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Abstract

Annual variation in phenology can have profound effects on the behavior of animals.
As climate change advances spring phenology in ecosystems around the globe, it is
becoming increasingly important to understand how animals respond to variation in
the timing of seasonal events and how their responses may shift in the future. We
investigated the influence of spring phenology on the behavior of migratory, barren-
ground caribou (Rangifer tarandus), a species that has evolved to cope with short
Arctic summers. Specifically, we examined the effect of spring snow melt and vegeta-
tion growth on the current and potential future space-use patterns of the Porcupine
Caribou Herd (PCH), which exhibits large, inter-annual shifts in their calving and post-
calving distributions across the U.S.-Canadian border. We quantified PCH selection
for snow melt and vegetation phenology using machine learning models, determined
how selection resulted in annual shifts in space-use, and then projected future distri-
butions based on climate-driven phenology models. Caribou exhibited strong, scale-
dependent selection for both snow melt and vegetation growth. During the calving
season, caribou selected areas at finer scales where the snow had melted and veg-
etation was greening, but within broader landscapes that were still brown or snow
covered. During the post-calving season, they selected vegetation with intermediate
biomass expected to have high forage quality. Annual variation in spring phenology
predicted major shifts in PCH space-use. In years with early spring phenology, PCH
predominately used habitat in Alaska, while in years with late phenology, they spent
more time in Yukon. Future climate conditions were projected to advance spring phe-
nology, shifting PCH calving and post-calving distributions further west into Alaska.
Our results demonstrate that caribou selection for habitat in specific phenological
stages drive dramatic shifts in annual space-use patterns, and will likely affect future
distributions, underscoring the importance of maintaining sufficient suitable habitat

to allow for behavioral plasticity.
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1 | INTRODUCTION

As changing climate conditions alter phenology of ecosystems
across the globe (Myers-Smith et al., 2011; Parmesan & Yohe,
2003; Root et al., 2003), there is growing interest in understand-
ing how animals respond to variation in the timing of seasonal
events (Cohen et al., 2018). Phenology often elicits strong behav-
ioral responses in animals, altering their movements, habitat use
patterns, and spatial distributions as they react to annual shifts
in resource availability (Beever et al., 2017; Helm et al., 2013;
Resano-Mayor et al., 2019; Scharf et al., 2019). These behavioral
responses often enable animals to accrue fitness benefits by ac-
cessing key resources during critical times of the year, most nota-
bly, moving to areas of food abundance during the reproductive
season (Dingle & Drake, 2007). As climate change advances spring
phenology, animals exhibit a variety of novel behaviors including
shifting their seasonal ranges, changing the timing of their move-
ments, and altering their foraging patterns (Beever et al., 2017,
Root et al., 2003; Samplonius et al., 2016). Such behavioral plas-
ticity has buffered some species from mismatches in the timing
of peak resource availability and their consumer needs but may
be unable to keep pace with rapidly changing conditions (Beever
et al., 2017) having the potential for demographic consequences
(Visser & Gienapp, 2019). As a result, it is becoming increasingly
important to understand the behavioral mechanisms animals use
to respond to annual phenological variation and predict how they
may respond to future environmental conditions (Beever et al.,
2017; Buchholz et al., 2019; Cohen et al., 2018).

In seasonal environments, the timing and rate of vegetation
growth during spring is particularly important in driving the be-
havior of large, migratory herbivores. During spring, these species
often track the “green wave” of newly emergent vegetation as it
advances along elevational or latitudinal gradients to extend their
access to high quality forage (Aikens et al., 2020; Merkle et al.,
2016). Forage quality (i.e., digestible energy and protein) tends to
be high in new plant growth at the start of the growing season,
and then declines as plants mature and their defensive tissues
and compounds increase (Hebblewhite et al., 2008; Van Soest,
1982). By selecting vegetation in earlier phenological stages,
large herbivores optimize trade-offs between forage quality and
guantity to maximize consumption of digestible nutrients (Fryxell,
1991; Hebblewhite et al., 2008). While investigators are increas-
ingly recognizing the influence of phenology on behavior of large
herbivores, studies have primarily focused on its role during
spring migration (Aikens et al., 2020; Bischof et al., 2012; Merkle
et al., 2016), even though forage conditions continue to change
throughout the growing season (Felton et al., 2018). Selection by
herbivores for specific plant stages, combined with the spatial

arrangement of preferred plants, suggests that changes in phenol-
ogy can result in temporally dynamic space-use patterns (Paolini
et al., 2018) with key implications for how seasonal ranges may
shift under changing climate conditions.

As the Arctic warms at more than twice the global rate
(Intergovernmental Panel on Climate Change Climate Change
[IPCC], 2007), advances in growing season phenology are likely
to strongly influence the behavior of migratory caribou (Rangifer
tarandus). Caribou are the dominant large herbivore in the Arctic
and are ecologically important due to their effects on vegetation
dynamics (Newton et al., 2014; Zamin & Grogan, 2013) and socially
important for providing subsistence food and cultural resources
to rural and indigenous communities (Fall, 2016; Kenny et al.,
2018). Arctic caribou exhibit the longest migrations of terrestrial
mammals on the planet (Joly et al., 2020) as they travel to summer
ranges to birth their calves and access high-quality forage (Griffith
et al.,, 2002; White et al., 1975). Unlike many other large herbi-
vores that migrate in synchrony with the green wave of vegeta-
tion growth in spring, Arctic caribou migrate through the snow and
often arrive on their calving grounds prior to the onset of green-up
(Gurarie et al., 2019; Gustine et al., 2017). While Arctic caribou
typically exhibit strong fidelity to their calving grounds and sum-
mer ranges (Skoog, 1968), some herds have been observed to
shift these ranges over time, sometimes by hundreds of kilome-
ters (Gunn et al., 2008; Newton et al., 2015; Taillon et al., 2012).
The cause of these range shifts is unknown, however, investigators
have speculated that it may be, in part, to access habitat with ear-
lier plant phenology and improved foraging conditions (Gunn et al.,
2008; Newton et al., 2015). As the summer ranges of many Arctic
caribou herds are being impacted by climate change and industrial
development (Festa-Bianchet et al., 2011; Mallory & Boyce, 2018),
there is a critical need to identify preferred habitat conditions, and
understand how suitable habitat may be distributed in the future
(Taillon et al., 2012).

To examine the influence of spring phenology on resource se-
lection and space-use patterns of Arctic caribou, we investigated
the behavior of the Porcupine Caribou Herd (PCH). The PCH is cur-
rently one of the largest Arctic herds in North America (ca. 218,000;
Caikoski, 2020) with an annual distribution extending across the
United States-Canada border. The locations of the PCH calving
and post-calving ranges vary annually but tend to be further west
(in Alaska) during years with earlier snow melt and further east (in
Yukon) during years of late snow melt (Griffith et al., 2002; Figure 1).
Under changing climate conditions, this pattern could shift PCH dis-
tributions predominately into Alaska, which might exacerbate the
potential effects of proposed oil development within the Alaskan
calving and post-calving ranges (Bureau of Land Management [BLM],
2019). To better understand the role of phenology in governing
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FIGURE 1 Study area boundary (yellow polygon) for assessing resource selection associated with calving (blue dots) and post-calving
(red dots) locations of the Porcupine Caribou Herd along the Arctic coast of Alaska and Yukon (black lines) during 2012-2018. Black arrows
indicate the typical movement path during these seasons. The boundaries of the Arctic National Wildlife Refuge (ANWR), sub-units of
ANWR (1002 Area and Wilderness Area), lvvavik National Park (NP), and Vuntut NP are shown in orange. Locations represent a random

subsample of 20% of the total data for clarity

current and future patterns of PCH space-use, we (1) examined car-
ibou selection of multiple phenology and habitat characteristics at
several spatial scales; (2) determined how annual variation in phe-
nology affected annual calving and post-calving distributions; and
(3) projected future calving and post-calving distributions based on
predicted climate-driven shifts in annual phenology.

2 | METHODS

2.1 | Studyarea

During the calving and post-calving seasons, the PCH typically inhab-
its the Arctic coastal plain and foothills of the northwestern Yukon
Territory and northeastern Alaska (Figure 1; Griffith et al., 2002;
Russell et al., 1993). In April and May, caribou migrate to the Yukon's
coastal plain by wrapping east around the Brooks Range or by trav-
elling north from winter ranges in northern Yukon and Northwest
Territories (Russell et al., 1993). Once on Yukon's coastal plain, cari-
bou may remain there for calving or continue westward into Alaska
(Figure 1). As a result, the annual calving distribution can be located
predominately in the Yukon, in Alaska, or split across the international
border (Porcupine Caribou Technical Committee [PCTC], 1993). After
caribou birth their calves (early June), caribou that calved in Yukon
continue to move west to join those already in Alaska for the post-
calving season (Figure 1).

Spring snow melt and vegetation growth on the Arctic coastal
plain typically follow a longitudinal gradient, occurring earlier in
the eastern portion of the study area and progressing westward.
Latitudinally, the pattern is more complex with spring conditions
occurring earlier in the foothills south of the coastal plain (further
from the Arctic Ocean) and later at high elevations in the moun-
tains (Griffith et al., 2002; Russell et al., 1993). During 2001-2017
(the years of our phenology analysis; see below) in our study area,
the average February temperature (coldest month) was -21.2°C

(range: -27.8 to 16.1°C), the average July temperature (warm-
est month) was 10.6°C (range: 7.2-12.9°C), and average total
annual precipitation was 388 mm (range: 261-479 mm; http://
ckan.snap.uaf.edu/dataset/historical-and-projected-dynamicall
y-downscaled-climate-data-for-the-state-of-alaska-and-surrou).
Vegetation is dominated by herbaceous tundra, tussock tundra,
and low shrubs, and a large portion of the balance was sparsely
vegetated alluvial and montane habitat (Supporting Information
S1; https://daac.ornl.gov/; Eastland et al., 1989; Russell et al.,
1993). Lands are managed primarily by the U.S. federal govern-
ment in Alaska (Arctic National Wildlife Refuge [ANWR]) and the
Canadian federal government in Yukon (lvvavik National Park;
Figure 1). Within ANWR, there are two management units, the
Wilderness Area and the 1002 Area, the latter of which allows for
potential energy development (BLM, 2019).

2.2 | Caribou location data

During 2012-2018, primarily in February-March, the Yukon
Government and Alaska Department of Fish and Game (ADFG)
captured adult female (23 year old) PCH caribou from a helicop-
ter using a net gun (ADFG Protocol #0018). Caribou were fitted
with global positioning system (GPS) collars (ATS Iridium G2210E
and Lotek Iridium Track M) programmed to collect locations every
2-5 h. These data were archived by the Yukon Government and
approved for our use by the PCTC. We used locations from all
collared adult females (parturient and non-parturient) and divided
locations into those occurring during the calving season (26 May-
10 June; ordinal day 146-161) and the post-calving season (11-
30 June; ordinal day 162-181) following previous definitions for
the behavior of the herd (PCTC, 1993). Median calving dates are
generally consistent within a few days ranging between May 30
and June 6 (Griffith et al., 2002; Hepler, 2019). Data from animals
with <50 locations/season/year were excluded from our analyses.
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2.3 | Phenology and habitat variables

To quantify annual variation in phenology during the calving and
post-calving seasons, we used metrics derived from Moderate
Resolution Imaging Spectroradiometer (MODIS) imagery. We
used MODIS-derived snow-free date (Lindsay et al., 2015; 500-m
resolution) from the Geographic Information Network of Alaska
(GINA; https://gina.alaska.edu/), which represented the ordinal
day each pixel was estimated to be free of snow. We also ac-
quired MODIS-derived onset of greenness (250-m resolution)
from GINA, which represented the estimated ordinal day the veg-
etation in a pixel became green based on a modeled normalized
difference vegetation index (NDVI) threshold (Zhu et al., 2013).
Finally, using the NDVI metrics from GINA (Zhu et al., 2013) for
each pixel, we also estimated the date when NDVI reached 50%
of its maximum value for the year, approximating the time when
biomass levels are intermediate and forage quality is high, ideal
foraging conditions for ungulates early in the growing season
(Fryxell, 1991; Hebblewhite et al., 2008). Intermediate NDVI val-
ues coincide with maximum concentrations of forage protein for
Arctic caribou on the coastal plain (Johnson et al., 2018) which is
hypothesized to be nutritionally limiting (Barboza et al., 2018). We
interpolated the date when NDVI was 50% of its maximum value
(50% max NDVI) by using the dates of greenness onset and maxi-
mum NDVI, assuming a constant rate of change.

In addition to phenology, we included terrain and landcover vari-
ables previously shown to be important to Arctic caribou resource
selection (Fullman et al., 2017; Nelleman & Thomsen, 1994). We ac-
quired a digital elevation model (DEM; 30-m resolution) from the
U.S. Geological Survey (https://www.usgs.gov/core-science-syste
ms/ngp/tnm-delivery/) and calculated terrain ruggedness, topo-
graphic position, slope, and aspect across the study area using the
Geomorphometry and Gradient Metrics 2.0 toolbox (Evans et al.,
2014) in ArcGIS 10.6.1 (ESRI). We used the Global Self-consistent,
Hierarchical, High-resolution Geography coastline shapefile from
the National Oceanic and Atmospheric Administration (https://
www.ngdc.noaa.gov/mgg/shorelines/; Wessel & Smith, 1996) to
define the northern boundary of our study area and to measure dis-
tance to the coastline.

To characterize landcover across the study area, we used
Landsat-derived data from the Arctic Boreal Vulnerability
Experiment (ABoVE; Wang et al., 2019; 30 m). Landcover classes
in our analysis included water, tussock tundra, tall shrub, low
shrub, barren and sparsely vegetated (Supporting Information S1).
Upon comparison with aerial photographs, barren and sparsely
vegetated classes appeared similar and were interspersed, so we
combined these classes and recategorized them as being either
“montane barren,” in rugged, high elevation habitat, or “riverine
barren”, in gravel bars, deltas, and other alluvial habitat associated
with rivers based on topographic criteria (Table $1.1). The ABoVE
data included annual landcover classifications from 1984 to 2014,
so we used 2014 data in our analyses to coincide with the period
we collected caribou locations.

S i ey L

2.4 | Resource selection analysis

We assessed population-level selection (second order selection by
individuals within the population range; Meyer & Thuiller, 2006) of
phenology and habitat variables by adult female caribou during the
calving and post-calving seasons by comparing the characteristics of
used and available locations. We delineated the habitat available to
caribou with a kernel density of calving and post-calving locations
using the “density.ppp” function in the “spatstat” package (Baddeley
et al., 2016) in the R 3.6.3 computing environment (R Core Team,
2020). We used the ad hoc method of defining kernel smoothing
bandwidth (Worton, 1989), and because sample size varied by year,
weighted our density estimate by the annual number of caribou
locations collected (Supporting Information S2). We used all loca-
tions from both calving and post-calving seasons to define availabil-
ity because caribou distributions overlapped extensively between
seasons (Figure 1) and this allowed a direct comparison of seasonal
and annual shifts across a large area. We then extracted the con-
tour defining the 95% volume of the kernel density and buffered the
contour by 13 km, the mean daily movement rate during our study
period, which together, approximated habitat that was generally
available to the herd (Pop et al., 2018). Areas within the Arctic Ocean
were excluded (Figure 1). Within the study area boundary, we ran-
domly generated five available locations for every used caribou lo-
cation and attributed phenology, terrain, and landcover values to all
locations. We did not use elevation or distance to coast in resource
selection models because these variables often serve as proxies for
phenology characteristics (Haugen & Brown, 1980; Macander et al.,
2015), the primary variables of interest. To evaluate and interpret
the influence of spatial scale on caribou resource selection, we av-
eraged values for all habitat variables within buffers around loca-
tions with radii of 500, 1000, 2000, 5000, and 10,000 m. The largest
buffer represented approximate average daily movement distances
of caribou throughout the calving and post-calving seasons.

To discriminate between the characteristics of used and available
locations we employed a machine learning, random forest classifica-
tion model (Breiman, 2001). Random forest models are resistant to
collinearity of variables, do not assume independence of samples,
can model non-linear relationships, inherently consider interactions
among variables, and often perform better (i.e., lower predictive
error rates) than parametric models (e.g., logistic regression) of eco-
logical data (Cutler et al., 2007; Evans et al., 2011). A random forest
model is an ensemble of tree models that use bootstrap aggregation
(i.e., bagging) in which a unique sample of the data is drawn to grow
each tree, and a splitting variable (e.g., phenology or habitat variable)
is chosen from a random sample of variables drawn for each node
(Breiman, 2001). In the “ranger” package (Wright & Ziegler, 2017) in
R, we constructed probability forests (required by “ranger” to cal-
culate classification probabilities) using sampling with replacement
and used the Gini index for node splitting (Hastie et al., 2009; see
Supporting Information S3 for details). Forests comprised 500 trees
during the variable selection phase to reduce computation time,
but final forests comprised 1000 trees. We applied weights to the
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bootstrap sampling to account for the imbalanced number of avail-
able and used locations (i.e., 5:1) and unequal sample sizes among
years and individuals. We used the square root of the number of
variables in the model as the number of randomly selected variables
to consider at each node (Breiman, 2001). Trees in random forest
classification models are often grown to maximum depth (Breiman,
2001), but to limit overfitting (Hastie et al., 2009; Segal, 2004) and to
improve generalization across years, we limited the trees to a maxi-
mum depth of 13 node splits and minimum node size of 10 samples
(Supporting Information S3; Figure S.3.1).

To select the best resource selection model for each season,
we conducted a recursive variable removal procedure (Guyon
et al., 2002). We started with a global model with all variables
at all buffers, removed the least important variable (as calculated
by improvement in Gini impurity; Liaw & Wiener, 2002), and then
calculated the area under the receiver operating characteristic
curve (AUC), which is resistant to class-imbalanced data (Evans
et al.,, 2011). We continued this process until only one variable
remained. In preliminary analyses, the AUC often plateaued be-
fore declining, and a clear “best” model was not evident. To fur-
ther regularize the model, we bootstrapped the AUC to produce
95% confidence intervals (Hastie et al., 2009) and selected the
simplest model whose intervals overlapped those of the model
with the highest AUC (Supporting Information S3 and S4; Figure
S4.1). We then compared the global model with the best recur-
sive selection model and chose the one with the highest AUC. To
facilitate model interpretation, we generated partial dependence
plots for main effects, compared relative variable importance, and
mapped spatial predictions of the top models.

2.5 | Projected resource selection under future
climate conditions

To project future PCH calving and post-calving distributions, we first
needed projections of snow melt and vegetation conditions under
future climate scenarios that could be used as inputs into our re-
source selection models. Because those phenology projections were
not available, we derived our own by developing phenology predic-
tion models from observed past weather data, and then used those
models to project phenology under future climate conditions (de-
scribed below).

To model each phenology metric (i.e., dates of snow melt,
onset of greenness, and 50% max NDVI), we used 20-km resolu-
tion weather data produced by the European Centre for Medium-
Range Weather Forecasts interim reanalysis project (ERA-Interim)
during 2001 (earliest year of phenology data) to 2017 (the most
recent year of weather data) which had been dynamically down-
scaled by the Scenarios Network for Alaska and Arctic Planning
(SNAP) using the Weather Research and Forecasting model
Version 3.5 (Bieniek et al., 2016). The weather variables we used
included snow water equivalent (SWE) on 1 May, representing the
accumulated snow present shortly before the calving season. We

also calculated an average “spring” temperature during May and
June representing the heat available to melt snow and initiate the
growing season. Additionally, we calculated “summer” total pre-
cipitation and average temperature during June and July, which
we hypothesized would affect the rate of green up and maximum
NDVI values and, therefore, were only used in the model predict-
ing the date of 50% max NDVI. We also used terrain variables
in the models, including elevation, ruggedness, topographic posi-
tion, slope, aspect, and distance to coast, using the definitions and
scales described above.

The random forest model specification and selection for the
phenology metrics were similar to the resource selection models,
but because the phenology models were regression rather than
classification, we used variance for node splitting and for variable
importance (Hastie et al., 2009). Weighting was not necessary be-
cause each year had the same sample size (i.e., number of pixels in
the study area). Also, due to large sample sizes and computation
time, model selection was completed with forests composed of 100
trees, and final models comprised 500 trees. The best models were
selected using the predictive (OOB) R? values (Liaw & Weiner, 2002;
Hastie et al., 2009).

To estimate future phenology values, we used projected
weather from the 20-km dynamically downscaled climate projec-
tion data from SNAP (Lader et al., 2017; Walsh et al., 2018). Values
were averaged from two global climate models (GCM; GFDL-CM3
and NCAR-CCSM4) from the Coupled Model Inter-Comparison
Project 5 (CMIP5) which have been found to be representative
for Alaska (Lader et al., 2017; Walsh et al., 2018). Projection val-
ues were only available for representative concentration pathway
(RCP) 8.5, the highest CMIP5 concentration pathway. This path-
way may overestimate emissions from fossil fuels (Hausfather &
Peters, 2020) but tracks recent climate trends in the Arctic (Lader
et al.,, 2017). Its estimates of warming are increasingly plausi-
ble, particularly through the mid-21st century (Schwalm et al.,
2020a) before most of the divergence occurs between RCP 8.5
and more moderate scenarios (Hawkins & Sutton, 2009; Knutti
& Sedlacek, 2013). To account for climate variability and limit
bias, we averaged climate projections across three decades:
2030-2039, 2040-2049, and 2050-2059 (Terando et al., 2020).
We bias-corrected the data by adjusting the climate projections
by the offset between the ERA-Interim average and the 2010-
2019 climate projection average (Lader et al., 2016, 2017). The
adjustment was proportional for SWE and precipitation, because
these data were constrained on the lower limit by “0”, and was ab-
solute for temperature because, for practical purposes, the values
were unconstrained. The median proportional pixel bias between
the ERA-Interim observed data and the climate projection data
(ERA-Interim divided by projection) was 0.63 for SWE and 1.20
for spring precipitation, and the absolute median pixel bias (ERA-
Interim minus projection) was 1.16°C for spring temperature and
0.88°C for summer temperature.

We input the adjusted decadal averages of the climate pro-
jections into the phenology prediction models to project future
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phenology characteristics throughout the study area. The pro-
jected phenology metrics were then used as inputs in the resource
selection models to estimate the future probability of calving and
post-calving habitat use within the study area under the climate
conditions predicted for each decade. To assess how the average
distribution of habitat may change through time, we determined
a classification probability cutoff value in the resource selection
models to identify “suitable” habitat. We calculated the mean clas-
sification success of the used and available locations (i.e., the av-
erage of the used location classification success and the available
location classification success) across all probability values and
identified the probability cutoff where the classification success
was maximized (Guisan et al., 2017). To interpret temporal shifts
in resource use from current conditions into the future, we plotted
spatial predictions and calculated the amount of average suitable
habitat in Alaska and Yukon. While the suitable habitat delineation
averaged across multiple years does not encompass the full range
of annual variation, it represented a consistent metric for compar-
ing distribution shifts through time.

3 | RESULTS

3.1 | Resource selection
The number of collared caribou increased across the study period,
starting with seven collared females in 2012 and ending with 52 in
2018 (Supporting Information S2). Across those years, during the
calving season, we collected data from 89 individuals, totaling 236
animal-years, and comprising 40,880 locations. During the post-
calving season, we collected data from 88 individuals, totaling 238
animal-years, and comprising 52,305 locations.

The best calving season model (AUC = 0.942; Supporting
Information S4; Tables S4.1-S4.3) included 16 phenology and

4551
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habitat variables and, except for snow melt at the pixel scale, all
variables were included in the model at the 5- and 10-km scales
(Figure 2; Supporting Information S4; Tables S4.2 and S4.3). The
most important variable was the proportion of low shrub cover
at the 10-km scale followed by snow melt and onset of green-
ness dates at the 10-km scale. Snow melt and onset of greenness
at the 5-km scale were also included with moderate importance,
and snow melt at the pixel scale was the least important of the
included variables. At large spatial scales (5 and 10 km) caribou se-
lected habitat where the snow had melted approximately 0-9 days
before the start of the calving season (Figure 3a). At the pixel scale,
however, selection peaked sharply with snow melt dates ~9 days
prior to the start of the calving season. This suggests that at finer
scales, caribou selected habitat that had been snow-free for sev-
eral days, but which were within broader landscapes that may still
have snow or more recently melted. Similarly, within the 5-km buf-
fer, caribou selected habitat where the vegetation turned green at
the beginning of the calving season, while within the 10-km buffer,
they selected vegetation which turned green toward the end of
the calving season (Figure 3b). This suggests that caribou selected
patches of green vegetation within a mostly brown, or potentially
snow-covered, landscape, seeking out areas with greater foraging
opportunities. Partial dependence plots for the other variables are
included in Supporting Information S4 (Figure S4.2). During the
calving season, caribou generally selected habitat comprising mod-
erate to high proportions of low shrub, tussock tundra, and herba-
ceous habitats and low proportions of tall shrub and riverine barren
habitats. They also selected low to moderately rugged terrain and
gentle slopes.

During the post-calving season, nine phenology and habitat
variables were retained in the top model (AUC = 0.919; Supporting
Information S4; Table S4.1, S4.2, and S4.4), each at only one spa-
tial scale. All the variables retained in the model were measured
at the 10-km scale except for slope, which was measured at 5 km
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FIGURE 3 Partial dependence plots for
caribou selection of phenology variables
during the calving (a, b) and post-calving
(c) seasons by the Porcupine Caribou
Herd, 2012-2018. Gray polygons depict
the timing of either the calving or post-
calving season, respectively. During the
calving season, snow melt date (a) was
included in the model at three spatial
scales and the onset of greenness was
included at two scales (b). During the
post-calving season, the phenology
variables were included in the model at
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(Figure 2). Onset of greenness and 50% max NDVI dates were
the most important variables (Figure 2). Caribou selected habitat
where the snow had melted ~20-40 days earlier, and the vegeta-
tion had turned green ~10-20 days earlier (Figure 3c). Additionally,
they selected habitat where the 50% max NDVI date occurred
within the post-calving season (i.e., while they were using the hab-
itat; Figure 3c). Partial dependence plots for other variables are
included in Supporting Information S4 (Figure S4.3). During the
post-calving season, caribou selected habitat comprising moderate
to high proportions of tussock tundra and low shrub and low pro-
portions of tall shrub and riverine barren habitats. They also tended
to select slightly steeper and more rugged terrain than during the
calving season.

The optimal probability cutoff value to delineate “suitable” hab-
itat (i.e., the maximum separation between used and available loca-
tions) was 0.53 for the calving season and 0.52 for the post-calving
season (Supporting Information S5). The study area predictions
during 2012-2018 exhibited large annual variation in PCH calving
and post-calving space-use (Figures 4 and 5). Specifically, in years
when spring phenology was early (e.g., 2015), calving habitat shifted
westward and was located primarily within Alaska, whereas in years
when phenology was later (e.g., 2018), calving habitat shifted east-
ward and was primarily within Yukon (Figure 6). During the post-
calving season, years of early phenology were associated with
caribou use of the Alaskan coastal plain, whereas years with later
phenology were associated with caribou being widely distributed

longitudinally across the study area (in both Yukon and Alaska) and
primarily in the foothills (Figure 7).

3.2 | Projected space-use under future
climate conditions

The recursive selection models for all three phenology metrics
performed better than the global models (Supporting Information
Sé; Table S6.1). The snow melt model included 10 variables with
a predictive R? of 0.93, the onset of greenness model included 10
variables with a predictive R? of 0.82, and the 50% max NDVI date
model included 17 variables with a predictive R? of 0.68. The top
two variables for all phenology models were spring temperature
and May SWE (Supporting Information Sé; Figure S6.1), whereas
the terrain variables had less influence. Summer temperature and
precipitation were also important in predicting the 50% max NDVI
date.

Our models predicted that spring phenology would advance
in the study area in the future. For our study period (2012-2018)
and for the future decades of the 2030s, 2040s, and 2050s, the
median snow melt dates across the study area were 148, 148, 140,
and 140, respectively. The median onset of greenness dates were
149, 147, 138, and 134, and the median 50% max NDVI dates were
161, 162, 154, and 152. Thus, between the study period and the
2050s, the median snow melt date, onset of greenness date, and
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FIGURE 4 Predicted probability of

calving habitat use for the Porcupine
Caribou Herd from 2012 (top) to 2018
(bottom) as a function of annual variation
in snow melt and vegetation greening.
The left column shows only the predicted
probabilities and the right column
includes caribou locations (blue dots). The
number of individuals tracked each year
is represented as “n.” The black outline
depicts areas classified as suitable habitat.
White lettering represents the median

Calving habitat

2012 (n=7)
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A Silide

ordinal date of snow melt (S), onset of
greenness (O), and 50% max NDVI (N) in
the study area each year

n=33)

50% max NDVI dates advanced by 8, 15, and 9 days, respectively.
During the study period, median onset of greenness dates occa-
sionally preceded snow melt dates due to differences in the spa-
tial resolution of the original data (e.g., onset of greenness was
estimated at 250-m pixel resolution, while snow melt was the
500-m pixel resolution).

In the future, projected average calving and post-calving ranges
generally depicted increased use of western and northern portions
of the range (i.e., Alaska and further north onto the coastal plain)
and decreased use of the eastern portion of the range (i.e., Yukon;
Figures 8 and 9). Comparing the present average distribution to the
2050s projected average distribution, the area delineated as suit-
able calving habitat was projected to increase by 115% in Alaska,
decrease by 31% in Yukon, and increase by 46% overall (Table 1).
The area delineated as suitable post-calving habitat was projected
to decrease by 4% in Alaska, decrease by 88% in Yukon, and de-
crease by 13% overall (Table 1). The average delineated habitat in

2017 (n=51)
@

the 1002 Area, which allows for potential energy development,
was projected to increase by 429% and 35% during the calving and

post-calving seasons, respectively.

4 | DISCUSSION

As changing climate conditions alter seasonal phenology in habitats
across the globe (Cleland et al., 2007; Parmesan, 2007), there is a
critical need to understand the mechanisms by which animals adapt
to phenological variation and how those mechanisms may influence
animal populations in the future (Cohen et al., 2018). Our results in-
dicate that spring phenology plays a dominant role in driving major
inter-annual shifts in calving and post-calving distributions of the
PCH, as they exhibit strong selection for specific phenological win-
dows of snow melt and vegetation growth. While studies often ex-
amine the influence of a single phenology metric on animal space-use
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FIGURE 5 Predicted probability

or movements (e.g., the onset of greenness), our results show that
caribou respond to multiple phenological processes at multiple spa-
tial and temporal scales. In years with accelerated phenology, these
patterns generally resulted in the PCH predominately using habitat
in Alaska, while in years with delayed phenology, they spent more
time in the Yukon (Figures 6 and 7). In the future, as Arctic tem-
peratures increase and the snowpack declines (Lader et al., 2017,
Littell et al., 2018), suitable calving and post-calving habitat for PCH
is projected to occur more frequently in Alaska as caribou move to
areas in preferred phenological stages. Such changes in space-use
patterns of the PCH across the international border have significant
implications for conservation planning given bilateral commitments
to protect habitat and provide subsistence opportunities for indig-
enous communities (McMillan & Hodel, 1987).

During the calving season, snow melt and the onset of vegetation
growth were strongly associated with caribou resource selection
(Figure 2). Early studies of the PCH reported that calving grounds

of post-calving habitat use for the
Porcupine Caribou Herd from 2012 (top)
2018 (bottom) as a function of annual
variation in snow melt and vegetation
greening. The left column shows only
the predicted probabilities and the right
column includes caribou locations (blue
dots). The number of individuals tracked
each year is represented as “n.” The
black outline depicts areas classified

as a suitable habitat. White lettering
represents the median ordinal date of
snow melt (S), onset of greenness (O),
and 50% max NDVI (N) in the study area
each year

|

’m i
n=38)

were associated with landscapes still largely covered by snow, yet
noted that caribou birthed their calves in bare patches of ground
where the snow had melted and new plant growth was accessible
(Eastland et al., 1989; Fancy & Whitten, 1991). Our multiscale anal-
ysis was clearly able to quantify both these patterns, demonstrat-
ing that caribou selection for snow melt and green-up are indeed
scale-dependent. Caribou selected habitat at coarse scales (5 and
10 km) that were still mostly snow covered until early in the calving
season, but within those landscapes caribou used areas at the pixel
scale that had been snow-free for several days and were starting to
green (Figure 3a,b). Caribou use of habitat with mottled snow has
been hypothesized to reduce predation rates on calves, while pro-
viding adult females access to high-quality, immature cottongrass
(Eriophorum) flowers which emerge shortly after snow melt (Fancy
& Whitten, 1991; Griffith et al., 2002; Johnstone et al., 2002). In re-
sponse to inter-annual differences in phenology, female caribou ap-
pear to move as far west along the coastal plain as possible into the
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FIGURE 6 Examples of predicted
probabilities of Porcupine Caribou Herd
calving habitat use during years when
phenology was early (2015; top) and late
(2018; bottom). The black outline depicts
areas classified as suitable habitat. The
median phenology ordinal dates in 2015
and 2018, respectively, were snow melt:
135 and 155; onset of greenness: 134 and
162; 50% max NDVI: 146 and 174

FIGURE 7 Examples of predicted
probabilities of Porcupine Caribou Herd
post-calving habitat use during years
when phenology was early (2015; top)
and late (2018; bottom). The black outline
depicts areas classified as a suitable
habitat. The median phenology ordinal
dates in 2015 and 2018, respectively,
were snow melt: 135 and 155; onset of
greenness: 134 and 162; 50% max NDVI:
146 and 174

receding snow edge during the calving season, occupying patches
of snow-free habitat with greening vegetation. In some years, our
calving model identified “islands” of suitable habitat that appeared
to be unoccupied by caribou (Figures 4 and 5). We hypothesize that
such areas were likely inaccessible to caribou due to barriers created
by large expanses of persistent snow cover, and additional analyses
specifically assessing connectivity may be beneficial.
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During the post-calving season, caribou selected habitat most
strongly based on forage conditions, targeting areas where green-up
had commenced approximately a week prior to the start of the
post-calving season, and where vegetation reached 50% max NDVI
early in the post-calving season (Figure 3c). These results support
the forage maturation hypothesis where herbivores are predicted to
prefer earlier vegetation growth stages where the tradeoff between
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resource use for the Porcupine Caribou
Herd during 2012-2018 (top) and average
projected use during the 2030s, 2040s,
and 2050s. The black outline depicts areas
considered suitable habitat. Predictions
are based on projected climate data from
representative concentration pathway
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biomass and forage quality is optimized (Fryxell, 1991; Hebblewhite

et al., 2008). On the coastal plain, digestible energy for caribou is
relatively high throughout the growing season, generally remaining
above the threshold needed to store body reserves (Barboza et al.,
2018). Digestible protein, however, only remains above the thresh-
2018),
providing a short window for caribou to amass protein to reproduce

old for body storage during early summer (Barboza et al,,

the following year, while also meeting the increased demands of lac-
tation (Barboza & Parker, 2008; Taillon et al., 2013). In the Central
Arctic Caribou Herd, located directly to the west of PCH, Johnson
et al. (2018) found that forage protein peaked when NDVI was ap-
proximately half of its maximum value, suggesting that selection for

50% max NDVI may also serve as a proxy for protein acquisition. By
shifting the location of their annual post-calving range to use ear-
lier phenological stages of vegetation, caribou ensure access to high
protein forage during the short window it is available. This behavior
is analogous to large herbivores in other systems “surfing the green
wave” as they track new vegetation growth along latitudinal or eleva-
tion gradients (Aikens et al., 2020; Merkle et al., 2016). In our study
system, however, the PCH follows the phenological wave from the
Yukon (east side of the study area) where snow melt and green-up
first occurs, to Alaska (west side of the study area) where snow melt
and green-up commence later. We did not account for the influence
of insect harassment in our analyses, as this typically begins in late
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FIGURE 9 Average predicted post-

calving resource use for the Porcupine
Caribou Herd during 2012-2018 (top)
and average projected use during

the 2030s, 2040s, and 2050s. The
black outline depicts areas considered
a suitable habitat. Predictions are
based on projected climate data from
representative concentration pathway
8.5

Post-calving habitat
= 2012-2018 Average

June, toward the end of the post-calving season (Russell et al., 1993).
It is important to note, however, that warmer weather could result
in earlier emergence of insects and increased harassment of caribou
during the post-calving season (Culler et al., 2015), which could sub-
sequently alter caribou space-use and foraging efficiency (Witter
etal., 2012).

Because caribou selected for specific phenological stages
during the calving and post-calving seasons, annual variation in
phenology was responsible for dramatic shifts in PCH space-use
(Figures 6 and 7). Indeed, only phenology variables were tem-
porally dynamic in our resource selection models (i.e., landcover

(R

\ 2030—2039 Average

AN

059 Average

and terrain variables were static), but these variables success-
fully predicted extreme shifts in space-use (Figures 4 and 5). This
demonstrates the importance of preferred phenological windows
in defining early summer habitat for the PCH, and how the loca-
tions of important habitat areas can shift based on environmental
conditions (lto et al., 2013; Singh et al., 2010). In years of early
phenology, our models predicted the PCH to predominately use
Alaska during both the calving and post-calving seasons, while in
years of late phenology, they predicted greater use of the Yukon
during the calving season and a distribution spanning the interna-
tional border during the post-calving season. While other recent
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TABLE 1 Present(2012-2018 average) and projected (decadal averages) future suitable habitat during the calving and post-calving
seasons for the Porcupine Caribou Herd. The percent change was calculated between present delineated habitat and the 2050s projected
habitat. The area was calculated from average suitability values and does not represent the total suitable area among years. Suitable
habitat is shown for different jurisdictional boundaries including that within Alaska, Yukon, the Arctic National Wildlife Refuge (ANWR), the
management units within ANWR (1002 Area and Wilderness Area), and lvvavik National Park

Average annual habitat area (km?)

Season Boundary Present
Calving Alaska 1829.6
ANWR 1824.4

1002 area 316.3

Wilderness area 1507.9

Yukon 1647.4

Ivvavik National Park 1511.8

Total 3477.0

Post-calving Alaska 4902.1
ANWR 4898.8

1002 Area 2388.8

Wilderness area 2507.6

Yukon 584.3

Ivvavik National Park 580.2

Total 5486.4

2030s 2040s 2050s % Change
2542.3 3541.3 39354 1151
2486.9 3541.3 3934.5 115.7
922.4 1522.1 1673.5 429.2
1564.3 2014.5 22553 49.6
1760.4 1497.7 1128.2 -31.5
16721 1438.3 1103.9 -27.0
4302.7 5038.9 5063.6 45.6
4769.8 5516.5 4699.9 -4.1
4746.6 5440.7 4645.0 -5.2
1968.9 3189.1 3232.6 8553!
2769.5 2248.9 1388.6 -44.6
881.9 177.7 72.3 -87.6
8774 177.7 68.1 -88.3
5651.7 5694.2 4772.3 1810

studies of resource selection have considered temporal variation
in habitat conditions (e.g., Dupke et al., 2017; Resano-Mayor et al.,
2019), our work underscores the importance of phenology in driv-
ing early summer PCH behavior and may help explain dramatic
range shifts for other populations of caribou (Taillon et al., 2012)
and other large herbivores. It is important to note that our study
period (2012-2018; based on available GPS collar data) included
wide variation in early summer PCH distributions, yet did not in-
clude the full extent of spatial variation exhibited since the herd
has been monitored (BLM, 2019; PCTC, 1993).

Future climate projections are often constrained to temperature
and precipitation metrics, limiting their utility in studies of animals
that may not directly respond to these parameters (Berteaux et al.,
2006; Seavy et al., 2008). By using temperature and precipitation
variables to model variation in spring snow melt and vegetation
phenology, however, we were able to link climate projections to our
models of caribou resource selection. In doing so, we found that ear-
lier springs were likely to increase the PCH use of the western por-
tion of their early summer range in Alaska (Figures 8 and 9). While
the Yukon is likely to remain an important spring migratory path for
caribou, by 2050, our models project that the average amount of
suitable calving habitat in the Yukon will decline by 32% and post-
calving habitat by 88%. Conversely, in Alaska, the average amount of
suitable calving habitat is projected to substantially increase (115%)
as areas further west and near the coast experience earlier snow
melt and vegetation growth, while the amount of post-calving habi-
tat will remain relatively static (Table 1). It is important to recognize
that these averages serve only as a point of comparison for habitat
predicted to be most frequently used, and do not encompass the

extent of suitable habitat in all years; collectively, however, they sug-
gest that the Alaskan coastal plain will become increasingly import-
ant for the PCH.

Recent plans to produce oil in the 1002 Area of ANWR (BLM,
2019) have raised concerns about the loss of habitat and connec-
tivity within the PCH early summer range, given that caribou tend
to avoid industrial development, particularly during the calving
season (Cameron et al., 2005; Johnson et al., 2020). We found
that most of the projected future increases in suitable habitat in
Alaska occurred within the 1002 Area (Table 1; Figures 8 and 9),
particularly during the calving season, emphasizing the increased
importance of this habitat under future climate conditions. Such
projected shifts in habitat use highlight the potential limitations of
using past locations for future land-use planning (e.g., BLM, 2019),
as changes in PCH distributions may significantly alter the antici-
pated impacts of proposed development. Whereas, the neighbor-
ing Central Arctic Caribou Herd shifted their calving range within
coastal plain habitat when the Kuparuk oil field was developed
(Cameron et al., 2005), coastal plain habitat for the PCH is already
constrained to a narrow band between the Arctic Ocean and the
Brooks Range (Figure 1). As a result, there are limited options for
displacement, which are likely to be further constrained in the
future by the availability of preferred habitat under advancing
phenology.

Climate-driven temporal shifts in phenology can create “mis-
matches” between resource availability and animal life-history re-
quirements (Visser & Gienapp, 2019), with potential demographic
consequences (Ross et al., 2017). Although investigators have raised
concerns that accelerated spring phenology may cause the timing
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of peak nutrient availability to be misaligned with the timing of par-
turition and lactation in caribou (when nutritional requirements are
maximized; Parker et al., 2009), the evidence for such an effect re-
mains unclear. For example, studies have found that earlier springs
were associated with negative effects (Post & Forchhammer, 2008),
positive effects (Tveraa et al., 2013), and no effects (Vieberg et al.,
2017) on reproductive success in caribou and reindeer. Recently, in
the Qamanirjuaq caribou herd in Canada, Mallory et al. (2020) found
that the dates of vegetation green-up, migration, and parturition all
advanced during the study period (2004-2016), with no evidence of
a mismatch. Their study suggests that caribou can make temporal
adjustments when they access resources and even the timing of their
own biology, to adapt to changing phenology. Our results demon-
strate that caribou can also make spatial adjustments in response
to phenological variation, moving to where available resources are
consistent with their needs.

In our resource selection analyses, we found that scale was an
important consideration for improving model fit, with habitat at-
tributes evaluated at larger buffers (5 and 10 km) yielding greater
predictive power than smaller ones. Given that we investigated
landscape-scale, second-order selection (Meyer & Thuiller, 2006)
for a species with high movement rates (Joly et al., 2020), it is un-
surprising that phenology and habitat variables were most strongly
selected at such coarse scales. That said, the practice of explicitly
testing different spatial scales of selection within resource selection
models (e.g., Anderson et al., 2005; Meyer et al., 1998) has not been
commonly employed for caribou, as analyses typically use a single
spatial scale that is determined a priori (e.g., 1 km). Caribou have
been found to respond to human disturbance at landscape scales
(several km; Boulanger et al., 2012; Johnson et al., 2020), and we
found that they similarly respond to natural environmental fea-
tures at such scales, an analysis detail which should be considered
in future studies. It is important to note, however, that evaluations
of finer-scale selection or movement analyses (i.e., the scale of the
foraging patch) would likely detect selection at appropriately smaller
buffers.

While our analyses elucidate the role of spring phenology on car-
ibou resource selection and space-use, there were several limitations
that are important to recognize. For example, the climate projection
dataset we used provided the best available localized downscaling
for Alaska (Lader et al., 2017; Walsh et al., 2018), but only included
the RCP 8.5 scenario. Recent studies suggest that warming approx-
imating RCP 8.5 has become increasingly likely (Peters et al., 2013;
Schwalm et al., 2020a, 2020b), but it would have been preferable to
explore additional scenarios. Additional GCMs may also have been
helpful in producing more accurate future mean trends in climate
variables, but only two were available in the climate dataset we used,
which had demonstrated proficiency in Alaska (Bieniek et al., 2018;
Lader et al., 2017; Walsh et al., 2018). Additionally, our projections
assumed that landcover was static, as future predictions of land-
cover change were not available for our study area. While we know
that the composition of Arctic vegetation is changing over time
(Myers-Smith et al., 2011), such changes are often heterogeneous
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and subtle (Bjorkman et al., 2020; Pattison et al., 2015), and compli-
cated by the additional influence of declining sea ice (Buchwal et al.,
2020), thereby limiting our ability to speculate about their effects on
future caribou distributions. Lastly, we investigated PCH resource
selection during years (2012-2018) when the herd was large and
relatively stable in size (ca. 197,000-218,000), but population esti-
mates have ranged from a low of approximately 100,000 in the early
1970s to the present highs (Caikoski, 2020). Because early summer
resource selection could be density dependent (van Beest et al,,
2016), habitat relationships could vary in the future as a function of
population size.

Our results demonstrate the importance of spring phenology in
driving large-scale shifts in space-use patterns of the PCH, but the
influence of these shifts on caribou demographic trends remains un-
clear. Animals have evolved to select habitat that maximizes their
fitness (Fretwell & Lucas, 1970); however, habitat that is available
in the appropriate phenological stage (e.g., relative to snow melt
and green up) may vary in quality due to underlying differences
in plant composition, predator densities, or other factors (Griffith
et al., 2002). For example, Jorgenson et al. (2002) found that the
abundance of preferred forage plants was higher in western por-
tions of the coastal plainin ANWR than sampling locations further to
the south and east, suggesting that forage composition for caribou
varies spatially across their early summer range. An important next
step will be to determine how phenology-driven changes in space-
use influence the ability of the PCH to obtain nutrients, survive, and
reproduce, and how such relationships could be altered in the future.
Given our results, and uncertainty in how different habitat areas
confer fitness benefits for caribou, it will be critical to maintain habi-
tat that enables behavioral flexibility as animals respond to changing
environmental conditions (Ito et al., 2013; Singh & Milner-Gulland,
2011; Taillon et al., 2012).
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