, 352(5946), 1355-1358. https://doi.org/10.1126/science.
1173113

Pulliam, H. R. (1988). Sources, sinks, and population regulation. The
American Naturalist, 132(5), 652-661. https://doi.org/10.1086/284880

Pulliam, H. R. (2000). Pulliam-2000. Ecology Letters, 3(4), 349-361.
https://doi.org/10.1046/j.1461-0248.2000.00143.x

Rich, M. E., Gough, L., & Boelman, N. T. (2013). Arctic arthropod assem-
blages in habitats of differing shrub dominance. Ecography, 36(9),
994-1003. https://doi.org/10.1111/j.1600-0587.2012.00078.x

Root, T. L., Price, J. T,, Hall, K. R., Schneider, S. H., Rosenzweig, C., &
Pounds, J. A. (2003). Fingerprints of global warming on wild animals
and plants. Nature, 421(6918), 57-60. https://doi.org/10.1038/natur
e01309.1

Saura, S., Bodin, O., & Fortin, M.-J. (2014). Stepping stones are crucial for
species’ long-distance dispersal and range expansion through habi-
tat networks. Journal of Applied Ecology, 51(1), 171-182. https://doi.
org/10.1111/1365-2664.12179

Soberdn, J. (2007). Grinnellian and Eltonian niches and geographic dis-
tributions of species. Ecology Letters, 10(12), 1115-1123. https://doi.
org/10.1111/j.1461-0248.2007.01107.x

Sturm, M., McFadden, J. P, Liston, G. E., Chapin, F. S., Racine, C. H.,
& Holmgren, J. (2001). Snow-shrub interactions in arctic tundra:
A hypothesis with climate implications. Journal of Climate, 14(3),
336-344. https://doi.org/10.1175/1520-0442(2001)014<0336:SSIIAT>
2.0.CO;2

Swanson, D. K. (2015). Environmental limits of tall shrubs in Alaska’s
Arctic national parks. PLoS ONE, 10(9), 1-34. https://doi.org/10.1371/
journal.pone.0138387

Tape, K. D., Christie, K., Carroll, G., & O’'Donnell, J. A. (2016). Novel wild-
life in the Arctic: The influence of changing riparian ecosystems and
shrub habitat expansion on snowshoe hares. Global Change Biology,
22(1), 208-219. https://doi.org/10.1111/gcb.13058

Tape, K. D., Gustine, D. D., Ruess, R. W,, Adams, L. G., & Clark, J. A.
(2016). Range expansion of moose in Arctic Alaska linked to warming
and increased shrub habitat. PLoS ONE, 11(4), e0152636. https://doi.
org/10.1371/journal.pone.0152636

Tape, K. D., Hallinger, M., Welker, J. M., & Ruess, R. W. (2012). Landscape
heterogeneity of shrub expansion in Arctic Alaska. Ecosystems, 15(5),
711-724. https://doi.org/10.1007/s10021-012-9540-4

Tape, K. D., Jones, B. M., Arp, C. D., Nitze, I. N., & Grosse, G. (2018).
Tundra be dammed: Beaver colonization of the Arctic. Global Change
Biology, 24(10), 4478-4488. https://doi.org/10.1111/gcb.14332

Tape, K. D., Lord, R., Marshall, H.-P., & Ruess, R. W. (2010). Snow-
mediated ptarmigan browsing and shrub expansion in Arctic Alaska.
Ecoscience, 17(2), 186-193. https://doi.org/10.2980/17-2-3323

Tape, K. D., Sturm, M., & Racine, C. (2006). The evidence for shrub expan-
sion in Northern Alaska and the Pan-Arctic. Global Change Biology,
12(4), 686-702. https://doi.org/10.1111/j.1365-2486.2006.01128.x

Van De Kerk, M., Verbyla, D., Nolin, A. W.,, Sivy, K. J., & Prugh, L. R.
(2018). Range-wide variation in the effect of spring snow phenology
on Dall sheep population dynamics. Environmental Research Letters,
13(7),075008. https://doi.org/10.1088/1748-9326/aaceb64

Walker, D. A., Raynold, M. K., Daniels, F. J. A., Einarsson, E., Elvebkk, A.,
Gould, W. A,, ... Yurtsev, B. A. (2005). The circumpolar Arctic vege-
tation map. Journal of Vegetation Science, 16(3), 267-282. https://doi.
org/10.1111/j.1654-1103.2005.tb02365.x

Walker, M. D., Wahren, C. H., Hollister, R. D., Henry, G. H. R., Ahlquist, L.
E., Alatalo, J. M., ... Wookey, P. A. (2006). Plant community responses
to experimental warming across the tundra biome. Proceedings of the
National Academy of Sciences of the United States of America, 103(5),
1342-1346. https://doi.org/10.1073/pnas.0503198103

Walther, G.-R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee, T. J.
C.,...Bairlein, F.(2002). Ecological responses to recent climate change.
Nature, 416(6879), 389-395. https://doi.org/10.1038/416389%a


https://doi.org/10.1046/j.1354-1013.2001.00416.x
https://doi.org/10.1046/j.1354-1013.2001.00416.x
https://doi.org/10.1071/bt02079
https://doi.org/10.1071/bt02079
https://doi.org/10.1088/1748-9326/6/4/045509
https://doi.org/10.1088/1748-9326/6/4/045509
https://doi.org/10.1111/1365-2745.12817
https://doi.org/10.1111/1365-2745.12817
https://doi.org/10.1177/0309133311403538
https://doi.org/10.1088/1748-9326/6/4/045506
https://doi.org/10.1088/1748-9326/6/4/045506
https://doi.org/10.1002/ece3.1341
https://doi.org/10.1111/j.1365-2486.2009.01935.x
https://doi.org/10.1111/j.1365-2486.2009.01935.x
https://doi.org/10.1098/rstb.2017.0437
https://doi.org/10.1016/j.biocon.2003.12.008
https://doi.org/10.1016/j.biocon.2003.12.008
https://doi.org/10.1126/science.263.5147.641
https://doi.org/10.1126/science.263.5147.641
https://doi.org/10.1038/nature01286
https://doi.org/10.1016/S0304-3800(02)00056-X
https://doi.org/10.1016/S0304-3800(02)00056-X
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1016/j.ecolmodel.2005.03.026
https://doi.org/10.1002/hyp.6124
https://doi.org/10.1002/hyp.6124
https://doi.org/10.1126/science.1173113
https://doi.org/10.1126/science.1173113
https://doi.org/10.1086/284880
https://doi.org/10.1046/j.1461-0248.2000.00143.x
https://doi.org/10.1111/j.1600-0587.2012.00078.x
https://doi.org/10.1038/nature01309.1
https://doi.org/10.1038/nature01309.1
https://doi.org/10.1111/1365-2664.12179
https://doi.org/10.1111/1365-2664.12179
https://doi.org/10.1111/j.1461-0248.2007.01107.x
https://doi.org/10.1111/j.1461-0248.2007.01107.x
https://doi.org/10.1175/1520-0442(2001)014%3C0336:SSIIAT%3E2.0.CO;2
https://doi.org/10.1175/1520-0442(2001)014%3C0336:SSIIAT%3E2.0.CO;2
https://doi.org/10.1371/journal.pone.0138387
https://doi.org/10.1371/journal.pone.0138387
https://doi.org/10.1111/gcb.13058
https://doi.org/10.1371/journal.pone.0152636
https://doi.org/10.1371/journal.pone.0152636
https://doi.org/10.1007/s10021-012-9540-4
https://doi.org/10.1111/gcb.14332
https://doi.org/10.2980/17-2-3323
https://doi.org/10.1111/j.1365-2486.2006.01128.x
https://doi.org/10.1088/1748-9326/aace64
https://doi.org/10.1111/j.1654-1103.2005.tb02365.x
https://doi.org/10.1111/j.1654-1103.2005.tb02365.x
https://doi.org/10.1073/pnas.0503198103
https://doi.org/10.1038/416389a

ZHOU ET AL.

2 L wiLey- KT

Wang, J. A, Sulla-Menashe, D., Woodcock, C. E., Sonnentag, O., Keeling,
R. F., & Friedl, M. A. (2019). Extensive land cover change across
Arctic-Boreal Northwestern North America from disturbance and
climate forcing. Global Change Biology, 26(2), 807-822. https://doi.
org/10.1111/gcb.14804

Warren, M. S., Hill, J. K., Thomas, J. A, Asher, J., Fox, R., Huntley, B.,
... Thomas, C. D. (2001). Rapid responses of British butterflies to
opposing forces of climate and habitat change. Nature, 414(6859),
65-69. https://doi.org/10.1038/35102054

Wheeler, H. C., Hgye, T. T., & Svenning, J.-C. (2018). Wildlife species ben-
efitting from a greener Arctic are most sensitive to shrub cover at
leading range edges. Global Change Biology, 24(1), 212-223. https://
doi.org/10.1111/gcb.13837

Wittmer, H. U., Sinclair, A. R. E., & McLellan, B. N. (2005). The role of pre-
dation in the decline and extirpation of woodland caribou. Oecologia,
144(2), 257-267. https://doi.org/10.1007/s00442-005-0055-y

Zhao, D., Wu, S., Yin, Y., & Yin, Z.-Y. (2011). Vegetation distribu-
tion on Tibetan Plateau under climate change scenario. Regional
Environmental Change, 11(4), 905-915. https://doi.org/10.1007/
s10113-011-0228-7

Zhou, J., Prugh, L., Tape, K. D., Kofinas, G., & Kielland, K. (2017). The role
of vegetation structure in controlling distributions of vertebrate her-
bivores in Arctic Alaska. Arctic, Antarctic, and Alpine Research, 49(2),
291-304. https://doi.org/10.1657/AAAR0016-058

SUPPORTING INFORMATION
Additional supporting information may be found online in the
Supporting Information section.

How to cite this article: Zhou J, Tape KD, Prugh L, Kofinas G,
Carroll G, Kielland K. Enhanced shrub growth in the Arctic
increases habitat connectivity for browsing herbivores. Glob
Change Biol. 2020;00:1-12. https://doi.org/10.1111/
gcb.15104



https://doi.org/10.1111/gcb.14804
https://doi.org/10.1111/gcb.14804
https://doi.org/10.1038/35102054
https://doi.org/10.1111/gcb.13837
https://doi.org/10.1111/gcb.13837
https://doi.org/10.1007/s00442-005-0055-y
https://doi.org/10.1007/s10113-011-0228-7
https://doi.org/10.1007/s10113-011-0228-7
https://doi.org/10.1657/AAAR0016-058
https://doi.org/10.1111/gcb.15104
https://doi.org/10.1111/gcb.15104

