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Abstract

Arctic climate is resulting in transformative changes to arctic social-ecological systems. 

With warming-induced increases in tall-shrubs, moose are expanding their range northwards. 

However, the socio-economic implications of this ecological change are unclear. Using field 

surveys, interviews, and modeling, I assessed the impact of climate change on moose harvest by 

hunters of Nuiqsut, an Inupiat community in arctic Alaska. Based on a 568 km transect of field 

sampling on shrubs and herbivore browsing levels, I estimated that the minimum shrub height 

for moose occurrence was ≥ 81 cm (95% CI: 65 - 96 cm). Patterns of moose geographic 

distribution mirrored tall-shrub distribution in arctic riparian areas. I also found that snowshoe 

hares may impact moose habitat via potential resource competition. Habitat suitability models, 

using Maxent and simpler temperature-threshold models, predicted that moose habitat may more 

than double by 2099 if current warming trends continue. The model outputs also suggested that 

climate warming will likely increase habitat connectivity, enhancing range expansion of moose 

in the Arctic. Finally, I used a coupled social-ecological systems (SES) framework to assess the 

implications of changes in tall-shrub habitat to moose harvest under future warming. Despite the 

expected increase in moose habitat and distribution, simulations of an agent-based model showed 

that the future may not translate into greater harvest opportunities, largely due to the limitation of 

river navigability for hunters. These findings provide an example in which rapid landscape and 

resource change may not translate into increased harvest. The integrated assessment with a SES 

framework revealed new and surprising outcomes, not evident when evaluating social and 

ecological components separately. This analysis highlighted how a coupled social-ecological 

framework can be used to assess the effects of climate change on ecosystem services.
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Chapter 1. Introduction

1.1 Background and motivation

As predicted by early climate simulations based on the runaway greenhouse gas effect 

observed in the Venus atmosphere (Manabe and Stouffer 1980, Hansen et al. 1981), observed 

global surface temperature has increased by more than one Celsius degree since the pre

industrial times, primarily due to the continued anthropogenic emissions of greenhouse gas 

(Hansen et al. 2010). However, the Arctic has warmed at twice the rate of the global average 

(Overpeck et al. 1997, Serreze et al. 2000, IPCC 2019). The rapid warming in the Arctic, 

particularly in the winter, is accelerated by the Arctic Amplification effect (Serreze et al. 2009), 

driven by reduced albedo, enhanced heat transfer from oceans to the atmosphere, and increased 

cloudiness and water vapor content over the Arctic region (Manabe and Stouffer 1980, Serreze 

and Barry 2011, Hinzman et al. 2013).

With a rapid warming in the Arctic, studies show systematic changes in marine and 

terrestrial environments (Walther et al. 2002, Hinzman et al. 2005, Post et al. 2009, Hoegh- 

Guldberg and Bruno 2010), including the decline in arctic sea-ice (Stroeve et al. 2014), melting 

of the Greenland ice sheet (Rignot and Kanagaratnam 2006), retreating arctic and subarctic 

glaciers (Gardner et al. 2013, Larsen et al. 2015), delayed river freeze-up and earlier break-up 

(Magnuson et al. 2000), increasing arctic river discharge (Peterson 2002), thawing permafrost 

(Romanovsky et al. 2002, Liljedahl et al. 2016), increasing plant productivity (Zhou et al. 2001, 

Elmendorf et al. 2012), changing plant phenology (Gonsamo et al. 2018), and northward 

expansion of species range (Root et al. 2003, Parmesan and Yohe 2003, Sunday et al. 2012, 

Fossheim et al. 2015). These transformative changes driven by climate warming have both 
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global and local societal implications, including the cultural and economic livelihoods of 

Indigenous Peoples of the Arctic (Hinzman et al. 2005, Meredith et al. 2019). The extent to 

which such changes will affect Indigenous community subsistence harvest and people's adaptive 

capacity remains unclear.

1.2 Shrubification of the Arctic and its implications

One of the transformative changes in the Arctic is shrub expansion, with significant 

implications to ecosystem processes, wildlife habitat, and Indigenous subsistence harvest 

(Hinzman et al. 2005, Meredith et al. 2019). Sturm et al. (2001b) compared oblique photographs 

taken during 1948-1950 with ones taken in the same location in 1999 -2000 in northern Alaska. 

The repeated photographs showed that shrubs increased during this period. Tape et al. (2006) 

later provided evidence for shrub expansion occurring across the circumpolar Arctic. Now field 

observations show that shrubs are expanding across the tundra biome (Naito and Cairns 2011, 

Myers-Smith et al. 2011, García Criado et al. 2020).

Increased presence of shrubs on the landscape trap deeper snow, providing better soil 

insulation that promotes decomposition and soil respiration, which increases available nutrient to 

shrubs (Sturm et al. 2001a, 2005, Schimel et al. 2004, Nobrega and Grogan 2007, Borner et al. 

2008, Salmon et al. 2019). Furthermore, shrubs reduce albedo during the snow-cover season, 

which leads to more absorption of incoming solar radiation (Sturm and Douglas 2005, Chapin et 

al. 2005, Hinzman et al. 2013). With higher turnover of leaves and stems for deciduous shrubs 

than for evergreen communities, more rapid decomposition and nutrient cycles at deciduous 

shrub sites amplify their growth with increased nutrient supply (Chapin and Shaver 1988, 

Kielland 2001, Walker et al. 2006). These positive feedbacks suggest that shrub expansion is 
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poised to accelerate with warming, with heterogeneous patterns of expansion induced by 

microsite growth conditions (Tape et al. 2012).

Warming induced shrub expansion may contribute to the process of turning arctic Alaska 

into a significant carbon source to the atmosphere (Oechel et al. 1993, Piao et al. 2008, Koven et 

al. 2011). This process is mainly due to the increased early winter respiration of arctic tundra 

(Kelley et al. 1968, Coyne and Kelley 1971, Commane et al. 2017), where microbial activities 

can still be detected at subzero temperature in the arctic soils (Chapin et al. 1991, Clein and 

Schimel 1995, Gadkari et al. 2020). Shrub expansion thus, will likely amplify regional climate 

warming via changes in the carbon budget of the arctic system (Chapin et al. 2000, Hinzman et 

al. 2013, Pearson et al. 2013).

The implications of shrub expansion to wildlife habitat and the associated changes in 

subsistence harvest are unclear. Historically, climate change triggered a major regime shift in 

habitat and range patterns for arctic wildlife communities. During the Pleistocene-Holocene 

transition period, mounting evidence suggests that climate change induced a vegetation transition 

from a dry-steppe, dominated with forbs and graminoids, to a wet-tundra dominated by woody 

shrubs, sedges, and moss (Zimov et al. 1995, Willerslev et al. 2014). Concurrently, large 

mammals, including bison (Bison priscus), horse (Equus ferus), woolly mammoth (Mammuthus 

primigenius), saiga antelope (Saiga tatarica), lion (Panthera spelaea), and short-faced bear 

(Arctodus simus), all went extinct from arctic Alaska whereas muskox (Ovibo moschatus) and 

caribou (Rangifer tarandus) persisted, and humans (Homo sapiens) and moose (Alces alces) 

colonized the arctic tundra (Guthrie 2006, Mann et al. 2013). The historical record suggests that 

future shrub expansion will likely alter community structure and biotic interactions in the Arctic 

(Henden et al. 2011, Boelman et al. 2015, Tape et al. 2016). Shrub expansion, for example, is 
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increasing habitat for some shrub dependent-species, whereas it is simultaneously reducing 

habitat quality for other species (Wheeler et al. 2018).

Moose, one of the beneficiary species of shrub expansion, have expanded into the Arctic 

probably in the early 1900s (Hall Jr. 1973, Tape et al. 2016), providing an additional source of 

subsistence harvest to northern Indigenous Peoples. Accounts of early explorers and Alaskan 

Natives reported no moose beyond the Brooks Range before 1870s, and only some accounts 

reported sporadic moose pursuit between 1880s and 1900s on the Colville River (Coady 1980). 

Moose, therefore, may have occasionally dispersed over the Brooks Range into the Colville 

River drainage areas prior to 1900s, evidenced by the discovery of moose bones on the Colville 

River that date back much earlier than 1900 (Mann et al. 2013). However, the establishment of 

year-round range by moose with viable populations has been likely facilitated by the warming- 

induced shrub expansion (Tape et al. 2016). Shrub expansion is likely to continue (Elmendorf et 

al. 2012, Pearson et al. 2013) with the projected warming in the Arctic (Overland et al. 2014), 

but it remains unknown how moose habitat in the Arctic Alaska will respond to combination of 

warming and increased shrub abundance.

The goal of my research was to examine patterns of changes in moose habitat under 

different warming scenarios and, concurrently, their implications for moose harvest opportunities 

by an Indigenous community of arctic Alaska. I assessed future trajectory of moose harvest 

opportunities under climate warming within the hunting area of Nuiqsut. This research seeks to 

contribute to our understanding of climate change impacts on ecosystem services for subsistence 

communities in a rapidly changing Arctic.

1.3 Outline of the dissertation

This research addressed three main questions:
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1. What is the habitat requirement for shrub-dependent herbivores, such as moose, on the

North Slope of Alaska?

2. How could moose habitat distribution change under warming if shrubs expand in the 

tundra?

3. What could be the consequences of changes in moose habitat and resultant changes in 

moose abundance and distribution, due to climate warming, for harvest opportunities of 

an Indigenous community of arctic Alaska?

Moose on the North Slope of Alaska are among the least studied moose populations in 

Alaska. Moose in Colville River drainage systems spend most of their time in tall shrub areas 

(Mould 1977). However, little is known quantitatively about the habitat requirement and 

geographic distributions for moose in arctic Alaska. Thus, Chapter 2 examined habitat 

requirements and the geographic distribution for moose on the North Slope. Data for this 

analysis is based on a 568 km transect of field sampling on shrubs and moose browsing. The 

findings from Chapter 2 was published in Arctic, Antarctic, and Alpine Research (Zhou et al. 

2017).

Chapter 3 examined the possible trajectory of future changes in moose habitat in light of 

projected warming scenarios. Based on the habitat requirement and patterns of geographic 

distributions described in Chapter 2, I built a species distribution model in Maxent (Phillips et al. 

2006) to estimate and map suitable habitats for moose in the study area. The Maxent model used 

14 environmental layers and a 19-year moose location dataset, and achieved high predictive 

accuracy (95%). Based on the top three predictors from the Maxent model, I built a temperature

threshold model, based on the relationship between shrub growth and summer temperature, in 

conjunction with spatial landscape features of river drainage systems. These models were then 
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used to estimate future moose habitat under climate warming. Based on locally fine-tuned 

predictions of warming, Chapter 3 estimated plausible changes in the trajectories of moose 

habitats, and describes patterns of spatial structures of the patch networks in the study area under 

future warming. The findings from this chapter was published in Global Change Biology (Zhou 

et al. 2020).

In Chapter 4, I applied an integrated social-ecological system framework to evaluate the 

impact of climate change on moose harvest for the North Slope community of Nuiqsut, Alaska. 

Based on data from semi-structured interviews with active moose hunters of that community, I 

simulated moose harvest patterns in an agent-based model (ABM), using the NetLogo 

environment (Wilensky, 1999. NetLogo. https://ccl.northwestern.edu/netlogo/). Based on results 

from Chapter 3 and ABM simulation results, I projected future opportunities of moose harvest. 

Finally, in Chapter 5 I summarize the general findings from the dissertation, draws general 

conclusions, and identify areas of needed future research.

6
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Chapter 2. The role of vegetation structure in controlling distributions of 

vertebrate herbivores in Arctic Alaska1

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

Abstract

Climate-driven shrub expansion is altering the distribution of animal communities in the Arctic. 

A better understanding of habitat requirements is needed to accurately predict the response of 

herbivore communities to shrub expansion. We examined patterns of browsing by moose (Alces 

alces), snowshoe hare (Lepus americanus), and ptarmigan (Lagopus lagopus, L. muta) across the 

tundra of northern Alaska to determine whether forage requirements explain the distribution of 

herbivores in this ecosystem. In addition, we examined the potential for competition among these 

three shrub-dependent species. We recorded shrub characteristics and browsing levels at 59 sites 

along a 568 km riparian transect spanning from the Brooks Range to the Arctic Coast. Mean 

shrub height was positively correlated with browsing intensity for all three species (r = 0.40

0.71). The minimum shrub height threshold for hare occurrence (≥87 cm, 95% CI: 67-94) was 

similar to that for moose (≥81 cm, 95% CI: 65-96), whereas ptarmigan were nearly ubiquitous 

(≥3 cm, lower 95% CI = 0). Diet overlap among herbivores was nearly complete, with all three 

species heavily browsing feltleaf willow (Salix alaxensis). Our findings indicate that unlike 

moose and ptarmigan, forage availability does not appear to control the distribution of snowshoe 

hares in the Arctic. Resource competition may further affect distribution patterns within this 

guild as shrub cover continues to expand.
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Introduction

The rate of warming in the Arctic is increasing faster than the global average (Chapman 

and Walsh, 2007; Bergengren et al., 2011; Serreze and Barry, 2011; IPCC, 2013). A warming 

climate is having acute impacts on biological and physical systems (Callaghan et al., 2004), 

including increased vegetation productivity (Bhatt et al., 2010; Elmendorf et al., 2012; Epstein et 

al., 2012), thawing permafrost (Liljedahl et al., 2016), and decreasing sea ice extent (IPCC, 

2013). In response, species range shifts have been observed across taxonomic groups and 

geographic locations worldwide (Parmesan, 1996; Walther et al., 2002; Chen et al., 2011). In the 

Arctic, many species are observed or predicted to be undergoing northward range shifts, 

including marine organisms (Fossheim et al., 2015) and terrestrial species of plants (Tape et al., 

2006; Danby and Hik, 2007; Pearson et al., 2013), insects (Jepsen et al., 2011), birds (Boelman 

et al., 2015), and mammals (Baltensperger and Huettmann, 2015; Tape et al., 2016a, 2016b).

Range shifts can directly alter interspecific interactions at multiple trophic levels 

(Tylianakis et al., 2008; Lancaster et al., 2017) and change community structures (Chapin et al., 

1995; Pounds et al., 1999; Sagarin et al., 1999; LeRoux and McGeoch, 2008; Post et al., 2009). 

For example, recent shrub expansion in the Arctic (Tape et al., 2006) altered wildlife 

communities by improving habitat for shrub-dependent species (Ehrich et al., 2012; Henden et 

al., 2013) and potentially reducing habitat quality for previously existing species (Joly et al., 

2012; Boelman et al., 2015).

Understanding distribution and possible colonization patterns of browsers is critical to 

predict arctic ecosystems' response to shrub expansion (Bryant et al., 2014). The central trophic 

position of herbivores facilitates their strong influence on the biodiversity of both predators and 

primary producers (Post and Pedersen, 2008; Kaarlejarvi et al., 2015) and ecosystem functioning 

(Schmitz, 2008; Vaisanen et al., 2014). Additionally, many herbivore species, especially moose 
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(Alces alces), are a valuable subsistence food source for human communities (Nelson et al., 

2008; Titus et al., 2009).

Minimum habitat requirements for shrub-dependent vertebrates along the leading edge of 

their expanding ranges in the Arctic have not been quantified. The goal of this study was to 

quantify shrub habitat requirements and understand colonization patterns of vertebrate herbivores 

on the North Slope of Alaska. We examined shrub characteristics and patterns of browsing by 

three vertebrate herbivores: moose, snowshoe hare (Lepus americanus), and ptarmigan (Lagopus 

lagopus, L. muta) Ptarmigan have been historically the primary browsers in the Arctic (West 

and Meng, 1966), whereas moose and snowshoe hares have recently expanded their 

northernmost ranges onto the North Slope of Alaska (Tape et al., 2016a, 2016b). Browsing by 

these herbivores can strongly affect vegetation communities (Butler et al., 2007; Christie et al., 

2014) and ecosystem level processes through changes in competition, soil chemistry, nutrient 

cycling, near-ground microclimatic conditions, and community structure (Kielland et al., 2006).

Floodplains of major rivers on the North Slope are critical habitat for vertebrate 

herbivores, especially during winter when forage is limited to plants protruding from the snow 

(West and Meng, 1966; Kelsall, 1972; Mould, 1979; St-Georges et al., 1995). We sampled along 

a riparian transect extending 568 km from the northern Brooks Range to the Arctic Coast. This 

transect spanned major environmental gradients and ecoregions in Arctic Alaska, allowing us to 

assess shrub requirements for each herbivore. Specific objectives of this study were to (1) 

quantify habitat thresholds for the three herbivores, (2) test whether forage requirement explain 

herbivores' distributions, and (3) examine overlap in resource use to assess competition.

We tested the importance of forage requirements in explaining patterns of occurrence by 

moose, snowshoe hares, and ptarmigan at the northern edge of their distribution. If distributions
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are determined primarily by foraging needs, then we would expect small-bodied species to be 

widely distributed and large-bodied species that require more forage to be limited to areas with 

greater shrub biomass. Moose, the largest browsers among the target species, require 

approximately 70 times more forage biomass than snowshoe hares and nearly 200 times more 

than ptarmigan (Table 2.1). Thus, we expected ptarmigan to be most widely distributed, 

snowshoe hares to have an intermediate distribution, and moose to have the most restricted 

distribution.

Interspecific interactions, such as competition, can also influence species range

expansion dynamics (Svenning et al., 2014). Without consideration of species interactions, the 

climate envelope per se is often not sufficient to predict species range shifts (Davis et al., 1998). 

Further, range shifts cause changes in community interactions and in most cases intensify 

competitive interactions (Tylianakis et al., 2008; Blois et al., 2013; Lancaster et al., 2017). With 

novel species migrating into the new habitat, we predicted a resource overlap between previously 

established species and new arrivals at the leading-edge communities. Therefore, we examined 

the potential for competition among the herbivores by examining overlap in use of different 

shrub species.

Methods

Study Area

The study area (Figure 2.1) includes three physiographic regions on the North Slope of 

Alaska: the Brooks Range, Arctic Foothills, and Arctic Coastal Plain (68.16°N, 156.04°W to 

70.22°N, 150.89°W). We selected riparian corridors along the Nigu, Etivluk, and Colville Rivers 

for sampling. The study area was selected because it spanned the northern expansion zone of 

shrubs and herbivores and exhibited variability in shrub characteristics.
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The study region is an arctic tundra ecosystem dominated by tussocks and dwarf shrubs 

(e.g., Salix reticulata, Betula nana). Tall shrubs (>1 m), especially feltleaf willow (Salix 

alaxensis), occur commonly along creeks and river floodplains, where shrubs form strips of 

dense thickets that have expanded since 1950 (Tape et al., 2006; Naito and Cairns, 2011). The 

average annual temperature on the North Slope is -12 °C and July and February are the warmest 

and coldest months. Most of the average annual precipitation, about 250 mm, occurs during July 

and August (Huryn and Hobbie, 2012). The entire area is covered with snow up to eight months 

each year (October-April), and shrubs exceeding 0.5-1.0 m are usually the only vegetation 

visible between January and snowmelt.

Site Selection

From 11 August to 1 September 2014, we used inflatable boats to float down three 

connected rivers, where we randomly selected transect sites by generating random numbers for 

stopping times. At each stop, a 50 m transect perpendicular to the river was sampled. The 

transect was started with the first point that hit vegetation when walking perpendicularly from 

the river, and shrubs were sampled at five locations along the transect (at 10, 20, 30, 40, and 50 

m). At each location, we examined four sampling points. Both sides of the river were sampled by 

alternating right and left sequentially. In total, 59 transect sites were randomly selected in the 

river floodplains and 1180 sampling points were examined. The mean distance between transect 

sites was 7105 m (range: 1269-23,613 m).

Sampling Method

We used the point-centered quarter method (Mitchell, 2010) to characterize shrubs. At 

each of the five locations on the 50 m transect, we recorded the nearest shrub in each quadrant to 

the center of the location point, as well as canopy diameter of the thicket (composed of multiple 
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stems that separately form an independent stand), shrub height, shrub species, terrace type, and 

browsing by herbivores. Terrace type was visually examined at each of the five locations along 

the transect, where four categories were assigned: 1 = most active (flooded > 1 yr-1); 2 = active 

(flooded 1 yr-1); 3 = inactive (rarely flooded); 4 = abandoned (no longer flooded).

When selecting the nearest shrub, distance was measured from the location point on the 

transect line to the center of the shrub thicket. The nearest shrubs were recorded only within a 5 

m radius from the central point of the quadrants. The tallest live branch of the thicket was 

measured for shrub height. Diameter of the shrub canopy cover was determined using 

measurements of maximum and minimum diameters across the thicket canopy cover, which 

were later averaged in our analysis.

At distances of 10 and 30 m along each transect, we used a digital caliper to record 

diameter of current annual growth for each of the selected shrubs. These measurements were 

used to derive estimates of current annual biomass production at each site. All measurements 

during the entire sampling were performed by the same person to minimize potential 

measurement bias.

Browsing Intensity

Browsing intensity was measured as the proportion of stems browsed on each shrub, 

which was quantified by counting the number of both browsed and unbrowsed twigs from the 

randomly selected stems. The three herbivore species each leave distinct browsing marks on the 

shrubs (Christie et al., 2014). Moose browsing can be easily recognized by the ragged broken 

tips of browsed twigs, whereas snowshoe hares leave a sharp diagonal cut of twigs. Ptarmigan 

primarily consume buds but also feed on tiny twigs. Browsing marks were used as an index of 

presence in this region because moose in winter almost exclusively use areas with tall shrubs 
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(Mould, 1979), and snowshoe hares are likewise restricted to shrubs protruding from the snow 

(Tape et al., 2016a). Although our sampling effort was a snapshot in time, estimation of 

browsing intensity and corresponding presence-absence inferences included not only current year 

browsing but also older browsing marks (~3 years prior).

Statistical Analyses

To identify shrub characteristics and site covariates important for predicting browse 

intensity, we used Pearson correlations among mean browsing intensity by each browser and the 

shrub characteristics at each site. Current annual twig biomass production for each shrub species 

was estimated using the field measurement of twig diameter of current annual growth and the 

allometric equation relating diameter to twig biomass reported by Seaton et al. (2011) in Alaska:

Twig dry biomass (g) = ea × emse/2 × diameterb, (1)

where e is the base of the natural logarithm, a is the intercept, b is the slope, and diameter is the 

measured live twig diameter (mm). Each shrub species has a different coefficient estimated by 

Seaton et al. (2011) for the above equation. Shrub canopy volume was calculated by using the 

volume formula for a cone, where shrub height was multiplied by canopy area (πr2) and divided 

by 3 (Bryant and Kothmann, 1979).

To quantify selection at the individual shrub thicket level (i.e., local scale), we used a 

progressive resource selection function (RSF). RSF uses binary observations of presence

absence (used vs. unused), or presence-available resource units to assess habitat selection (Boyce 

et al., 2002; Johnson et al., 2006). To generate RSF models for each species, we used presence

absence data of herbivore browse marks at each individual thicket (n = 937) as the response 
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variable and individual shrub height as the explanatory variable. We used a stochastic gradient 

boosting (SGB) classification algorithm (Friedman, 2002) in TreeNet from Salford Predictive 

Modeler (SPM 7.0; http://www.salford-systems.com), which has been used for analyses of 

habitat preferences and thresholds (e.g., Cai et al., 2014). All the models based on SGB 

algorithm in TreeNet were selected and evaluated using the receiver operating characteristic 

(Fawcett, 2006). TreeNet was set to build 250 trees to reach the optimal tree numbers for the 

final models. We used the partial dependence plot produced by TreeNet to evaluate resource 

selection, which shows the marginal effect of shrub height on herbivore habitat resource use 

probability: a positive partial dependence indicates positive selection or preference and a 

negative partial dependence shows avoidance. Habitat resource selection is identified at the point 

where the response line on the y-axis crosses the x-axis and becomes positive in value (Popp et 

al., 2007).

To identify minimum shrub height thresholds at the site level (i.e., landscape scale), 

logistic regression was used based on site occupancy data. The presence-absence of browsing by 

each herbivore species along the 50 m transect at the sampling sites (n = 59) was used as the 

response variable. The maximum height of shrubs sampled at each site was averaged and used as 

the explanatory variable. By using the estimated coefficients of intercept and slope obtained from 

the logistic model, we calculated the mean shrub height that corresponded to a 50% chance of 

the species being detected at the site. The threshold was given by back-transforming from the 

logit link to proportions (sensu Suorsa et al., 2005) using the equation
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where the intercept and slope are values obtained from the logistic regression model.

Because ptarmigan were present at all but three sites, we conducted Firth's bias-reduced 

logistic regression using the ‘logistf' (version 1.21) package (Heinze et al., 2013) in program R 

(R development Core Team, version 3.1.3) to avoid issues of complete or quasi-complete 

separation. In addition to likelihood ratio tests to assess overall model fit, we calculated the 

pseudo-R2, or pR2, for the models:

The pR2 measures the deviance explained by the model and provides a goodness-of-fit estimate 

analogous to the R2 statistic in the linear regression (Hagle and Mitchell, 1992).

To examine the potential for competition among ptarmigan, hares, and moose, we 

examined resource use overlap in two ways: (1) browsing of the same individual shrubs (i.e., 

whether different herbivore species were browsing the same or different individual shrubs), and 

(2) the composition of shrub species browsed by each herbivore species. We used a null model 

approach to test for significant partitioning of individual shrubs and diet overlap. First, we 

compared the observed number of individual shrubs browsed by more than one herbivore species 

with the number that would be expected if herbivores were selecting individual shrubs randomly. 

To do this, we calculated the total number of individual shrubs browsed by each species, and we 

randomly assigned browsing to individual shrubs within the total sample (n = 937 shrubs) using 

the “sample” function in program R. We then determined the proportion of shrubs that were 

“browsed” by each species alone and by multiple species, and we ran the simulation 10,000 

times to generate the average expected number of individual shrubs that would have been 
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browsed by multiple herbivores if shrubs were selected randomly, along with 95% confidence 

intervals. To measure overlap in herbivores' browsing of shrub species, we used the ‘EcoSimR' 

package (Gotelli and Ellison, 2013) to estimate pairwise diet overlap using Pianka's index 

(Pianka, 1973). ‘EcoSimR' compares the observed overlap to a null model based on 1000 

replications of Pianka indices created from randomly reshuffled diets.

Results

Across all species, the average canopy diameter was 63 cm (SE = 0.08 cm, range = 10

534 cm), mean canopy cover was 0.8 m2 (SE = 0.02 m2, range = 0.01-22 m2), average volume of 

shrub thickets was 0.5 m3(SE = 0.002 m3, range = 0.001-21 m3), and averaged maximum height 

of shrubs was 80 cm (SE = 0.09 cm, range = 10-456 cm).

The tallest recorded shrubs were feltleaf willows (456 cm), with 41 individuals above 300 

cm (Table 2.2). Accounting for 46% of recorded shrubs, the feltleaf willow was also the most 

common species recorded in the sampling area.

Shrub Height and Browse

For all three herbivores, browsing intensity was more strongly correlated with shrub 

height than any other examined characteristics of shrubs and sites, increasing with shrub height 

for all herbivores (Table 2.3).

Shrub height was tallest near the midpoint of our north-south transect. Height of some 

shrubs in the Arctic Foothills on the Colville River exceeded 4 m, whereas most shrubs at the 

beginning and end of the transect were less than 1 m tall. We observed ptarmigan browsing from 

our first sampling site in Brooks Range all the way to the last sampling site close to the Arctic 

Ocean. In contrast, moose and snowshoe hare browsing intensity followed the shrub height 

distribution and was observed only at sites with tall shrubs (Figure 2.2).
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The average height of shrubs browsed by ptarmigan, snowshoe hare, and moose was 110 

cm (SE = 3.2 cm), 159 cm (SE = 8.3 cm), and 206 cm (SE = 9.3 cm), respectively. The Kruskal- 

Wallis H test showed a statistically significant difference in the height of shrubs browsed by the 

three species (Chi-squared = 127.263, df = 2, P-value < 0.001). The distributions of shrub 

heights browsed by each herbivore were distinct. Although ptarmigan browsing occurred along 

the entire spectrum of shrub height, their browsing was mainly concentrated in the low shrub 

height region. Moose and snowshoe hare browsing was concentrated in the tall shrub zones, 

though snowshoe hare browsing was concentrated on intermediate shrubs, whereas moose 

browsed both intermediate and tall shrubs (Figure 2.3).

Shrub Height Selection

The TreeNet model (area under curve [AUC]: learning/testing = 0.90/0.91) indicated that 

moose predominantly browsed shrubs taller than 80 cm (Figure 2.4, part A), snowshoe hares 

predominantly browsed shrubs taller than 60 cm (AUC: learning/testing = 0.84/0.81), and 

ptarmigan predominantly browsed shrubs taller than 30 cm (AUC: learning/testing = 0.89/0.88). 

Minimum Habitat Thresholds for Site Occupancy

The site-level logistic regression model showed that sites with a mean shrub height of 81 

cm (95% CI: 65-96 cm) had a 50% chance of moose presence (Figure 2.4, part B; pR2 = 0.50; 

χ2= 40.534, df = 1, P-value < 0.001). Snowshoe hares had a 50% probability of presence when 

the average shrub height was 87 cm (95% CI: 67-94 cm; pR2 = 0.36; χ2= 28.685, df = 1, P-value 

< 0.001). Ptarmigan browsing was detected at most of the transect sites (56 of 59 sites), resulting 

in wide confidence intervals despite good model fit (pR2 = 0.72), because of quasi-complete 

separation of presence and absence data (Figure 2.4, part B). Firth's bias-reduced logistic 

regression model showed that ptarmigan had a 50% chance of presence at sites with average 
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shrub height of 3 cm (χ2= 11.1902, df = 1, P-value < 0.001) without reliable confidence intervals 

(lower 95% CI = 0), indicating no threshold. Ptarmigan browsing was detected at all sites with 

shrubs, except one site where only one feltleaf willow (height = 109 cm) was recorded along the 

transect.

All short shrubs (<1 m) browsed by moose (n = 17) were at sites with tall shrubs present 

(Welch two sample t-test, t = -6.1437, df = 15, P-value < 0.001). Only three short shrubs 

browsed by snowshoe hares were at sites without tall shrubs; all other short shrubs browsed by 

hares (n = 46) were at sites with tall shrubs (Welch two sample t-test, t = -2.9585, df = 6.007, P- 

value = 0.025).

Competition for Same Individual Shrubs

Of the 937 shrubs examined, moose browsed 117 (12%), snowshoe hares browsed 146 

(16%), and ptarmigan browsed 736 (79%) shrubs. If the occurrence of shrub individuals browsed 

by herbivore species was random, we would expect to observe only 18 (95% CI: 11-26) shrubs 

browsed by both moose and hares. Instead, 43 shrubs were browsed by both moose and hares 

(Table 2.4), indicating selection for the same individual shrubs and potential competition if 

resources are limiting. Likewise, more individual shrubs were browsed by both moose and 

ptarmigan than expected, whereas overlap in browsing by hares and ptarmigan did not differ 

from random (Table 2.4).

Competition for Shrub Species

Feltleaf willow was the dominant shrub species in the browse composition of all 

herbivores (Table 2.2). For moose, 67% of total browsed shrubs were feltleaf willow; it was also 

the most common shrub species browsed by snowshoe hares (45%) and ptarmigan (48%). 

Occurrence of all other shrub species was low compared to feltleaf willow. The combined 
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contribution of the next dominant species (S. glauca and S. niphochlada) was less than 30% of 

each herbivore's browse composition. The observed Pianka's diet overlap index, ranging from 0 

(no overlap) to 1 (complete overlap), was 0.94 among all three herbivores, significantly higher 

than expected based on the null model (expected = 0.41, P-value < 0.001). The pairwise Pianka's 

overlap indices for the three species ranged from 0.93 to 0.96 and were all significantly higher 

than expected (0.37-0.47, P-value = 0.003-0.023).

Discussion

Along a 568 km transect spanning major environmental gradients and ecoregions on the 

North Slope of Arctic Alaska, we assessed shrub requirements for vertebrate herbivores, tested 

whether the level of forage requirement controls herbivore distribution patterns, and examined 

resource overlap among the herbivores. Our results show that shrub height was a key habitat 

characteristic explaining the distribution of these vertebrate browsers. Habitat threshold for hare 

occurrence (≥87 cm) was similar to that for moose (≥81 cm), whereas ptarmigan distributions 

were nearly ubiquitous (≥3 cm). These findings indicate that forage requirement appears to be 

sufficient to describe distributions of moose and ptarmigan, but not be sufficient to determine 

distribution of snowshoe hares, based on their relative size and shrub habitat requirement. We 

also found that overlap in use of shrub species was nearly complete, indicating potential 

competition among the herbivores if resources become limited (Hardin, 1960).

Habitat Thresholds and Distributions of Vertebrate Herbivores

At landscape scale, we detected no threshold for ptarmigan and they had the broadest 

distribution, which appears to be determined primarily by forage requirement and may be 

relatively less constrained by predation. Conversely, snowshoe hares have much lower 

requirement of forage than moose, yet they exhibited similar geographic distributions along our 
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sampling transect (Figure .22). Moose and hares were both restricted by the requirement of tall 

shrubs, with browsing on short shrubs occurring almost exclusively in the presence of tall shrubs. 

Moreover, the requirement of tall shrubs for moose at the landscape scale was validated by using 

an independent data set from Alaska Department of Fish and Game's 19-year aerial survey 

(unpublished data), where most moose were in the floodplain areas with tall shrubs. In a section 

of Colville River within our study area, Mould (1979) also found that moose predominantly used 

riparian areas with tall shrubs. Tall shrubs in the riparian areas provide critical forage for 

herbivores in the Arctic. Our field measurements also showed that average shrub height at each 

sampling site was strongly correlated with average shrub volume (r = 0.80) and twig biomass 

production (r = 0.58), both of which can be considered as indices of forage biomass. Availability 

of forage during long arctic winters is essential to the survival and reproduction of herbivores 

like moose (Moen et al., 1997).

Based on snowshoe hare's small body size and caloric requirements compared to moose, 

we hypothesized a much smaller forage requirement than for moose; instead, snowshoe hares 

were found to have similar or slightly taller shrub habitat requirements than moose, indicating 

that tall shrubs also apparently function as cover for snowshoe hares. At the arctic tree line, 

Ewacha et al. ( 2014) suggested that snowshoe hares were more active in areas with greater 

canopy cover. Hares are vulnerable to predation (annual survival rate: 10-30%; Feierabend and 

Kielland, 2015) and rely on vegetative cover to avoid detection (Wolff, 1980; Wolfe et al., 1982; 

Litvaitis et al., 1985; Feierabend and Kielland, 2015). The spatial distribution and population 

cycling of prey species is influenced by predation risk (Korpimaki et al., 2004; Krebs, 2011), 

which may be a major control over the current distribution of herbivores such as snowshoe hares 

in this region. Previous studies indicated that availability of cover was more critical than food 
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availability for forest-dwelling snowshoe hares (Bookhout, 1965a, 1965b; Buehler and Keith, 

1982; Feierabend and Kielland, 2014), and that their distribution may be limited by predation 

(Sievert and Keith, 1985). Thus, the availability of tall shrub cover for predator avoidance may 

be the primary limiting factor in the northward range expansion of snowshoe hares in this region 

(Ewacha et al., 2014).

These findings further suggest that hares' habitat use at landscape level may be 

influenced by the “landscape of fear,” a top-down effect imposed by perceived risk of predation 

(McNamara and Houston, 1992; Preisser et al., 2005). The use of landscapes by herbivores is 

often determined by the tradeoff between forage opportunities and avoidance of predation risk 

(McArthur et al., 2014). For example, in an African savanna system in Kenya, Riginos and Race 

(2008) showed that herbivores, including zebras (Equus burchelli), hartebeest (Alcelaphus 

buselaphus), giraffes (Giraffa camelopardalis), and eland (Taurotagus oryx), preferred habitat 

areas with less predation risk. Our findings indicate that anti-predator behavior may thus play an 

important role in determining patterns of range shifts for some species responding to climate- 

induced changes to their habitat.

Within sampling sites, the resource selection thresholds (Figure 2.4, part A) mirrored the 

order of body size and caloric intake requirements (Table 2.1). Moose preferred taller shrubs 

than snowshoe hares, and snowshoe hares preferred taller shrubs than ptarmigan. These results 

indicate there was resource partitioning in terms of shrub height among the vertebrate browsers 

within the sites at local scale, which may be due to the fact that browsers' body size determines 

their access to different shrub height (Dutoit, 1990). Since moose are much taller than hares and 

ptarmigan (Table 2.1), they can easily access tall shrubs up to 2.5 m above the ground or snow 

surface (Borkowska and Konopko, 1994), whereas hares can only access taller shrubs in certain 
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locations once accumulating snow provides a platform. Similarly, studies documented that 

ptarmigan predominantly browsed willow buds and twigs near the snow surface, concentrating 

below 1.5 m of willow height (Hakkarainen et al., 2007; Tape et al., 2010).

Species Interactions and Resource Overlap

Species interactions can influence community composition changes and alter the course 

of response of ecosystems to climate change (Davis et al., 1998). We found that there was high 

overlap in resource use among the three herbivores, and was greatest between moose and 

snowshoe hares. The three vertebrate herbivores browsed similar species of shrubs. If shrub 

availability becomes limited, whether through the feedback of herbivory slowing down shrub 

expansion, increased consumption of preferred forage (Getzin et al., 2008; Post and Pedersen, 

2008; Kaarlejarvi et al., 2015), or other environmental constraints (Naito and Cairns, 2011), our 

results indicate a potential for competition among the three species. An increase in snowshoe 

hare and ptarmigan abundance may reduce moose habitat quality (e.g. Bryant, 1987), and vice 

versa (e.g. Henden et al., 2011). However, because snowshoe hares have similar geographic 

distributions and habitat thresholds as moose, hares are likely to have a stronger impact on 

moose habitat quality than ptarmigan through competition (Belovsky, 1984). In the field, we 

often observed a hedge of short stems cut by hare browsing surrounding a few large stems 

standing in the thicket center that were too thick and tall for hares (Figure 2.5); this browsing 

reduces forage availability for moose and ptarmigan, which can similarly control shrub 

architecture by browsing. Although shrubs respond to browsing by generating more branches to 

produce a “broomed” architecture, and possibly greater forage for herbivores like ptarmigan, 

heavy browsing by hares and moose can reduce shrub height and reproduction (Bryant, 1987; 

Butler et al., 2007; Christie et al., 2014).
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Conclusions and Implications

Our results, in combination with climate projections, can help to predict future changes in 

shrub-dependent wildlife along their northern range limits. During the 20th century, shrub 

expansion facilitated the establishment of novel species like moose (Tape et al., 2016b) and 

probably snowshoe hares (Tape et al., 2016a) along major riparian shrub corridors throughout 

the Brooks Range and North Slope of Alaska. Here, taller shrubs were associated with more 

browsing by hares and moose, indicating that an increase in shrub height will increase the 

amount of available habitat for the two species. Due to their requirement for tall shrubs, 

however, the distribution of hares and moose in the Arctic will continue to be concentrated in 

shrub thickets following riparian corridors or other geomorphic disturbances.

In summary, we found that shrub height was the best predictor for occurrence of three 

herbivores and identified habitat thresholds for this guild of herbivores, which were previously 

lacking and will assist in developing models to identify and map suitable habitat for these 

herbivores based on shrub height distributions. We demonstrated that forage requirement alone 

will not determine the species distribution change for all shrub-dependent herbivores, an 

important consideration for future modeling of range expansion and ecosystem dynamics in 

response to global warming. The level of vulnerability to predation must be considered for some 

species. In addition, the high degree of potential interspecific competition for shrubs among the 

herbivores may substantially affect colonization dynamics of herbivore communities as the 

climate continues to warm in the Arctic.
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Figures

Figure 2. 1 Shrub sampling sites (black dots) along floodplains of three rivers on the North 
Slope of Alaska.
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Figure 2. 2 Herbivore species distributions and average shrub height (cm) are shown for each 
site along a north-south riparian transect on the North Slope of Alaska. Browse intensity levels 
(the proportion of stems browsed from each shrub thicket, from 0 to 100% removal of examined 
stems) of moose (filled circle) and snowshoe hare (dark triangle) followed the shrub height (open 
circle) distribution pattern in the study area, thriving along the tall shrub thickets of the middle 
Colville River but scarce in short shrub areas of the Brooks Range and Arctic Coastal Plain. In 
contrast, ptarmigan browsing (gray diamond) occurred across sites.
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Figure 2. 3 Height distributions of shrubs browsed by the three herbivores.
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Figure 2. 4 Habitat thresholds at individual shrub and landscape levels. (A) Partial dependence 
plots for habitat thresholds: moose, snowshoe hare, and ptarmigan. Positive partial dependence 
indicates resource preference by the species. Threshold is identified at the point where the 
response line on the y-axis crosses the x-axis and becomes positive in value. (B) Probabilities 
(solid line) of browsing by each herbivore along with 95% confidence intervals (gray band) in 
relation to mean shrub height at each sampling site.
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Figure 2. 5 Snowshoe hare browsing impact on feltleaf willow. Browsing by hare has a 
pronounced impact on the shrub and may reduce forage availability for other herbivores like 
moose. (A) Impact of snowshoe hare browsing, where many short stems were evenly cut by 
hares, leaving a few unbrowsed tall standing stems at the center. (B) The diagonal cut of hare 
browse.
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Tables

Table 2. 1 Body mass and daily energy requirements of each study species.

Species Body 
weight 
(kg)

Source Daily Caloric Intake 
(kcal /species /day)

Source

Moose 750 ADFG 21,211 Schwartz et al.
Titus et al. (2009) (1988)

Snowshoe 1.6 ADFG 311 Hart et al. (1965)
hare Hart et al. (1965)
Ptarmigan 0.6 ADFG 111 Mortensen & Blix

CLO (1989)
ADFG, Alaska Department of Fish and Game; 
http://www.adfg.alaska.gov/index.cfm?adfg=animals.main
CLO, Cornell Lab of Ornithology; http://www.birds.cornell.edu/
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Table 2. 2 Summary table of shrub characteristics. Height refers to the tallest branch. Cover 
refers to the average canopy diameter of shrubs. CAG diameter is the diameter of current annual 
growth twigs on each shrub. The number of measurements (n) is indicated.

Height (cm) Cover (m2) CAG diameter (mm)
Shrub species Mean SE Min Max Mean SE n Mean SE n
S. alaxensis 121 5.0 10 456 1.5 0.14 432 2.9 0.03 1639
S. arbusculoides 103 7.5 15 246 0.5 0.09 56 1.6 0.05 159
S. glauca/niphochlada 75 3.2 9 274 0.4 0.05 216 1.4 0.03 576
S. pulchra 71 5.1 11 189 1.0 0.22 69 1.7 0.05 191
S. richardsonii 60 3.0 13 141 0.2 0.04 112 1.6 0.03 250
Alnus sp. 172 11.1 27 297 2.0 0.66 46 2.4 0.06 148
Betula nana 28 - - - 0.1 - 1 1.3 0.10 10
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Table 2.3 Pearson correlation between herbivore browsing intensity and shrub characteristics (n = 937 shrubs). Correlation values 
(r) and P-values are provided. Height is the maximum live shrub height. Cover is the mean area of canopy cover. Volume was 
calculated by multiplying height and canopy cover and divided by three. “Saal %” is the frequency of Salix alaxensis, expressed as 
percentage of the species occurrence among the total number of species recorded at each site. The combined percentage of S. 
alaxensis and alder is expressed as “AlnusSaal %.” “TwigBio” is the dry weight of twig current year growth, calculated based on 
the measured twig diameter and estimated allometeric coefficients. “TerraceType” is the description of terrace types at each five 
sampling points along the transect, where four categories were assigned: 1 = most active (flooded > l∕year); 2 = Active (flooded 
l∕year); 3 = inactive (rarely flooded); 4 = Abandoned (no longer flooded). Log () and Sqr () stand for logarithm and square root, 
which were used for data transformation.

Browsing 
intensity Sqr(Height)

Log(Cover) Log(Volume) Sqr(Saal%) Sqr(AlnusSaal%) Sqr(TwigBio) TerraceType

r P-value r P-value r P-value r P-value r P-value r P-value r P-value

Log(Moose ) 0.71 0.00 0.43 0.00 0.48 0.00 0.09 0.51 0.24 0.07 0.45 0.00 0.12 0.37

Log(Hare) 0.63 0.00 0.35 0.01 0.39 0.00 -0 0.75 0.17 0.20 0.32 0.01 0.39 0.00

Ptarmigan 0.40 0.00 0.37 0.00 0.36 0.01 0.16 0.24 0.08 0.53 0.31 0.02 0.14 0.30



Table 2. 4 Overlap in use of individual shrubs by herbivores (n = 937 sampled shrubs). 
Observed numbers of shrubs browsed by each pair species are shown, as well as the expected 
number of shrubs based on random simulation with 95% confidence intervals.

Species pair Observed Expected (95%CI)
Moose and Hare 43 18 (11-26)
Moose and Ptarmigan 108 92 (84-100)
Ptarmigan and Hare 122 115 (105-123)
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Appendix

Table 2.S 1 Preference indices table for moose (Alces alces), snowshoe hare (Lepus 
americanus), and ptarmigan (Lagopus lagopus, L. muta) in Arctic Alaska, where 1 = no 
preference, below 1 = avoidance, and above 1 = preference. Preference index was calculated as 
the ratio between browsed shrubs (i.e., percentage of each species in the browsed shrubs by the 
herbivores) and available shrubs (i.e., percentage of each species among the total number of 
shrubs recorded along the transect).

Species

Preference (use/available 
ratio)

Moose Hare Ptarmigan
Salix alaxensis 1.44 0.15 1.04
S. glauca/ niphochlada 0.48 0.18 1.00
S. arbusculoides 1.14 0.36 0.86
S. richardsonii 0.43 0.08 1.22
Alnus sp. 2.08 0.24 0.63
Betula nana 0.00 0.00 0.00
S. pulchra 0.00 0.04 0.77
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Chapter 3. Enhanced shrub growth in the Arctic increases habitat 
connectivity for browsing herbivores2

2 Zhou, J., Tape, K.D., Prugh, L., Kofinas, G., Carroll,G., and K. Kielland. 2020. Enhanced shrub 
growth in the Arctic increases habitat connectivity for browsing herbivores. Global Change 
Biology, 00:1-12. DOI: 10.1111/gcb.15104

Abstract

Habitat connectivity is a key factor influencing species range dynamics. Rapid warming 

in the Arctic is leading to widespread heterogeneous shrub expansion, but impacts of these 

habitat changes on range dynamics for large herbivores is 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 connectivity and alter the distributions of shrub herbivores in the 

Arctic, including creation of novel communities and ecosystems.
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Introduction

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 regions (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). Experimental studies using increased temperature, shrub 

dendrochronology, and spatial correlation between summer temperature and shrub growth 

indicate that summer temperature strongly affects the growth of shrubs in tundra ecosystems 

(Elmendorf et al., 2012; Forbes, Fauria, & Zetterberg, 2010; Hallinger, Manthey, & Wilmking, 

2010; M. D. Walker et al., 2006; Wang et al., 2019). The expansion 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, 

H0ye, & Svenning, 2018). How 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 ecosystem 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- 
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Smith et al., 2011; Post et al., 2009; Walther et al., 2002). Herbivore colonization facilitated by 

shrub expansion in arctic 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 community 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 colonizers 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 competition (Holt, 1977), moose expansion may also facilitate an 

increase in shared predators (e.g., wolves: Canis lupus, and bears: Ursus arctos) 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 threatens 

woodland caribou (Rangifer tarandus caribou) populations through incidental 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 movement of organisms within a 

landscape (Hanski, 1999). Since the development of the niche concept in relation to species 

distribution (Grinnell, 1917), modern theories of species distribution have recognized dispersal 
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as a key component, together with abiotic habitat conditions (environmental niche) and biotic 

interactions (Guisan & Thuiller, 2005; Pulliam, 2000; Soberón, 2007). In a patchy landscape, 

movement via source-sink dynamics among local populations maintains the persistent occupancy 

of sink habitat patches (Hanski, 1998; Pulliam, 1988), and thus influences range dynamics, 

where dispersal balances local extinction and colonization rates (Hanski, 1999; Soberón, 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 predicted 

in a given geographic space (Pulliam, 2000; Soberón, 2007). Understanding patterns and 

dynamics of dispersal barriers, therefore, will improve accuracy and reduce uncertainties in the 

predictions of distributions under climate change (Araujo & Guisan, 2006). In this paper, we use 

the climate-shrub-moose system of northern Alaska to examine how shrub habitat will respond 

to forecasted future warming, including how these changes may impact habitat connectivity 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 objectives were to 1) create a 

detailed, current moose distribution map, 2) predict future trends in tall-shrub habitat for moose 

under different warming scenarios, 3) describe patterns and spatial structure of future habitat 

dynamics on the North Slope, and 4) understand how climate-induced habitat expansion could 

influence habitat connectivity and range shift dynamics. To address our objectives, we developed 

a species distribution model (Phillips, Anderson, & Schapire, 2006) in conjunction with a 

simpler temperature-threshold model to estimate moose habitat. Moose habitat was then 
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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 networks, which in turn will accelerate moose range extension in the river 

corridor systems. This research contributes to improved predictions of species responses to 

climate change.

Methods

Study area

The arctic tundra of northern Alaska covers three major physiographic regions: the 

Brooks Range, Arctic Foothills, and Arctic Coastal Plain (67.76 - 71.37N, 140.97 - 166.22W). 

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 communities of dwarf shrubs, sporadic tall-shrubs (> 1 m), tussocks formed with 

graminoid and sedge species, and moss tundra (D. A. Walker et al., 2005). River and creek 

drainage systems, where most shrub expansion 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 successional 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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Shrub surveys

We measured riparian habitat characteristics along a 568 km transect crossing three 

physiographic regions including major environmental gradients, which we accessed via 

inflatable boat over a 3-week period in August 2015. We randomly selected 59 sampling sites in 

riparian areas of three connected rivers: Nigu, Etivluk, and Colville Rivers. At each site, we 

sampled a 50 m transect perpendicular 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 diameter of the 

live shrub stands. Among 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).

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 aircraft 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 Alaska 

Department of Fish and Game (ADF&G) recorded GPS locations and group size of each moose 

observed. 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 projections. Moose are highly visible from the air during these surveys, 
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and it is therefore assumed that all moose are counted using this method. This paper used 

available GPS data from 1997 to 2015 for species distribution modeling.

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 potential 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 (2188 locations, 80% of data) and a testing set (547 locations, 20% of data). We used 14 

environmental predictors, including topographic features, land cover types, soil types, river 

systems, and climatic variables (Table 3.1). To assess Maxent model performance for predictive 

accuracy, we used 10-fold cross validation, with area under curve (AUC) of receiver operating 

characteristics (ROC) for internal model evaluation (Fawcett, 2006), and the held-out testing data 

set (20% of presence data) for external model evaluation. We used jackknife test to assess which 

variables 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 distributions, 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).
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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 = π r2 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 

resolution) of surface air temperature between 1971 and 2000 from Scenarios Network for 

Alaska and Arctic Planning (SNAP) hosted at 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 

physiographic 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 clusters 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 potential 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.
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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 

historical climate of Alaska.

We assessed the accuracy of predicted mean July temperatures using available weather 

records from MesoWest (https://mesowest.utah.edu) during 2005 to 2018. To assess the accuracy 

of predicted mean July temperatures, we used available weather records from MesoWest 

(https://mesowest.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 & B1: 11.66°C) in the Brooks Range, Umiat airfield (12.83°C vs A2: 12°C & 

B1: 12.25°C) in the Arctic Foothills, and Nuiqsut Airport (9.08°C vs A2: 8.06°C & B1: 8.49°C) 

on the Arctic Coastal Plain.
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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). The 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 

and the probability is converted to the effective mesh size by multiplying it by the total landscape

area: 

where, Ai = area of patch i, and At = 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 connectivity. 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 
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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.

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 variable in the Maxent model was distance to major rivers (dist2river), followed by 

riparian soil types (soil) and mean July temperature (tjul2000_09) (Supporting Information 

Figure 3.1). 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 3.1). K-means clustering 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 exceeded 11.0°C (Figure 3.1b). Although 

the threshold was clear, there was an outlier at close to 8°C (dark grey dot in Figure 3.1b). Using 

the 11.0°C threshold, we created a map of current moose habitat (Figure 3.2). Our temperature

threshold model was based on the top three predictors in the Maxent model (Table 3.1, Figure 

3.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 3.2a). Output 
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from the Maxent and temperature-threshold models mimicked the spatial structures of moose 

habitat (Figure 3.2). The temperature-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 B1senarios (Figure 3.3). 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 3.S1), except the A2 prediction at 

Nuiqsut (observed = 9.08 ± 0.438, A2 = 8.06 ± 0.105, t = -2.2593, df = 14.499, p-value = 0.04). 

Thus, if this 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 3.4). Moose habitat expansion was predicted to 

increase by 153% (2.5-fold) under A2 warming scenario and 106% (2-fold) under B1 warming 

scenario by 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 Canadian border, as well as increase in the Brooks Range to the south 

(Figures 3.4 and 3.5).

All three metrics for structural connectedness of shrub patches are predicted to increase 

with habitat expansion (Figure 3.6), as patches gradually coalesce to form larger and more 

connected patches (Figure 3.7). 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 

B1 scenario by 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 year 2099. Because the 
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spatial configuration of moose habitat is a dendritic pattern, the area of connected patches is 

expected to dramatically increase due to coalescing roots of the dendritic patterns, instead of a 

gradual increase by connecting more patches incrementally (Figure 3.7).

Discussion

Shrub habitat connectivity in a warming Arctic

Here we examined the predicted spatiotemporal patterns of shrub patches under warming 

and associated changes in habitat connectivity. Our results suggest that physical connectedness 

of shrub patches in river corridors will dramatically increase if the warming trend continues 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 occupied 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 accelerate colonization of the newly created niche 

conditions by shrub-dependent 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 pattern, 

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 colonization (Butler et al., 2007). Floodplains in 
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river corridors also provide continuous hyporheic supply of nutrients (Koyama & Kielland, 

2011), which overall increases nutrient availability and ameliorates microsite growth condition 

for tall-shrubs.

The dendritic expansion of tall-shrub habitat highlights the role of landscape patterns in 

spatial responses of species to climate change (Opdam & Wascher, 2004). Landscape structures, 

underpinned 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 metrics of habitat change: whether the landscape 

structures synergistically enhance or hinder species range expansion with climate change (e.g., 

Warren et al., 2001; Saura et al., 2014). Our findings suggest that dendritic patterns of shrub 

habitat in our study area will likely enhance the range expansion of shrub-dependent herbivores 

via increased structural connectivity of patch networks.

Projected expansion of shrub habitat

Multiple lines of evidence, including warming manipulations, dendrochronology 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; M. D. 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 distinct 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 

similar temperature threshold for felfleaf willow growth of 11.8 °C (Swanson, 2015). Currently, 
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mean July temperature at most sites on the North Slope seldom exceeds 11.0 °C, indicating 

potential for increased growth of willow shrubs if summer temperature continues to rise.

The estimation of northern range limit of tall-shrubs by our temperature-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 facilitate tall-shrubs (Zhou et al., 2017). 

Field and browse surveys show that moose occasionally disperse into these sites, but our 

temperature-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 

conservative, 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 predictions does not account for 

several important indirect effects of warming, such as hydrological effects, which could alter 

shrub habitat 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 3.S2). Earlier snowmelt 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 3.S3). Climate models on average predict moderate increases in annual 

precipitation at our shrub sampling sites (Figure 3.S4 & 3.S5), which could result in modest 

increases in discharge unaccounted for in our model. However, increased ground temperature via 
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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-permafrost 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 feedbacks 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; Kielland et al., 1997; Olofsson et al., 2009; Bryant et al., 

2014; Olofsson & Post, 2018), though our model does not include these effects. Feltleaf willow 

is the preferred forage species of moose, hares, and ptarmigan (Lagopus lagopus, L. muta) in our 

study area (Zhou et al., 2017), and other arctic herbivores 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 
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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 populations. Population performance and distribution are not 

solely determined by habitat condition (Soberón, 2007). For example, the North Slope moose 

population fluctuated in our study area since 1970 despite the ongoing shrub expansion. 

Snowshoe hare populations exhibit ~10-year cycles, seemingly independent of regional 

warming trends (Elton & Nicholson, 1942; Krebs, 2011). Biotic interactions such as predation 

and disease also influence herbivore distribution dynamics (Dussault et al., 2005; Jeffries & 

Lawton, 1984; Soberón, 2007). Although we expect the changes in habitat availability and 

connectivity projected by our models will be an important 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 herbivores 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 

distribution models such as the Maxent model used here inherently assume a static, linear 

relationship between environmental variables and species distributions (Guisan & Thuiller, 

2005). If these relationships 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 
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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 control habitat expansion at large scales in the Arctic (Elmendorf et al., 2012; Forbes et al., 

2010; Myers-Smith & Hik, 2018; Naito & Cairns, 2011b; M. D. Walker et al., 2006; Wang et al., 

2019), consistent with findings presented here.

Emergence of novel arctic ecosystems

Warming-induced expansion and increased connectivity of shrub habitat 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 expansion 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 communities 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 interactions (Alexander, Diez, & Levine, 2015; Blois et al., 

2013; Deacy et al., 2017; Harley, 2011) and influence ecosystem processes of element and 

nutrient cycling (Bryant, 1987; Buckeridge, Zufelt, Chu, & Grogan, 2010; Butler & Kielland, 

2008; Jackson et al., 2002).
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Figures

Figure 3. 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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Figure 3. 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. 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 3. 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.
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Figure 3. 5 Predicted increases in shrub habitat for moose under (A) A2 and (B) B1 warming 
scenarios between 2010s (dark green) and 2090s (light green).
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Figure 3. 6 Habitat connectivity metrics under warming scenarios A2 and B1. The “Meff” is the 
effective mesh size, which denotes the continuous patch areas that can be accessed from a 
random point without leaving the patch. Increasing Meff 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 removing a 771m buffer to account for edge effects.
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Figure 3. 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.
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Tables

Table 3. 1 Environmental Predictors for Maxent model. “Static” predictors are assumed to be 
spatially static whereas “dynamic” predictors are assumed to change during our modeling period.

No. Categorical Names for the Environmental Predictor Temporal Stability Data Type
1 Aspect Static Continuous
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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Appendix A

Figure 3.S1 The jackknife test of variable importance in Maxent model.
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Figure 3.S2 Daily mean discharge (cubic meters per second) of Colville River at Umiat from 
2003 to 2018. The data were obtained from US Geological Survey (www.usgs.gov).
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Figure 3.S3 The timing of peak discharge of Colville at Umiat from 2002 to 2019. The data 
were obtained from US Geological Survey (www.usgs.gov).

82

http://www.usgs.gov/


Figure 3.S4 Projected trend in precipitation across field sampling sites. A moderate increase in 
precipitation based on five climate-model average in A2 warming scenario from 2020s to 2090s. 
The data were extracted from Scenarios Network for Alaska and Arctic Planning (SNAP) hosted 
at University of Alaska Fairbanks (www.snap.uaf.edu).
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Figure 3.S5. Projection of winter snowfall (mm). The projected snowfall in winter (i.e., 
December, January, and February) was averaged across our shrub sampling sites in the study 
area, which was estimated by the five climate-model average. The estimated mean with standard 
error bars are provided under IPCC greenhouse gas Representative Concentration Pathway 
(RCP) 4.5 (low-level trajectory) and RCP 8.5 (high-level trajectory) for 2020s, 2050s, and 2080s. 
The data processed here were extracted from SNAP where snowfall water equivalent (SWE) was 
calculated based on precipitation and snow-day fractions of each month.
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Table 3.S 1 Welch two sample t-test between observed and predicted (A2 and Bl) temperatures at three weather stations in 
the study area. A2 = IPCC A2 warming scenario. Bl= IPPC B1 warming scenario.

Nuiqsut Airport 
Mean ± SE

Umiat airfield
Mean ± SE

Anaktuvuk Pass Airport
Mean ± SE

Observed 9.08 ±0.438 12.83 ±0.375 11.96 ±0.348

t =-2.2593 t =-2.0777 t =-1.3649

A2 8.06 ±0.105 df = 14.499 12.00 ±0.132 df = 12.437 11.44 ± 0.153 df= 20.575

p-value = 0.03974 p-value = 0.05907 p-value = 0.187

t =-1.2757 t =-1.3456 t =-0.7851

Bl 8.49 ±0.154 df= 16.176 12.25 ± 0.200 df= 15.256 11.66 ± 0.161 df=21.107

p-value = 0.2201 p-value = 0.1981 p-value = 0.4411
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Chapter 4 Climate Change, Moose, and Subsistence Harvest: An Assessment 
of Nuiqsuit, Alaska3

3 Submitting to the Ecology and Society. Zhou, J., Kofinas, G., Kielland, K., Tape, D.K. and L. 
Prugh. Climate Change, Moose, and Subsistence Harvest: An Assessment of Nuiqsuit, Alaska.

Abstract

Assessing the impact of a rapidly warming climate on subsistence-based livelihoods in the Arctic 

is critical for building resilience for rural communities. We used a social-ecological system 

(SES) framework to evaluate the possible range of changes in moose abundance, distribution, 

and harvesting for Nuiqsut, a small Indigenous community in northern Alaska. Our results 

suggest that within the area used for hunting by the village, moose abundance has been highly 

variable despite the recent increases in tall shrubs, which provide forage and cover for moose. 

Projections for moose abundance indicate large variability in the future. Our analysis showed 

that a future increase in moose distribution under a warming climate will not be in river systems 

accessible to hunters by boat. The community of Nuiqsut offers a case study of high exposure to 

an expansion of moose habitat and distribution under warming, but low sensitivity to this change 

because these ecological changes are unlikely to translate into greater harvest of moose. These 

outcomes are not evident when evaluating social and ecological components separately, and 

provide an example in which rapid landscape and an increase in regional resource abundance do 

not translate into increased harvest opportunities.
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Introduction

Rapid warming in the Arctic is driving transformative changes in socio-economic and 

ecological conditions (Hinzman et al. 2005, Meredith et al. 2019), including changes in 

subsistence resources, which are nutritionally and culturally important to arctic communities 

(Kruse 1991, Burnsilver et al. 2016, Fall 2016). Assessment of climate change impact on 

subsistence harvest is essential for building resilience for northern communities to cope with and 

adapt to a warming Arctic (Chapin et al. 2004, McDowell et al. 2016). However, our 

understanding about future harvest availability of many key subsistence species is inadequate.

Moose have been expanding into arctic regions of Alaska mainly due to climate warming 

induced expansion of tall shrubs (Hall Jr. 1973, Tape et al. 2016). Moose hunting thus has 

become a new tradition in areas where it has become an additional subsistence resource for high 

latitude communities (Titus et al. 2009, Kofinas et al. 2010). Each harvested moose provides 

about 244 kg of wild game meat (ADF&G 2014), and in many communities is considered a 

desirable wild food. As the Arctic is predicted to warm rapidly (Overland et al. 2014, Meredith et 

al. 2019), moose habitat is projected to increase by more than double in arctic Alaska, and moose 

are likely to expand into drainage areas closer to many arctic communities (Zhou et al. 2020). It 

is unknown, however, whether this increase in moose distribution and habitat under warming 

climate will provide greater harvest opportunities for North Slope Inupiat communities in 

Alaska.

Our objective was to assess the impact of arctic warming on moose harvest in the hunting 

areas of Nuiqsut residents, an Inupiat community on Alaska's North Slope. We used a social- 

ecological system (SES) framework (Chapin et al. 2009) to evaluate the implications of a 

warming climate on subsistence harvest of moose (Berman and Kofinas 2004, Kruse et al. 2004, 
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Brinkman et al. 2013, Burnsilver et al. 2016). Instead of solely focusing on resource abundance, 

a more reliable evaluation in resource availability is presented here by incorporating resource 

distribution and harvester access to the resource (Berman and Kofinas 2004, Brinkman et al. 

2013, Brown et al. 2015). Based on interviews with active moose hunters, harvest simulations in 

an agent-based model (Huston et al. 1988), available data, and model projections about expected 

changes in interacting social and ecological components of the system, we evaluated plausible 

changes in moose distribution, abundance, and harvest effort (modulated by access, number of 

hunters, and duration of hunts) (Brinkman et al. 2013). Our assessment highlights the importance 

of an SES integrated framework for assessing climate change impact on subsistence harvest.

Study area

We evaluated the impact of climate change on future harvest in the moose by hunters of 

the Alaska North Slope community of Nuiqsut (Figure 4.1). Nuiqsut, an Inupiat village on the 

Colville River, is located about 25 km from the coast of the Beaufort Sea. Nuiqsut is accessible 

primarily by air; an ice road is operated most years from January to April, running from Nuiqsut 

to Prudhoe Bay (approximately 100 km apart), where it connects to Dalton Highway. Nuiqsut is 

situated on the flat and treeless Arctic Coastal Plain, with a dominance of tundra tussocks, 

interspersed with numerous ponds, shallow lakes, and wetlands on underlying permafrost. The 

riparian corridors of streams and rivers in the study area host communities of plants dominated 

by tall shrubs such as feltleaf willow (Salix alaxensis) and Siberian alder (Alnus viridis ssp. 

fruticosa). Patches of feltleaf willows in the riparian corridors are key habitat for moose (Mould 

1977, Zhou et al. 2017). Streams and rivers of this area generally flow from the Brooks Range in 

the south to the Beaufort Sea in the north. The Colville River is the longest waterway (~ 600 km) 

with the largest water volume on the North Slope of Alaska. Moose hunting areas used by
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Nuiqsut harvesters are accessible by boat during August and September by travelling up the 

Colville River and its tributaries to tall riparian shrubs in the arctic foothills, where most moose 

occur (Zhou et al. 2017).

Nuiqsut residents engage in a mixed subsistence-cash economy, where a majority of the 

residents participates in subsistence harvesting and sharing (ADF&G 2014, Brubaker et al. 

2014). The residents harvest a mix of terrestrial, freshwater, and marine species, including 

bowhead whale (Balaena mysticetus), white fish (Coregonus spp.), caribou (Rangifer tarandus), 

moose (Alces alces), seals (e.g., Bearded, Erignathus barbatus and Ribbon, Phoca fasciata), 

geese (e.g., White-fronted, Anser albifrons, and Canada, Branta canadensis), Arctic grayling 

(Thymallus arcticus), least cisco (C. sardinella), and burbot (Lota lota) (ADF&G 2014). The 

estimated per capita harvest by Nuiqsut residents in 2014 was 406 kg, where the majority was 

from bowhead whales, caribou, and fish (ADF&G 2014). Despite the high harvest amount, a 

survey report of Nuiqsut households experienced issues related to food security, with 38% not 

having enough healthy food, and 53% sporadically experienced insufficient food (Brubaker et al. 

2014). Due to high transportation costs by air and lack of year-round road access, store-bought 

food in the village is expensive, highlighting the value of subsistence harvest to food security.

Taxation of oil development infrastructure by the North Slope Borough and dividends 

from for-profit Native corporations are two sources of cash revenue for the region, making per 

capital income in the region one of the highest in Alaska. Under the Alaska Native Claims 

Settlement Act, the Alaska Native regional corporation, Arctic Slope Regional Corporation 

(ASRC), owns subsurface rights, whereas the local village corporation for Nuiqsut, as the 

Kuukpik Corporation, owns the surface rights to Native lands. ASRC partially owns the Alpine 

oil field, 13 km north of Nuiqsut, and Kuukpik Corp has surface use-agreement with

100



ConocoPhillips, the Alpine oil field operator. NSB, Kuukpik Corp, and the Borough School 

District are the three major employers in Nuiqsut. Many residents are also eligible for receiving 

annual dividends from the Alaska Permanent Fund Dividend (PFD), ASRC, and Kuukpik Corp. 

Over the last decade, PFD annually provided $1,390 on average. Dividends from ASRC, for 

example, were approximately $7,000 in 2018 for each of 261 residents with 100 shares. Nuiqsut 

residents with 100 shares from Kuukpik Corp could annually receive from $12,000 to $20,000. 

The unemployment rate in Nuiqsut, however, is high (e.g., 23% in 2017, US Census 2017 ACS 

5-year Survey) and some residents are not shareholders in ASRC or Kuukpik Corp. Having a 

sustainable harvest is, therefore, critical to the well-being and resilience of the community for 

coping with rapid social-ecological changes under future warming.

Methods

Conceptual model

To assess the impact of climate change on the moose harvest by the community of 

Nuiqsut, we focused on changes in moose availability, defined as moose abundance, moose 

distribution, and harvest effort (i.e., access to hunting areas, number of hunters, and hunting 

duration) (Berman and Kofinas 2004, Kruse et al. 2004, Brinkman et al. 2013). We simulated the 

shrub-moose-hunter system in an agent-based model (ABM) as a social-ecological system, and 

assessed a plausible range of future changes in each of the key components under warming.

The shrub-moose-hunter system incorporated a suite of social and ecological components 

(Figure 4. 2). The ecological component includes the warming-induced expansion of tall shrub 

habitats, which presumably influences moose distribution and, to some extent, abundance. The 

ecological analysis focused on changes in key variables of moose distribution and density. The 

social component includes harvest effort, modulated by harvest intensity, which is influenced by 
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hunters' access, duration of hunts, and number of hunters. Duration of hunts is set to a range 

from one to ten days. The analysis of access focused on changes in navigability of the rivers and 

the number of hunters participating in moose harvesting. Although better equipment (e.g., jet vs 

propeller boats) increases accessibility and may decrease the time needed for travel, river 

navigability was assumed to be mainly affected by climate induced hydrological changes, such 

as river water levels. We assumed that the number of hunters is largely determined by changes in 

village population and shortfalls in other key subsistence harvests, which would affect the 

demand for moose meat. Effort of the number of hunters would also be affected by agency, 

hunting regulations determined by the Alaska Department of Fish and Game (ADF&G).

Collection of empirical data

To parametrize the simulation model's representation of the behaviors of moose

harvesters and the hunting environment, we worked with the Kuukpik Subsistence Oversight 

Panel (KSOP) to identify and interview active moose hunters of Nuiqsut. We completed semi

structured interviews with 12 active moose harvesters in 2014. All participants were male, aged 

between 31 and 74, most with decades of moose hunting experience. To aid the documentation 

of geolocations, we used a large touch screen displaying digital maps of the region. Important 

georeferenced points and lines, such as hunting grounds and travel routes, were digitized on the 

GIS-enabled touch screen. Interview data were used to 1) set the geographic location and scope 

of the simulation environment and 2) parameterize and calibrate hunting routes, mode, distance, 

duration, and site selection in the simulation model. We digitally recorded interviews with both 

audio and video. Number of hunters used in the simulation model were obtained from historical 

data collected by ADF&G. Our research involving human subjects was approved by the Institute 

Review Board at University of Alaska Fairbanks (IRB #391916). Throughout the study, we 
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conducted numerous meetings and workshops with KSOP, the public, and the Kuukpik 

Corporation to present and gain approval of the research plan, to give progress reports, and at the 

end, to share findings and receive additional feedback.

To assess the range of changes in moose abundance, we used moose aerial survey data 

from ADF&G during 1991- 2016 (n = 26 years) in the Game Management Unit 26A, located 

primarily in riparian systems of the Colville, Chandler, Anaktuvuk, Killik, and Itkillik Rivers. To 

estimate future moose population dynamics, we used the moose counts as time series data in an 

Auto Regressive Integrated Moving Average (ARIMA) model that seeks patterns in the data 

(Box et al. 2015). To estimate future projections in moose habitat in the study area, we adopted 

model outputs from Zhou et al. (2020) under A2 warming scenario of the Intergovernmental 

Panel on Climate Change (IPCC), a business-as-usual scenario in which there is no significant 

cut in global carbon emissions. To assess plausible changes in river navigability, we used 

available data regarding monthly mean discharge rate during 2003-2019 (n = 17 years) from US 

Geological Survey (https://www.usgs.gov/) and projections of future precipitation from SNAP, 

Scenarios Network for Alaska and Arctic Planning, hosted at University of Alaska Fairbanks 

(www.snap.uaf.edu).

The simulation model

To simulate changes in moose harvest under climate warming, we built a spatially 

specific agent- (or individual-) based model (ABM) in the NetLogo environment (Wilensky 

1999. NetLogo. https://ccl.northwestern.edu/netlogo/). The ABM focuses on local interactions of 

agents with their environment to identify emerged global patterns (Huston et al. 1988, Bonabeau 

2002). The simulation environment (2016 × 2010 km) of the Nuiqsut moose hunting area is 

characterized by suitable moose habitat along five major rivers of the region: Colville,
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Anaktuvuk, Chandler, Killik, and Itkillik Rivers. Each cell within the spatially specific 

environment was given a value from 0 (non-habitat) to 1 (the best habitat for moose) of habitat 

suitability, estimated by a Maxent Model (Zhou et al. 2020). Individual moose were distributed 

on the simulation landscape in relation to habitat suitability. It was assumed that moose initially 

sense the habitat quality of their environment, and then randomly move around within the 

suitable habitat.

Hunters use navigable waterways to travel from Nuiqsut to moose hunting grounds up 

river (south).In interviews hunters reported they typically have access to areas within 5 km from 

each side of the rivers for harvesting. Based on their input, we assumed that the accessibility 

value decreases from the highest at the riverbank to the lowest at the distance of 5 km from the 

riverbank. If hunters encounter moose within this range, they then will hunt the moose with a 

probability of success. If the group harvested no moose at the selected sites, it will either 

continue to search in the nearby area or travel further upstream to search for moose, with a 

maximum of 10 days per each hunting trip. At the 10th day of hunting, hunters return to Nuiqsut 

even if they are unsuccessful. However, hunters can make multiple hunting trips within the 

duration of hunting season, from August 1 to September 15 each year. One time-step of the 

model corresponds to one day. Simulations are run for 365 days in each simulation year. While 

moose are moving randomly on the landscape after the hunting season is closed, hunters wait 

until the next year's hunting season is open.

To consider a range of future changes in moose harvest, we used four scenarios (Table 

4.1). The baseline scenario (H0M0) was based on the most recent levels of moose (280) and 

hunters (12) in the harvest area. We also ran scenarios with only increased moose abundance 

(H0M+), only increased number of hunters (H+M0), and increased hunters and moose (H+M+) to 
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historical maximum levels (Table 4.1). Additionally, to assess the impact of navigability (access) 

on moose harvest, we ran the same four scenarios with levels of current and increased 

navigability in the river systems. The baseline scenario was calibrated with empirical data by 

comparing the model output to available historical data.

The number of moose harvested in each simulation year served as our model output. We 

assumed the edible meat mass of a moose to be 244 kg (ADF&G 2014), and converted the 

number of harvested moose into the total weight of moose harvested by Nuiqsut hunters. The 

average annual total harvest over the 50 simulation years was compared with different simulation 

scenarios.

Scenarios of losses in harvested ecosystem services

A diversified source of accessible subsistence resources contributes to the general 

resilience of arctic communities by expanding choices for the Indigenous communities to switch 

harvested species in the event of shortfalls in any specific resources (Berkes and Jolly 2002, 

Hansen et al. 2013). Harvest intensity of a resource thus depends on demand, modulated in part 

by availability of other subsistence resources. To assess if moose is a potential alternative 

resource for compensating any shortfalls in other subsistence resources, we used a simple 

approach to evaluate the degree of dependency of Nuiqsut to particular resources, and calculated 

how much moose harvest is required for substitution if that resource were lost due to a 

catastrophic shock to the system. We ran six scenarios, and in each scenario assumed the total 

loss of a specific resource, such as whales or caribou. We calculated the “hypothetical loss” of 

each resource as a percentage (i.e., “proportional loss”), and presented the percentage as a moose 

equivalent amount (i.e., “moose unit”). For this scenario analysis, we used a comprehensive 

harvest dataset available for 1984, 1993, and 2014 from ADF&G's Community Subsistence
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Information System (CSIS) (ADF&G 2014). This scenario analysis allowed me to consider the 

extent to which moose would potentially fill subsistence shortfalls with climate warming.

Results

Simulation model results

Over the 50 simulation years, increased navigable access to the drainage systems leads to 

limited gains in total harvest (Figure 4.3). When hunting access is increased by allowing hunters 

to travel further upstream in H0M0 scenario, the total harvest amount is increased by only 17% 

(i.e., 151 kg). In contrast, the gain in total harvest is 165%, 80%, and 443% in the scenarios with 

increased moose abundance (H0M+), increased hunter numbers (H+M0), or both (H+M+), 

respectively. This indicates that changes in moose density and number of hunters are relatively 

more important than changes in access. Currently, hunters already have access to the best 

habitats where most moose occur. The riparian corridors at higher elevations in the Brooks 

Range are suboptimal habitats, with lower abundance of tall shrubs (Zhou et al. 2017). Increased 

access to these poor habitat areas leads to diminishing returns in harvest amount per unit effort.

When the relative importance of moose distribution, abundance, and hunting access is 

assessed with the simulation model, increased moose distribution resulted in no clear gains in the 

total harvest (~0% increase). This outcome is because most of the expected increase in moose 

distribution under climate warming will be in drainage areas inaccessible to hunters by boat, 

assuming no dramatic changes in harvest technologies (e.g., using of aircraft for hunting). Thus, 

increased moose abundance within the navigable hunting area is the most important factor 

influencing harvest inflow to the Nuiqsut.
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Projected moose distribution, abundance, and harvest access

Moose habitat is predicted to more than double by year 2099 in arctic Alaska (Zhou et al. 

2020). However, the expected gains in spatial extent of moose habitat in the future under climate 

warming will likely occur predominantly in riparian areas along rivers or streams that are not 

navigable for Nuiqsut residents (Figure 4.4). Within the accessible hunting drainage systems, no 

significant increases in the spatial extent of tall-shrub habitats are expected, where tall-shrubs are 

not likely to expand from riparian areas onto the non-riparian tundra areas (Zhou et al. 2020).

Based on the past patterns of moose population dynamics within the hunting area, the 

ARIMA model (AIC = 311.53, accuracy = 78 %) predicted an increase to 374 (±76) moose on 

average in 2030, albeit with wide confidence intervals (Figure 4.5). Nonetheless, the ARIMA 

model prediction and the projected increase in moose habitat under future warming (Zhou et al. 

2020) both indicated that moose abundance will likely increase in the near future, but with high 

uncertainty.

To assess the range of possible changes in harvest effort, we considered waterway access 

(navigability) and the number of hunters, and assumed no changes in the duration of hunting 

season (i.e., August 1to September 15) in the near future. River navigability mainly depends on 

changes in river water levels. We found no clear trends in river discharge in August and 

September during 2002-2019 (Figure 4.6A). This indicates that boat access to inland moose 

hunting areas has not increased during this period, which was confirmed by moose hunters 

during the interviews in 2014. Over the 5 years after our 2014 interviews, river discharge 

increased (Figure 4.6A), but whether the trend will continue is uncertain. For long-term trends in 

the future, however, no significant increase in precipitation is predicted in the months of August 

and September, the period when moose hunting occurs (SNAP) (Figure 4.6B). River basins in 
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the moose hunting area lack substantial glaciers, and watershed runoff is, therefore, not likely to 

increase with warming (Hinzman et al. 2005). The expected delay in freeze-up (Magnuson et al. 

2000) would presumably allow prolonged boating, but during the interviews, hunters said that 

river levels were often too low for boating by the end of August and early September. Data from 

the USGS gauge support their observations. Other unknown factors, such as changes in river 

channeling and erosion, may also affect navigability at certain sites (Walker and Hudson 2003, 

Payne et al. 2018, Stephani et al. 2020), but data describing long-term trends across large areas 

of the North Slope are not available.

The number of hunters will not likely increase in the near future, except in a scenario 

where the availability of other major subsistence species, such as whales and caribou, declines 

and the demand for moose harvest increases. The number of resident hunters from Nuiqsut 

declined starting in the mid-1980s, and remained rather constant since 2001 (Figure 4.7A). This 

trend in the number of hunters was largely determined by ADF&G's hunting regulation in 

response to changes in moose population. Meanwhile, Nuiqsut population stayed nearly constant 

at about 450 people over the last two decades. The number of successful PFD applicants with an 

address in Nuiqsut, used as a potential indicator for in- and out-migration, showed no increase, 

but a slight decline during 2000-2014 (Figure 4.7B).

Scenarios of hypothetical losses in subsistence resources

Nuiqsut is primarily a whaling and caribou hunting community as reflected in the data 

showing a high dependence on whales (e.g. 40% of total inflow in 2014), caribou (28% of total 

inflow in 2014), and fish (24% of total inflow in 2014). Table 4.2 shows the amount of moose 

harvest required for compensating any hypothetical losses in these major subsistence resources. 

In Scenario #1, for example: if any catastrophic disruptions resulted in a total loss of whale 
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harvest (67,171 kg) in 2014, Nuiqsut would require 275 additional moose to maintain the same 

level of subsistence inflow to the community (Table 4.2). For a total loss in caribou harvest, 

Nuiqsut would require 196 additional moose. The current level of harvest inflow to the Nuiqsut 

is less than five moose per year. Our simulation model also shows that with the scenario of 

historical maximum levels of 1,535 moose and 40 hunters with increased navigability, the 

harvest system can only provide a total harvest of about 24 (± 2) moose per year on average. 

Even with the expected habitat expansion for moose under arctic warming, moose harvest in the 

near future is not likely to meet the potential demand in case of hypothetical losses, given 

Nuiqsut moose hunters continue to use rivers as their primary means of access and regulations 

(i.e., hunting season and bag limits) remains the same as today.

Discussion

While an increase in tall-shrub habitat for moose in a warming Arctic is likely to increase 

overall distribution of moose in the central North Slope region (Zhou et al. 2020), these changes 

are not likely to significantly increase subsistence moose harvest for the community of Nuiqsuit. 

Drainages in the study region that are likely to experience a rapid expansion in moose 

distribution under a warming climate are mostly inaccessible to hunters by boat. Without 

increases in moose distribution and harvest access to these hunting areas, the primary control on 

harvest inflow to Nuiqsut, therefore, appears to be moose abundance, for which projections 

indicate large variability in the future.

Climate change is not the main factor that exerts direct controls on moose abundance. The 

moose population in our study area fluctuated since 1970, and even declined in recent years, 

despite the recent shrub expansion. Non-climatic variables can strongly influence moose 

abundance, such as predation (Peterson et al. 1984, Gasaway et al. 1992, McLaren and Peterson 
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1994, Messier 1994), disease (Forbes et al. 1996, Nymo et al. 2016), parasitism (Jones et al. 

2019), malnutrition (Kubota et al. 1970, O'Hara et al. 2001, Wam et al. 2018), density

dependent effects (Seaton et al. 2011), and resource competition possibly by snowshoe hares 

(Dodds 1960, Belovsky 1984, Zhou et al. 2017). The most influential variable on future harvest, 

i.e., moose abundance, is therefore also the least predictable using climate projections. Future 

studies that identify primary drivers of changes in moose population in this rapidly changing 

region are thus critical for managing moose abundance and harvest opportunities.

Our analysis also highlights the importance of analyzing spatial patterns of resource 

distribution and harvest access for assessing climate change impacts on harvest availability 

(Kruse et al. 2004, Brinkman et al. 2013, Brown et al. 2015), consistent with concerns of Alaska 

Native communities (Berman and Kofinas 2004, Brinkman et al. 2016). Without considering the 

social component of hunting access, assessment of climate change impacts on subsistence 

resources can be misleading and confounding. Hunters of Nuiqsut exclusively use the Colville 

River and its tributaries for autumn moose hunting, which controls where and when hunters have 

access. Without navigable routes, hunters cannot access the drainage systems where warming- 

induced habitat expansion for moose will likely occur (Zhou et al. 2020). Our simulation results 

further highlight the significance of where on the landscape hunters have access (Berman and 

Kofinas 2004, Johnson et al. 2016). For example, hunters currently travel 233 km on average for 

a moose hunting trip with a reported expenditure of 231 liters of gasoline per trip (= $305). 

Traveling to poor habitat at further distances is costly (Brinkman et al. 2014) and has 

diminishing returns in harvest.

Adopting new modes of hunting trips, such as snow machine, aircraft, and all-terrain 

vehicles, and changes in hunting regulations, such as allowing a spring hunt, may enable
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Indigenous hunters to capitalize on increased moose distribution in drainage areas outside the 

Colville waterway complex that are relatively close to the village. However, the future trajectory 

of moose abundance under warming in the Nuiqsut hunting area is far from certain. Arctic 

warming is also making the permissible tundra travel more dangerous and unreliable (Brubaker 

et al. 2014, Ford et al. 2019, Meredith et al. 2019).

Sharing of food, gear, and labor are intrinsic components of Indigenous culture in the North, 

and a critical source of resilience and adaptive capacity (Wenzel 2000, Berkes and Jolly 2002, 

Ford et al. 2006, Baggio et al. 2016, Burnsilver et al. 2016, Fawcett et al. 2018). The ADF&G's 

CSIS report estimated that 91.4% of Nuiqsut households gave away harvested foods, and 96.6% 

received harvested resources in 2014. There is also a substantial amount of intercommunity 

sharing of subsistence foods in the arctic region (Kofinas et al. 2016). We showed that future 

warming on the North Slope will not likely allow moose to compensate for any possible major 

losses in other subsistence resources in a rapidly changing Arctic (Hinzman et al. 2005, Kittel et 

al. 2011, Meredith et al. 2019). However, our scenario analysis did not consider how 

intercommunity sharing may compensate for potential shortfalls in subsistence harvest.

Another dimension not fully explored in the model is how changes in the cash economy 

would affect moose harvesting. Cash inputs to the household and community levels contribute 

directly to adaptive capacity (Berman et al. 2017). In the context of moose hunting, cash is 

needed to buy gear (boats, tents, rifles, freezers) and gas, which are essential to accessing 

hunting areas. As noted, because of funds generated through oil development and taxation of oil 

infrastructure, the communities of the North Slope of Alaska have high cash inputs as compared 

to other regions of rural Alaska. Our simulation model did not explore changes in cash inputs, 

but it is clearly a variable of importance.
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In the past, expanding moose populations provided an important source of subsistence food 

in the northern communities (Wolfe and Walker 1987, Titus et al. 2009, Kofinas et al. 2010). To 

reduce vulnerability in subsistence food security with a warming climate, in the future managers 

should consider the importance of increasing moose harvest opportunities in accessible areas to 

increase the diversity of subsistence food resources for Nuiqsut community, particularly when 

shortages and uncertainties arise in other subsistence species (Brinkman et al. 2007, Kofinas et 

al. 2010, 2016).

We demonstrated that using a SES framework for assessing climate change impacts on 

subsistence harvest led to a different conclusion than would have arisen by evaluating changes in 

social and ecosystem components separately (Liu et al. 2007, Chapin et al. 2009, Collins et al. 

2011). For example, if only examining the ecological dimensions of the system, one may 

conclude that moose may be an important subsistence resource in a changing climate. This 

analysis showed that outcome is not likely given current modes of hunter access. When 

considering how both social and ecological factors influence harvest opportunity, this analyses 

showed that the community of Nuiqsut is likely to experience a case of high exposure to an 

expansion of moose habitat and distribution under warming, but low sensitivity to this change 

because these ecological changes are unlikely to translate into greater harvest of moose. These 

findings highlight the importance of employing integrated and interdisciplinary approaches for 

providing a holistic understanding (Berman and Kofinas 2004, Berman et al. 2004, Kruse et al. 

2004, Chapin et al. 2009, Euskirchen et al. 2020) when assessing future impact of climate change 

on ecosystem services (Meredith et al. 2019).
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Figures

Figure 4. 1 Study area. The red denotes the Nuiqsut moose use area, approximated with hunter 
interviews and the estimation by Braund (2010). Umiat is an unincorporated community with 
only seasonal residents, serving as a camp and fuel stop for summer research activities and oil 
operations in the region.
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Figure 4. 2 Social-ecological system framework for assessing climate change impact on moose 
harvest opportunities. The rectangles represent the main components of the system and key 
variables are marked with arrows with dashed lines. Arrows with solid lines indicate the impact 
of the main components.
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Figure 4. 3 Simulated harvests with changes in the number of hunters, hunting access, and 
moose distribution and abundance. Increasing access has limited impact on moose harvest. Y- 
axis shows the moose harvest amount (kg). X-axis shows four scenarios with current (blue) and 
increased (orange) river navigable access. “H0M0” is the baseline scenario with the recent 
number of hunters (H) and moose (M). In the “H0M+” scenario, only moose abundance is 
increased to the historical maximum. “H+M0” is the scenario with only the number of hunters 
increased to the historical maximum. In the “H+M+” scenario, both hunter number and moose 
abundance are increased to their historical maximums.
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Figure 4. 4 Expansion patterns of moose habitat. The green area depicts moose habitat under 
IPCC A2 warming scenario in 2020s (A), 2050s (B), and 2090s (C), adopted from Zhou et al 
(2020). The blue lines represent the major waterways potentially used by moose hunters. The red 
dots show the locations of Nuiqsut and Umiat. Moose hunters from Nuiqsut can currently reach 
Umiat on the Colville River and similar distances in other major drainage areas.
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Figure 4. 5 Prediction of moose in the study area. The blue line represents the mean moose 
number estimated by an ARIMA model. The gray and light blue areas show the 95% and 80% 
confidence intervals, respectively.
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Figure 4. 6 Observed Colville River discharge and future predictions of precipitation during the 
hunting season. (A) Observed monthly mean discharge (m3/s) in August (closed black circle) and 
September (open circle) at Umiat USGS station during 2002-2019. (B) Predicted decadal mean 
precipitation in August and September in our study area under PICC A2 warming scenario 
(SNAP).
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Figure 4. 7 Historical number of North Slope resident hunters and Nuiqsut Permanent Fund 
Dividend (PFD) applicants. (A) Open circle denotes total hunters and filled circle represents 
successful hunters from North Slope community. The data were adopted from ADF&G. (B) 
Number of successful applicants for Alaska's PFD with an address in Nuiqsut village, as a 
potential indicator for in- and out-migration. Source: data compiled by Nuiqsut Comprehensive 
Development Plan, available at http://www.north-slope.org.
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Tables

Table 4. 1 Scenario matrix in the simulation model. The number of hunters and moose is 
increased from current (H0, M0) to historical maximums (H+, M+) in the simulation.

Moose abundance
M0 = 280 M+ = 1535

Number of H0 = 12 HoMo HoM+

Hunters H+ = 40 H+Mo HM

121



Scenario # 1 Assuming total loss in whales

Table 4. 2 Scenarios of hypothetical shortfalls in major subsistence resources, expressed in the 
equivalent number of moose. “Total inflow” is the estimated total amount of all harvested 
resources that goes into the Nuiqsut community. “Hypothetical loss” is the amount of shortfalls 
in specific resources under a hypothetical scenario, which is expressed as a percentage of the 
total harvested resources under “Proportional loss” column and as the equivalent number of 
moose in “moose unit.”

Year Total inflow (kg) Hypothetical loss (kg) Proportional loss In moose units
1985 72,591 3383 5% 14
1993 121,480 34,884 29% 143
2014 168,733 67,171 40% 275

Scenario # 2 Assuming total loss in caribou
1985 72,591 27,225 38% 112
1993 121,480 37,271 31% 153
2014 168,733 47,715 28% 196

Scenario # 3 Assuming total loss in Salmon
1985 72,591 620 0.9% 3
1993 121,480 458 0.4% 2
2014 168,733 1764 1.0% 7

Scenario # 4 Assuming total loss in non-Salmon fish
1985 72,591 31,408 43% 129
1993 121,480 40,588 33% 166
2014 168,733 38,604 23% 158

Scenario # 5 Assuming total loss in seals
1985 72,591 2010 3% 8
1993 121,480 3769 3% 15
2014 168,733 9652 6% 40

Scenario # 6 Assuming total loss in birds and eggs
1985 72,591 3645 5% 15
1993 121,480 1962 2% 8
2014 168,733 2203 1% 9
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Chapter 5 Conclusions

This chapter summarizes the main findings from my dissertation research, which I lay out 

in four sections below. Each section highlights a main point of the general findings from this 

research.

5.1 Habitat requirement and geographic distribution for arctic tundra moose

The response curve of moose along the gradient of shrub height show a close association 

between moose distribution and tall shrubs in the arctic tundra of northern Alaska. I show that 

the distributions of temperature, tall shrubs, and moose along the south-north environmental 

gradients all exhibit a similar hump-shaped pattern. This research showed that most moose 

occupied areas that have the tallest shrubs and the warmest summer temperature, which are the 

arctic foothills. The distribution of tall shrubs in arctic Alaska is generally limited to riparian 

floodplains that have favorable microsite growth conditions for tall shrubs (Tape et al. 2012). 

Shrub patches with a minimum height above 80 cm can, therefore, be classified as moose habitat. 

During the snow season, tall shrubs protruding from the snow along rivers and streams are the 

sole source of forage available to moose. Moose were found to be limited to river corridors with 

abundant shrub patches. Consequently, the spatial structure of geographic distribution for moose 

exhibited a dendritic configuration associated with riparian networks.

Among tall-shrub species, I found that tundra moose predominantly browse feltleaf 

willows (Salix alaxensis). This early successional species is the most common tall shrubs in 

arctic riparian corridors which also have well drained soils with near neutral pH (Swanson 2015). 

My analysis also showed that moose largely prefer feltleaf willow, which responds to browsing 

by increasing biomass production and palatability to browsers (Bryant 1987, Christie et al.
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2014). Moose in arctic tundra, therefore, heavily rely on patches of feltleaf willows in riparian 

systems for forage and cover, which is the determinant factor controlling moose distribution.

5.2 Resource overlap with snowshoe hares and the implications to moose habitat

Despite their morphological differences, high niche overlap exists between moose and 

snowshoe hares (Lepus americanus). Their geographic distributions similarly follow the 

distribution of tall shrubs, which is controlled by riparian systems in the Arctic. Moose and hares 

browse similar shrub species and the likelihood of both herbivores visiting the same plants is 

high. This high overlap in resource use and biogeographic distribution indicates a potential 

competition between the two herbivores (Dodds 1960, Belovsky 1984). However, hares and 

moose browse slightly different height of shrubs at site scale, indicating potential resource 

partitioning. Competition can also be reduced through mechanisms such as a behavior mediated 

habitat partitioning, where hares may change feeding behavior in response to cues for previous 

resource use by moose at shrub sites (Lankist and Maher 2020). Nevertheless, the extent to 

which hares are affecting moose habitat remained poorly understood in the Arctic.

Moderate browsing of feltleaf willows by hares in the winter may stimulate shoot growth, 

increase leaf nitrogen content, and increase palatability (Bryant 1987, Kielland et al. 1997, 

Christie et al. 2014). However, repeated severe browsing by herbivores in the winter and summer 

reduces willow height and forage quality, may cause death to a plant (Bryant et al. 1985, Bryant 

1987, Danell et al. 1994, Christie et al. 2014). My field studies show that hares can eliminate 

much of a shrub thicket and leave behind only a few large standing stems that are too big for 

hares to cut. In the following winter season, arctic snow (>0.5 m) subsequently buries these short 

stems cut by hares, which consequently are not available to moose and other herbivores. Thus, 

hare browsing at high intensity can have significant impact on moose habitat by reducing forage 
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quality and abundance. Future studies should focus on how biotic interactions among shrub

dependent herbivores, such as snowshoe hares and moose, shape their distribution and influence 

population dynamics in the Arctic.

5.3 Trajectories of moose habitat in a warming Arctic

Moose in arctic tundra require tall shrubs (Mould 1977). Based on the strong association 

between tall shrubs and summer temperature (Walker et al. 2006, Forbes et al. 2010, Elmendorf 

et al. 2012, Wang et al. 2019), shrub habitat for moose will likely increase in response to the 

projected warming in the Arctic (Overland et al. 2014, IPCC 2019). The spatial patterns of 

moose habitat expansion will likely reflect river corridor networks, highlighting the significant 

control exerted by landscape structures. Furthermore, climate warming will likely increase the 

connectivity of patch networks in arctic river systems. This warming-induced process of 

increasing structural connectedness of shrub patches will likely facilitate moose dispersal and 

colonization at the expanding range margins (Hanski 1999). Therefore, landscape features and 

climate warming may synergistically enhance the expansion of moose habitat via increased 

structural connectivity of patch networks in arctic Alaska.

Although the general trajectory of moose habitat at regional scale is clear under a 

warming climate in the Arctic, additional environmental covariates such as hydrology and biotic 

interactions will likely modulate the patterns of riparian habitat expansion at fine scales. In the 

floodplain corridors, intermittent flooding facilitates a shift toward dominance of early 

successional species, such as feltleaf willow, but repeated heavy herbivory suppresses willow 

growth (Bryant 1987, Danell et al. 1994, Kielland et al. 1997, Christie et al. 2014). Furthermore, 

it is likely that herbivory will retard the rate of expansion and influence fine scale patterns of tall- 

shrub distributions (Post and Pedersen 2008, Christie et al. 2015). Future research should address 
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the relative opposing forces of climate (Pearson et al. 2013, Naito and Cairns 2015, Myers-Smith 

and Hik 2018) and herbivory (Danell et al. 1994, Kielland et al. 1997, Christie et al. 2014) that 

shape expansion patterns of tall-shrub habitat in the riparian systems in the Arctic (Post and 

Pedersen 2008, Speed et al. 2019). Future model projections, therefore, should incorporate key 

variables including climate, herbivory, and flooding regimes in an integrated framework to 

assess future trajectories of tall-shrub habitats in arctic riparian systems.

5.4 Opportunities for moose harvest in a warming Arctic

I illustrated the importance of using an integrated framework, such as the coupled social- 

ecological system approach (Liu et al. 2007, Chapin et al. 2009, Collins et al. 2011), to evaluate 

climate change impact on ecosystem services. Evaluating social and ecological components 

separately will likely lead to different and misleading outcomes than assessing them in an 

integrated framework (Chapin et al. 2004, Liu et al. 2007). For example, assessing plausible 

changes in only ecological component, model projections would have resulted in increases in 

moose harvest opportunities under warming scenarios. Using a SES framework that considers 

harvest access reveals that the pronounced ecological change in moose habitat may not likely 

translate into greater harvest opportunities due to constraints on hunter access. Hunters from 

Nuiqsut exclusively rely on the Colville River and its tributaries for moose hunting, which 

controls spatial and temporal patterns of harvest access by boat. Climate warming appears 

unlikely to increase navigability (access) in the future.

As a result, the most important variable that could influence future moose harvest 

availability appears to be moose abundance, which is the least predictable factor we can infer 

from climate projections and future vegetation trajectories. To maintain a sustainable moose 

harvest that provides an additional food source for Indigenous communities of arctic Alaska, it is 
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critical to develop our understanding of the main drivers of moose population declines in this 

region. In addition to moose surveys, future monitoring protocols, documentation of local and 

traditional knowledge, and annual surveys should incorporate assessment of predator density and 

browsing impacts by key herbivores such as snowshoe hares.

In summary, this project is the first comprehensive evaluation of climate change impact 

on moose harvest in arctic Alaska. My dissertation research highlights the interactions between 

ecological and social variables, which are best captured with an integrated social-ecological 

system framework (Chapin et al. 2009, Collins et al. 2011). To increase the resilience of 

community subsistence systems in a rapidly warming Arctic, therefore, we should not focus on 

only biophysical changes. We also need to understand how these biophysical changes may 

interact with socio-economic elements and, consequently, influence the future trajectories of 

changes in subsistence resources for Indigenous communities in the Arctic (Berman and Kofinas 

2004, Kruse et al. 2004, Euskirchen et al. 2020).
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