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Abstract: Lichens are an important winter forage for large, migratory herds of caribou (Rangifer tarandus granti) that can 
influence population dynamics through effects on body condition and in turn calf recruitment and survival. We investigated 
the vegetative and physiographic characteristics of winter range of the Western Arctic Herd in northwest Alaska, one of the 
largest caribou herds in North America. We made 3 broad comparisons: habitats used by caribou versus random locations, 
burned versus unburned habitats, and habitats within the current winter range versus those in the historic winter range and 
potential winter ranges. We found that lichen abundance was more than 3 times greater at locations used by caribou than 
found at random. The current winter range does not appear to be overgrazed as a whole, but continued high grazing pressure 
and consequences of climate change on plant community structure might degrade its condition. Within the current winter 
range, lichen abundance was more than 4 times greater at unburned locations than at recently (< 58 y) burned locations. 
Other than lichen abundance, there were few vegetative differences between burned (mean = 37 ± 1.7 y) and unburned 
locations. The historic winter range has low lichen abundance, likely due to sustained grazing pressure exerted by the herd, 
which suggests that range deterioration can lead to range shifts. Recovery of this range may be slowed by continued grazing 
and trampling during migration of caribou to and from their current winter range, as well as by high wildfire frequency and 
other consequences of climate change. The area identified as potential winter range is unlikely to be utilized regularly by 
large numbers of caribou primarily due to low lichen abundance associated with extensive deciduous stands, large areas of 
riparian habitat, high moose (Alces alces) densities, and greater prevalence of wildfire. Our results suggest that lichens are 
important in the overwintering ecology of caribou that face the energetic costs of predator avoidance and migration.
Keywords: caribou, fire, grazing, lichens, range expansion, Western Arctic Herd.

Résumé : Les lichens sont un fourrage d’hiver important pour les grands troupeaux de caribous migrateurs (Rangifer 
tarandus granti) qui peut influencer la dynamique de population par des effets sur la condition physique et ainsi influencer 
le recrutement et la survie des veaux. Nous avons étudié les caractéristiques physiographiques et de la végétation de l’aire 
d’hivernage du troupeau de l’ouest de l’Arctique dans le nord-ouest de l’Alaska, un des plus grands troupeaux de caribous 
d’Amérique du Nord. Nous avons fait 3 grandes comparaisons : habitats utilisés par le caribou versus sites aléatoires, sites 
brûlés versus non brûlés et habitats à l’intérieur de l’aire actuelle d’hivernage versus ceux de l’aire historique et ceux d'une 
aire potentielle d’hivernage. Nous avons constaté que l’abondance de lichens était plus de 3 fois supérieure dans les sites 
utilisés par le caribou que dans des sites aléatoires. L’aire actuelle d’hivernage ne semble pas être surbroutée dans l’ensemble, 
mais la poursuite de la forte pression de broutement et les conséquences des changements climatiques sur la structure de la 
communauté végétale pourraient dégrader sa condition. Au sein de l’aire actuelle d’hivernage, l’abondance de lichens était 
plus de 4 fois supérieure dans les sites non brûlés que dans ceux brulés récemment (< 58 ans). À l’exception de l’abondance 
de lichens, il y avait peu de différences dans la végétation entre les sites brûlés (moyenne = 37 ± 1,7 ans) et non brûlés. L’aire 
historique d’hivernage a une faible abondance de lichens probablement en raison d’une pression continue de broutement par 
le troupeau ce qui suggère qu’une détérioration de l’habitat puisse mener à des changements dans l’aire de distribution. Le 
rétablissement de cette aire peut être ralenti par le broutement continu et le piétinement lors de la migration des caribous de 
leur présente aire d’hivernage et en direction de celle-ci, aussi bien que par la fréquence élevée de feu d’origine naturelle et 
d’autres conséquences des changements climatiques. Il est peu probable que la zone identifiée comme une aire potentielle 
d’hivernage soit utilisée régulièrement par un grand grand nombre de caribous principalement en raison de la faible 
abondance de lichens associée aux vastes peuplements feuillus, de grandes zones d’habitat riverain, d’une densité élevée 
d’orignal (Alces alces) et d’une plus grande prévalence de feu. Nos résultats suggèrent que les lichens sont importants dans 
l’écologie hivernale du caribou qui doit faire face aux dépenses énergétiques liées à l’évitement des prédateurs et à 
la migration.
Mots-clés : broutement, caribou, expansion de l’aire de répartition, feu, lichens, troupeau de l’ouest de l’Arctique.
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Introduction

Caribou (Rangifer tarandus) distribution and population 
dynamics are driven by the complex interactions of 
numerous influences, including climate, predation, habitat, 
year-round forage quality, quantity, and availability, insects, 
parasites, diseases, density-dependence, disturbance, 
industrial development, and other factors (Bergerud, 1980; 
Messier et al., 1988; Klein, 1991; Post & Stenseth, 1999; 
Johnson et al., 2005; Brown et al., 2007; Joly et al., 
2007; Pederson et al., 2007; Briand et al., 2009; Couturier 
et al., 2009; Hughes et al., 2009; Vors & Boyce, 2009). 
While it is important to understand that caribou population 
dynamics are a product of complex interactions among these 
factors, it is difficult to conduct research that simultaneously 
incorporates all of them. The quality of winter range has 
been a frequent focus of caribou research because range 
quality can affect body condition, fetal development, birth 
weights and growth rates of calves, and milk production 
(White, 1983; Parker, Barboza & Stephenson, 2005). Calf 
weights, in turn, are associated with herd productivity 
(Couturier et al., 2009). Thus, poor winter range conditions 
can have a pronounced impact on caribou population 
dynamics through its effects on recruitment.

Body condition, inclusive of available energy and 
protein stores, affects the ability of cervids to survive and 
reproduce (Parker, Barboza & Gillingham, 2009). High-
protein forage is limited in its availability to cervids during 
late winter when gestational demands are high (Parker, 
Barboza & Stephenson, 2005; Brown et al., 2007). Caribou 
are unique among cervids in this respect because of the 
primary role lichens generally play in their winter diet. 
Lichens, though high in available energy, have a protein 
content that, by themselves, is below maintenance levels 
for most northern cervids (Person et al., 1980; Parker, 
Barboza & Stephenson, 2005). Although dietary protein 
requirements during winter are low in contrast to the 
summer period (White et al., 1981), an inadequate protein 
balance can cause catabolism of body tissues, reduce 
growth, or compromise in utero development in cervids 
(Parker, Barboza & Stephenson, 2005). Caribou acquire 
most protein during summer, when high-protein forage is 
available, and make greater use of lichens, which are high in 
digestible energy, in winter, when energy demands are high 
(Parker, Barboza & Gillingham, 2009). Caribou distribution 
in winter must balance the competing demands of acquiring 
enough quality forage to meet their energetic demands and 
avoiding predation (Brown et al., 2007; Parker, Barboza & 
Gillingham, 2009).

Large, migratory herds of barren-ground caribou gener-
ally rely heavily upon terricolous, fruticose lichens, espe-
cially those of the Cladina genus, during winter (Person 
et al., 1980; White et al., 1981; Klein, 1982; 1991; 
Heggberget, Gaare & Ball, 2002). The Western Arctic 
Herd (WAH), which ranges over 360 000 km2 of northwest 
Alaska, represents a quintessential herd of this type (Davis, 
Valkenburg & Reynolds, 1980; Dau, 2007). Terricolous 
lichens constitute the majority of forage for WAH cari-
bou during winter (Saperstein, 1996; Joly, Cole & Jandt, 
2007). Some have suggested, however, that lichens are not 

essential for caribou during winter and that a graminoid-
dominated diet may be adequate for sustaining caribou and 
reindeer (also R. tarandus) populations (Bergerud, 1974; 
Heggberget, Gaare & Ball, 2002; van der Wal, 2006). 
However, this assertion is based on low-density, insular, 
non-migratory, and/or predator- and parasitic insect–free 
populations. Recently (< 55 y old) burned habitats exhibit 
rapid and vigorous re-growth of graminoids (Jandt et al., 
2008), but low lichen cover, and such habitats are avoided 
during winter by WAH caribou (Joly, Bente & Dau, 2007). 
An analysis of the winter diets of the WAH revealed that 
graminoids were selected against despite their increasing 
prevalence in the landscape (Joly, Cole & Jandt, 2007). 
These findings support the hypothesis that lichens are an 
important forage for this herd during winter.

The abundance of forage lichens is typically associated 
with particular plant community types, soil characteristics, 
topography, grazing pressure, and time since disturbance 
(Morneau & Payette, 1989; Swanson, 1996; Racine 
et al., 2004; Holt, McCune & Neitlich, 2006; 2008; Jandt 
et al., 2008). Abundance is greatest where competition 
from vascular species is low (such as on acidic or sandy 
soils) and where there is low frequency of disturbance by 
flooding or wildfire (Swanson, 1996; Holt, McCune & 
Neitlich, 2006; 2008). Following a wildfire, it can take 
several decades for forage lichens to return to their former 
levels (Racine et al., 2004; Dunford et al., 2006; Holt, 
McCune & Neitlich, 2008; Jandt et al., 2008). Grazing 
and trampling by large numbers of caribou or reindeer can 
also reduce lichen abundance at the landscape level (Klein, 
1968; Moser, Nash & Thomson, 1979; Morneau & Payette, 
1989; Arseneault et al., 1997; Joly et al., 2007).

Declining populations of Rangifer have been linked to 
climate change (Vors & Boyce, 2009). The influences of 
climate change are already apparent in the Arctic and are 
predicted to become more pronounced over time (Callaghan 
et al., 2004). Indeed, the largest changes in faunal popula-
tions of the western hemisphere are projected to occur in 
arctic tundra habitats (Lawler et al., 2009). Experimental, 
field, and theoretical studies suggest that climate change 
negatively impacts lichen abundance (see review by Joly, 
Jandt & Klein, 2009). Climate change–related factors that 
act to reduce lichen abundance include competition with 
vascular plant species (which will increase shading and leaf 
litter), wildfire, warming and associated drying, and sus-
tained grazing by Rangifer. Future reduction of lichen abun-
dance may negatively affect caribou population dynamics.

Our main goal was to identify characteristics of 
primary caribou winter range by comparing sites used by 
caribou to random locations. Secondarily, we quantified 
differences between burned and unburned habitat 
and among the herd’s current, historic, and potential 
future winter ranges. Finally, we identif ied landscape-
level and site-specific factors that were associated with 
the abundance of forage lichens. We hypothesized that 
caribou would seek out and locate areas of high lichen 
abundance, that unburned habitat would provide greater 
lichen abundance than recently (< 58 y) burned habitat, 
and that the herd’s current winter range would provide 
greater lichen abundance than either the historic or potential 



winter ranges. This research has implications for the relative 
importance of winter forage for caribou, will inform critical 
and costly decisions regarding fire management, and will 
assist in the management of caribou as a subsistence and 
economic resource for communities in the Arctic.

Methods

STUDY AREA

With a population size of 377000 in 2007, the WAH is 
the largest caribou herd in Alaska (Dau, 2007). Herd size 
peaked in 2003 at 490000 caribou (Dau, 2007). The annual 
range of the WAH covers all of northwest Alaska, some 
360 000 km2 (Figure 1; Davis, Valkenburg & Reynolds, 
1980). WAH caribou can be found throughout most of this 
range during the winter when at high population levels 
(~300 000 caribou; Joly, Bente & Dau, 2007). Winter use 

has been concentrated in the “current winter range” since 
at least the 1990s (Figure 2; Dau, 2007). This range is 
dominated by the Nulato Hills, a region of rugged but 
low-lying hills. Recently (circa 1996), the herd expanded 
its winter range to include the Seward Peninsula (Dau, 
2007). Vegetation ranges from coastal wet meadows to 
tussock tundra, alpine tundra, boreal forest, narrow 
riparian corridors, and brush (Alnus spp., Salix spp.) fields. 
In the past, winter use was concentrated further north, in 
the Selawik National Wildlife Refuge (NWR), the Kiana 
Hills, and the upper Kobuk River, referred to henceforth as 
the “historic winter range” (Figure 2). This region is more 
forested to the east and transitions to a vast wetland 
complex within the refuge. To the southeast of the current 
winter range lies the Koyukuk National Wildlife Refuge 
(NWR) and the Yukon Lowlands (Nowacki et al., 2001), 
where the Koyukuk River drains into the Yukon River. 
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FIGURE 1. Range of the Western Arctic Caribou Herd, northwest Alaska, 2008. Annual range is shaded dark, while the current winter range is hatched. 
Courtesy of the Alaska Department of Fish and Game.
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This region is dominated by boreal forest and contains 
vast riparian complexes. If the herd continues to expand 
its winter range, it might utilize this region, which we refer 
to as its “potential winter range” (Figure 2). For additional 
details, see Joly et al. (2009).

VEGETATION PLOT LOCATION, DATA COLLECTION, AND

STATISTICAL ANALYSIS

We developed 8 treatment types for our study plots. 
Within the current winter range (Figure 2), we collected 
data at locations used by caribou that were unburned 
(T1) and burned (T2) and random locations that were 
unburned (T3) and burned (T4). In an area to the southeast 
of the current winter range, where the herd could potentially 
expand their winter range (hereafter potential winter 
range), we created plots using random locations that 
were unburned (T5) and burned (T6). Similarly, within 
the herd’s historic winter range, in the Selawik National 
Wildlife Refuge, we created plots at random locations 

that were unburned (T7) and burned (T8). Plot locations 
used by caribou were randomly selected from a set of 
satellite telemetry locations from 1999 to 2005 (Joly, Bente 
& Dau, 2007). Caribou locations in the database were 
nearly unique (i.e., only 12 of 7049 [< 0.2%] had the same 
latitude and longitude as another caribou location), and 
thus the influence of frequency of usage was minimized. 
Unique, random locations were generated using ArcGIS 
9.2 (ESRI, 2006). Burned status was determined using the 
Alaska Fire Service’s Large Fire Database, which maps the 
perimeters of fires dating back to 1950 (data available at 
http://fire.ak.blm.gov/, accessed October 5, 2009). Thus, 
plots designated as burned did so within the past 58 y. 
However, the fire perimeters include unburned patches, 
also called inclusions, within the perimeter. We changed 
the designation of the plot treatment type if there was solid 
evidence that it was miscategorized using the Geographic 
Information System (GIS). For example, if a plot was 
designated T3 (random/unburned) but there were obvious 

FIGURE 2. Study plot locations and winter ranges of the Western Arctic Caribou Herd, northwest Alaska, 2008. Plots designated as “Used” were 
determined by satellite telemetry locations of collared caribou. Plots designated as “Burned” did so recently (< 58 y). The darkly shaded polygons are the 
outlines of these recent burns (courtesy of the Alaska Fire Service). The current winter range is hatched, the historic winter range is identified by vertical 
lines, and a potential winter range (an area examined to see if caribou might expand their winter range there in the future) is identified by horizontal lines.
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signs of burning (i.e., standing burned poles or char), the 
plot would be re-designated T4 (random/burned). Similarly, 
presence of obvious caribou sign (e.g., pellets, shed antlers, 
evidence of cratering) would cause the re-designation of a 
T3 plot to a T1 (used/unburned) plot type.

We used helicopters to access the plots, from 28 June 
to 22 July 2008, and hand-held Global Positioning System 
(GPS) units to navigate to the plot origin. A 10- × 10-m 
grid was formed from the origin. Vegetation was identified 
to species level, where possible, at 4 vertical layers every 
metre within the grid for a total of 100 intercepts per plot. 
The layers were ground (e.g., lichens, mosses), herbaceous 
(e.g., sedges, grasses, herbs), shrubs < 1 m (e.g., Ledum
spp., Vaccinium spp.), and canopy > 1 m (e.g., Picea spp.,
Populus spp.). We used these data to determine percent 
cover. We considered Cladina arbuscula/mitis (referred to 
as C. mitis henceforth), C. rangiferina/stygia (referred to 
as C. rangiferina henceforth), C. stellaris, and Cladonia 
uncialis to be primary forage species and Cetraria cucul-
lata, C. ericetorum, C. islandica, C. nivalis, Cladonia 
amaurocraea, and C. gracilis to be secondary forage species 
(Joly et al., 2007). For each primary and secondary caribou 
forage lichen that was encountered, we measured height to 
the nearest 0.5 cm using a blunt metal rod (3 mm ; Moen, 
Danell & Holt, 2007; also see Johnson, Parker & Heard, 
2001). Total forage lichen is the combination of both pri-
mary and secondary lichens; all other lichen species were 
considered non-forage. Following Moen, Danell, and Holt 
(2007), we determined lichen volume by multiplying per-
cent cover by height by plot area. Lichen volume is highly 
correlated with lichen biomass, so we used the formulas 
provided by Moen, Danell, and Holt (2007) to approximate 
lichen biomass from its volume. We did not develop cor-
rection factors for our study area, so the biomass estimates 
should be viewed cautiously. Additionally, we collected 
data on near-surface soil pH, depth of the organic layer, and 
amount of caribou utilization. Utilization was determined 
by identifying signs of use (e.g., pellets, signs of cratering, 
trampling) within a 1-m arc at the end of each grid row 
(sensu Joly et al., 2007); recorded as the percentage of arcs 
with evidence.

We used pre-existing GIS data and recorded the follow-
ing parameters for each plot: slope, aspect, elevation, habi-
tat type (30-m National Land Cover Database of 2001, data 
available from the Multi-Resolution Land Characteristics 
Consortium, www.mrlc.gov, accessed October 5, 2009), 
and 2 measures of terrain ruggedness. These measures 
were determined using a vector ruggedness measure 
(VRM) at relatively fine (180 m) and coarse (1 km) scales 
(Sappington, Longshore & Thompson, 2007). For plots 
classified as burned, we used the Large Fire Database to 
determine stand age. We subjectively conferred a conserva-
tive age of 100 y to unburned plots for regression analyses 
and display purposes. Although fire rotation can be as 
short as 40–80 y in the boreal forest under the influence 
of the continental climate of eastern Alaska (Yarie, 1981; 
Johnstone et al., 2009), it is typically longer (100–200 y; 
Payette et al., 1989; Lynch et al., 2003; Kasischke, Rupp 
& Verbyla, 2006). Rotation period can be several hundreds 
of years in the tundra biome (Wein, 1976; Kasischke, Rupp 

& Verbyla, 2006). Mark et al. (1985) estimated the ages of 
unburned tussocks to be 150 y.

We used analysis of variance (ANOVA) to test for 
differences among treatment types, burned status, and 
winter ranges (i.e., current, potential, and historic). We 
used linear regression to identify associations with plot 
lichen volume. Combinations of vegetation characteristics 
(herbaceous cover, moss cover, shrub cover, canopy cover), 
plot characteristics (latitude, longitude, pH, stand age), 
and GIS layers (elevation, slope, terrain ruggedness) were 
used, a priori, to develop potentially explanatory models. 
We used Akaike’s Information Criterion (AICc) for small 
sample sizes and the change in AICc ( AICc; Burnham 
& Anderson, 2002) to determine the most parsimonious 
models. We calculated the variance inflation factor (VIF) to 
assess multicollinearity. We standardized the values of the 
covariates by subtracting their means and dividing by their 
standard deviations in order to show the relative influence 
of these factors (Neter et al., 1996; Schimdt et al., 2009). 
Significance for all tests was defined at = 0.050 level 
unless otherwise specified.

Results

REASSIGNMENT OF PLOT TREATMENT TYPE

Ground observation of plots indicated that only 6 
of 15 (40.0%) plots used by caribou within the mapped 
fire perimeters (T2) had actually burned. A total of 12 of 
32 (37.5%) of the satellite-location–derived points were 
changed to a different plot type based on ground observa-
tions. Total forage lichen volume in plots reassigned to T1 
(used/unburned) (1037.2 ± 256.4 dm3·100 m–2) was signifi-
cantly greater than those that remained as T2 (used/burned) 
plots (125.0 ± 296.1 dm3·100 m–2; F1, 13 = 5.42, P = 0.038).
Total forage lichen volumes in the remaining T2 (used/
burned) plots were not significantly different than T4 plots 
(random/burned; P > 0.100).

A full 60% of plots determined by satellite telemetry 
to be within a burn but used by caribou did not fit this 
categorization. Part of this error rate is undoubtedly due to 
lack of precision in the large fire database, but it strongly 
highlights the need for much more accurate caribou 
locations. All 6 remaining T2 (used/burned) plots were 
based on caribou locations from outside the mid-winter 
(i.e., December through mid-April) period.

USED VERSUS RANDOM UNBURNED PLOTS WITHIN THE CURRENT

WINTER RANGE

Total forage lichen volume was signif icantly 
greater in locations used by caribou that were unburned 
(1427.3 ± 194.0 dm3·100 m–2) than at randomly located 
unburned sites (447.8 ± 206.2 dm3·100 m–2; F1, 48 = 11.97,
P = 0.001). In addition to having greater cover of forage 
lichens, areas in the current winter range used by caribou 
had lower cover of mosses, forbs, and shrubs compared to 
random points (Table I).

UNBURNED VERSUS BURNED PLOTS

In the cur rent winter range,  for both used 
and random plots, total forage lichen volume was 
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signif icantly (F1, 70 = 9.79, P = 0.003) greater in 
unburned plots (967.52 ± 133.43 dm3·100 m–2) than on 
burned plots (217.49 ± 1991.3 dm3·100 m–2). Forage 
lichen cover was also signif icantly (F1, 70 = 11.97, 
P = 0.001) greater in unburned plots (23.3 ± 2.9%) 
than in burned plots (5.1 ± 4.4%). We did not detect 
any other signif icant vegetation differences between 
burned and unburned plots. The average age of burned 
plots was 37 ± 1.7 y. Though total forage lichen volume 
was nearly twice as much in random unburned plots 
(447.79 ± 136.84 dm3·100 m–2) than in random burned 
plots (252.18 ± 164.06 dm3·100 m–2) within the current 
winter range, the difference was not statistically significant 
(F1, 38 = 0.84, P = 0.366).

Forage lichen cover and volume in the potential winter 
range were not significantly different between random 
unburned and burned locations. Dwarf birch (Betula
spp.) cover in the shrub layer was significantly greater 
(F1, 22 = 8.45, P = 0.008) in burned (8.1 ± 1.5%) than in 
unburned plots (1.5 ± 1.7%). Tree (F1, 22 = 5.41, P = 0.030)
and total (F1, 22 = 8.01, P = 0.010) canopy cover were 
signif icantly greater in unburned plots (24.5 ± 6.7%, 
31.9 ± 7.1%, respectively) than burned plots (3.9 ± 5.8%, 
5.2 ± 6.2%, respectively) in the potential winter range. The 
average age of burned plots was 25 ± 3.4 y.

Forage lichen cover and volume were not significantly 
different between random unburned and burned locations 
in the historic winter range. Dwarf birch cover in the shrub 
layer was significantly greater (F1, 10 = 7.55, P = 0.023) in 
burned (11.5 ± 2.4%) than in unburned plots (3.1 ± 1.8%)
in the historic winter range, similar to the pattern found in 
the potential winter range. The average age of burned plots 
was 37 ± 0.1 y.

DIFFERENCES IN VEGETATION AMONG UNBURNED CURRENT,
POTENTIAL, AND HISTORIC WINTER RANGES

Although total forage lichen volume in the 
potential (274.97 ± 221.59 dm3·100 m–2) and historic 
(108.77 ± 264.86 dm3·100 m–2) winter ranges were 
only 62% and 24%, respectively, of that of the current 
(447.79 ± 146.11 dm3·100 m–2) winter range, the 
differences were not statistically significant (F2, 39 = 0.70, 
P = 0.505) due to high variability. The same held true for 
forage lichen cover (Table II). Small sample sizes (Table II)
likely hindered our statistical analyses. Although there 
were relatively few statistically significant differences in 
vegetation between the current winter range and either 
the historic or the potential winter range, there were some 

TABLE I. Differences in vegetation between unburned locations used 
by caribou and randomly selected unburned locations within the 
current winter range of the Western Arctic Caribou Herd, northwest 
Alaska, 2008.

Caribou locations Random locations F1, 48

Vegetation (layer) % Cover SE % Cover SE

Forage lichen (ground) 34.6 4.1 10.6 4.4 16.00**
Moss (ground) 25.3 4.4 38.0 4.7 3.81*
Forb (herb) 8.8 3.4 22.0 3.6 7.03**
Graminoid (herb) 22.5 3.5 16.5 3.7 1.37
Alder (shrub) 0.2 0.5 2.0 0.5 6.35**
Tall shrub (shrub) 27.7 3.9 43.5 4.2 7.67**
Willow (shrub) 1.9 2.6 12.2 2.8 7.28**
Alder (canopy) 0.1 1.4 4.3 1.4 4.60**
Willow (canopy) 0.3 2.3 11.2 2.5 10.33**
Total shrub (canopy) 0.7 2.7 17.3 2.9 18.06**
Total tree (canopy) 1.0 0.8 2.6 0.8 1.86
Total (canopy) 1.7 2.9 19.9 3.1 18.70**

* P < 0.100; ** P < 0.050.

TABLE II. Percent lichen cover by treatment type among winter ranges of the Western Arctic Caribou Herd, northwest Alaska, 2008. Total cover 
includes all types of lichens, whereas forage lichen includes only primary and secondary forage species. “Used” notation under “Treatment” re-
presents a plot where a caribou was located as determined by satellite telemetry data. “Burned” means that the location recently (< 58 y) burned.

Winter range Treatment n Total (%) SE Forage (%) SE

Current T1 – Used/Unburned 26 41.1 26.7 34.6 3.1
Current T2 – Used/Burned 6 7.5 10.1 3.5 6.6
Current T3 – Random/Unburned 23 14.8 19.9 10.6 3.3
Current T4 – Random/Burned 16 16.3 19.0 5.8 4.0
Potential T5– Random/Unburned 10 7.6 13.7 4.9 5.1
Potential T6 – Random/Burned 13 18.8 18.6 7.5 4.5
Historic T7– Random/Unburned 7 6.4 5.9 3.7 6.1
Historic T8 – Random/Burned 4 13.5 7.3 4.5 8.0

TABLE III. Relative differences in vegetation among random unburned locations within the current (C), potential (P), and historic (H) winter 
ranges of the Western Arctic Caribou Herd, northwest Alaska, 2008. Significance level of * P < 0.100 and ** P < 0.050.

Current Potential Historic F2, 39 Relative
Vegetation (layer) % Cover SE % Cover SE % Cover SE differences

Dwarf birch (shrub) 9.5 1.4 1.5 2.1 3.1 2.5 6.27 C > P, H**
Crowberry (shrub) 3.0 0.7 0.2 1.1 0.6 1.3 3.23 C > P, H*
All shrubs (shrub) 57.5 4.6 52.1 6.9 31.1 8.3 3.87 C > H**
Broadleaf trees (canopy) 0.7 3.3 15.2 5.0 0.0 0.0 3.2 P > C, H*
Conifer trees (canopy) 1.9 1.9 9.3 2.9 5.4 3.5 2.27
Tall shrubs (canopy) 17.3 3.3 7.4 5.1 1.0 6.1 3.27 C > H**
All trees (canopy) 2.6 3.4 24.5 5.2 5.4 6.3 6.21 P > C**
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ecologically important trends (Table III). In the shrub layer, 
both dwarf birch and crowberry (Empetrum nigrum) had 
significantly (P < 0.100 for the latter) greater cover in the 
current winter range than in the potential or historic winter 
ranges, and total shrub cover was greater in the current 
winter range than in the historic winter range. In the canopy 
layer, there were no signif icant differences among the 
current, potential, and historic winter ranges except for a 
lower tree canopy in the current than the potential winter 
range and greater tall shrub canopy cover in the current 
than the historic winter range (just as observed in the shrub 
layer). In general, these results indicate that the current 
winter range tended to have considerably more lichens than 
the historic or potential winter ranges and had significantly 
less tree cover than the potential winter range and more 
shrub cover than the historic winter range.

LICHEN USE BY CARIBOU

Total forage lichen volume was positively associated 
with signs of caribou use (R2 = 17.2, F = 21.44, df = 104,
P < 0.001). Only 4 of 53 plots (7.5%) with forage lichen 

cover < 5% showed any signs of utilization by caribou. 
Total forage lichen volume was negatively associated 
with latitude (R2 = 15.8, F = 19.30, df = 104, P < 0.001).
Primary and secondary lichen covers were negatively 
associated with latitude (R2 = 18.4, F = 23.20, df = 104, 
P < 0.001 and R2 = 5.0, F = 5.44, df = 104, P = 0.022, 
respectively), but non-forage lichen cover was not 
(R2 = 0.01, F = 0.59, df = 104, P = 0.444).

ASSOCIATIONS WITH LICHEN ABUNDANCE

Stand age, moss cover, latitude, soil pH, and 
herbaceous cover parameters were in all of the most 
parsimonious models ( AICc < 4.0) predicting lichen 
volume for classes containing primary forage lichens 
(i.e., total forage, primary forage, Cladina rangiferina,
and Cladina mitis; Table IV). The most parsimonious 
model predicting Cetraria cucullata volume (the most 
common secondary forage lichen) included stand age, 
moss cover, longitude, soil pH, canopy cover of shrubs, 
terrain ruggedness (1 km scale), and elevation parameters 
(Table IV). A complete listing of the candidate models 

TABLE IV. The most parsimonious models ( AICc < 4.0) predicting volume of different lichen classes within the winter range of the Western 
Arctic Caribou Herd, northwest Alaska, 2008. Abbreviations for the model parameters are “Age” for stand age, “Moss” for moss cover, “Lat” 
for latitude, “Long” for longitude, “pH” for soil pH, “Herb” for total herbaceous cover, “Shrub” for shrub cover in the canopy layer, “A” for 
alder in the shrub layer, “VRM180” for terrain ruggedness at the 180-m scale, “VRM1K” for terrain ruggedness at the 1-km scale, and “Elev” 
for elevation. “Sample” is the sample size used in the analysis, “K” is the number of degrees of freedom in the model, and “wi” is the Akaike 
weight of the model.

Lichen class Model parameters Sample K Adj. R2 AICc wi

Total forage Age, Moss, Lat, Long, pH, Herb, Shrub 104 8 53.4 0.0 0.33
Age, Moss, Lat, pH, Herb, A 104 7 52.7 0.1 0.31
Age, Moss, Lat, pH, Herb, A, VRM180 104 8 52.7 1.6 0.15
Age, Moss, Lat, pH, Herb, Shrub, VRM180, Elev 104 9 53.1 1.9 0.13
Age, Moss, Lat, Long, pH, Herb, VRM180 104 8 52.1 2.9 0.08

Primary forage Age, Moss, Lat, pH, Herb, A 104 7 51.8 0.0 0.39
Age, Moss, Lat, pH, Herb, A, VRM180 104 8 52.9 1.7 0.17
Age, Moss, Lat, Long, pH, Herb, VRM180 104 8 51.6 1.8 0.16
Age, Moss, Lat, pH, Herb, Shrub, VRM180, Elev 104 9 52.2 1.9 0.15
Age, Moss, Lat, Long, pH, Herb, Shrub 104 8 51.5 2.0 0.14

Secondary forage Age, Moss, Long, pH, Shrub, VRM1K, Elev 104 8 37.5 0.0 0.34
Age, Moss, Lat, pH, Herb, Shrub, VRM180, Elev 104 9 37.9 0.7 0.24
Age, Moss, Lat, Long, pH, Herb, Shrub 104 8 37.1 0.7 0.24
Age, Moss, Lat, Long, pH, Herb, VRM180 104 8 35.7 3.0 0.08
Age, Moss, Lat, pH, Herb, A 104 7 34.5 3.6 0.06

Cladina rangiferina Age, Moss, Lat, Long, pH, Herb, VRM180 104 8 38.7 0.0 0.34
Age, Moss, Lat, pH, Herb, Shrub, VRM180, Elev 104 9 39.1 0.7 0.24
Age, Moss, Lat, Long, pH, Herb, Shrub 104 8 37.9 1.2 0.19
Age, Moss, Lat, Long, pH, Herb 104 7 36.6 1.9 0.013
Age, Moss, Lat, pH, Herb, A, VRM180 104 8 38.6 3.4 0.06

Cladina mitis Age, Moss, Lat, Long, pH, Herb, VRM180 104 8 44.4 0.0 0.49
Age, Moss, Lat, pH, Herb, Shrub, VRM180, Elev 104 9 44.3 1.4 0.24
Age, Moss, Lat, pH, Herb, A 104 7 42.5 2.1 0.17

Cetraria cucullata Age, Moss, Long, pH, Shrub, VRM1K, Elev 104 8 30.7 0.0 0.79

Total forage1 Age, Lat, Long 105 4 25.7 0.0 0.26
Age, Lat, Long, Slope 105 5 26.3 0.4 0.21
Age, Lat, Slope 105 4 24.7 1.46 0.12
Age, Lat, Long, Elev 105 5 25.4 1.59 0.12
Age, Lat, Long, VRM180, Slope 105 6 25.8 2.32 0.08
Age, Lat, Long, Elev, Slope 105 6 25.6 2.53 0.07
Age, Lat, Long, VRM1K, Slope 105 6 25.6 2.62 0.07
Age, Lat 105 3 22.7 3.01 0.06

1Using only covariates that are available in existing GIS databases.
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is provided in Table V. All VIF values were low (< 4.0), 
suggesting multicollinearity was not problematic. Using 
only pre-existing covariates available as GIS layers, the 
best model explaining variability of forage lichen volume 
included latitude, longitude, and stand age (Table IV). 
Elevation, terrain ruggedness (1-km scale), and slope were all 
significantly and positively associated (independently) with 
forage lichen volume. The relative influence of the covariates 
and directionality (positive or negative) of their associations 
are depicted in Figure 3. Latitude had a relatively strong 
negative association with lichen abundance, while stand age 
showed the opposite relationship.

In relation to shrubs specifically, forage lichen volume 
was associated positively with crowberry and dwarf birch 
cover, even using just the data from unburned plots. 
Forage lichen volume was negatively associated with alder 
(Alnus spp.) and willow (Salix spp.) cover in the shrub layer 
and with the depth of the organic layer (R2 = 23.0, F = 5.24,
df = 93, P < 0.001). Forage lichen volume also varied 
among habitat classes (Table VI). Approximations of lichen 

biomass from the volumes we calculated, as well as others 
we found in the literature, are listed in Table VII. Lichen 
biomass at caribou locations was much greater than found 
at random locations within Alaska but still much lower than 
climax lichen communities in Quebec and Scandinavia.

TABLE V. List of candidate models and number (K) of parameters 
used. Abbreviations for the model parameters are “Age” for stand 
age, “Moss” for moss cover, “Lat” for latitude, “Long” for longi-
tude, “pH” for soil pH, “Herb” for total herbaceous cover, “Shrub” 
for shrub cover in the canopy layer, “A”, “Db”, “W” for alder, dwarf 
birch, and willow (respectively) in the shrub layer, “VRM180” for 
terrain ruggedness at the 180-m scale, “VRM1K” for terrain rug-
gedness at the 1-km scale, and “Elev” for elevation.

Model K

Age, Moss, Lat, pH, Herb, Shrub, VRM180, Elev 8

pH, Herb, Shrub, A, Db, W, VRM1K 7

Lat, Long, pH, Herb, Shrub, VRM180, Elev 7

Age, Moss, Lat, Long, pH, Herb, Shrub 7

Age, Moss, Lat, pH, Herb, A, VRM180 7

Age, Moss, Long, A, Db, W, Elev 7

Age, Moss, Lat, Long, pH, Herb, VRM180 7

Age, Moss, Long, pH, Shrub, VRM1K, Elev 7

Age, Moss, Lat, pH, Herb, A 6

Age, pH, Herb, Shrub, VRM180, Elev 6

Age, Moss, Lat, Long, pH 5

Age, Moss, Lat, Long 4

Age, pH, Shrub 3

Moss, Herb, Shrub 3

Age 1

TABLE VI. Lichen volume (dm3·100 m–2) per plot by habitat type 
(from the National Land Cover Map of 2001).

Habitat n Volume SE

Sedge/Herb 5 1461.1 375
Dwarf scrub 41 892.5 131
Shrub/Scrub 30 365.5 153
Woody wetlands 12 278.6 242
Herb wetlands 3 130.0 484
Evergreen forest 10 113.5 265
Grassland 1 60.0 0
Deciduous forest 1 0.0 0
Mixed forest 2 0.0 0

FIGURE 3. Relative influence (regression coefficients standardized 
by subtracting their means and dividing by their standard deviations) 
of covariates on modelling lichen abundance in the winter range of the 
Western Arctic Caribou Herd, northwest Alaska, 2008. Black bars indicate a 
negative association, while grey bars indicate a positive association.
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While increasing lichen abundance was associated with 
stand age (Figure 4), there were a few somewhat anomalous 
study plots of interest. Plots #72 and #122, which burned 
in 1957 (stand age = 51 y) had 74% and 45% lichen cover, 
31% and 36% of which were forage lichens, respectively. 
On the sandy soils of plot #130, which burned in 1972 
(stand age = 36 y), lichen cover reached 50%, with 31% 
forage (predominately Cladina mitis) lichen cover. Aspen 
(Populus tremuloides) was quickly colonizing this area, so 
the high lichen cover may be a short-lived phase. Finally, 
plot #125, which burned in 1984 (stand age = 24 y) had a 
lichen cover of 42% (primarily Cladonia spp.), but with 
only 4% forage lichen cover.

Discussion

Lichens are a critical component of the winter diet 
of caribou in large, migratory herds with high energy 
expenditure for predation avoidance and migration, 
such as the WAH. The abundance of lichens can 
affect caribou body condition, which in turn can have 
multiplier effects that affect herd population dynamics 
(White, 1983; Parker, Barboza & Gillingham, 2009). 
WAH caribou selected sites that had more than 3 times 
greater lichen abundance (both percent cover and volume) 
of terricolous forage lichens than was found at random, 
unburned locations within the herd’s current winter range. 

Additionally, locations used by caribou had lower 
moss, forb, shrub, and canopy cover than these random 
locations. Caribou utilized habitats that had less cover of 
tall shrubs; it is unclear if this is because of the lower 
lichen abundance in these habitat types, deeper snow, 
increased risk of predation, or a combination of these factors.

Lichen abundance was greatest in the current winter 
range and lowest in the historic winter range. Moreover, we 
found much lower lichen abundance on the historic range than 
was found there less than 20 y ago (Table VII), though the 2 
studies are not directly comparable because methodologies 
and study sites varied. Northern areas of the current winter 
range have endured sustained heavy grazing (Joly et al., 
2007), which was followed by the expansion of the herd’s 
winter range onto the Seward Peninsula around 1996. From 
these findings, we infer that range deterioration can lead to 
range shifts, which is congruent with other research (e.g.,
Ferguson, Gauthier & Messier, 2001). Our results reveal, 
however, that there are still large portions of current winter 
range with relatively high abundance of forage lichens.

We hypothesized that an indicator of severe overgrazing 
of winter range would be the lack of, or loose, association 
between forage lichen volume or biomass and lichen cover. 
Instead, we found that forage lichen volume was highly 
associated with forage lichen cover, from which we infer 
that the winter range of the WAH has not been overgrazed. 
In addition, signs of caribou use were associated with 
forage lichen abundance, while areas containing less than 
5% cover of forage lichens had very low use, in agreement 
with other studies (Arseneault et al., 1997; Joly et al., 
2007). We found forage lichen cover to be 10.6% and 
biomass to be 1260 kg·ha–1; this also suggests to us that the 
range is not overgrazed, but it does have substantially less 
lichen biomass than some other Rangifer ranges (Table VII).
Grazing and trampling by Rangifer are important factors 
in landscape-level reductions in lichen cover (Klein; 1968; 
Pegau, 1969; Moser, Nash & Thomson, 1979; Messier 
et al., 1988; Arseneault et al., 1997; Joly et al., 2007; Klein 
& Shulski, 2009). Forage lichen cover was reduced by 
a third in just 10 y in the northern portion of the WAH’s 
current winter range (Joly et al., 2007); reductions of this 
order of magnitude could drive forage lichen abundance 
below desired thresholds in the current winter range (see 
Kumpula, Colpaert & Nieminen, 2000). In view of the 

TABLE VII. Comparison of lichen biomass (kg·ha–1) among different ranges.

Study area Range Plot type Biomass Reference

Northwest Alaska Current Used by caribou (Unburned) 3007 this study
Current Random (Unburned) 1260 this study
Current Random (Burned) 818 this study
Historic Random (Unburned) 435 this study
Potential Random (Unburned) 873 this study

Northwest Alaska Historic Used by caribou (Unburned) 1400 Saperstein, 1993
East Alaska Current Used by caribou 1045 Collins et al., in press

Current Random 414 Collins et al, in press
Historic Random 224 Collins et al, in press

Quebec 1223 Crête, Morneau & Nault, 1990
Quebec < 30 y old 530 Arseneault et al, 1997
Quebec > 90 y old 8010 Arseneault et al, 1997
Finland Ungrazed pasture 8000 Väre, Ohtonen & Mikkola, 1996
Norway Climax stands 11 000 Gaare & Skogland, 1980
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current low abundance of forage lichens in the historic 
winter range, the continuing damage to the lichens from 
trampling, associated loss of lichen biomass through foraging 
during the traditional semi-annual migration through the 
historic winter range, and reduced lichen growth due to 
climate warming, we expect that lichen cover and biomass 
will be slow to recover and that this area will be used less 
as winter range than during the historic period (Kumpula, 
Colpaert & Nieminen, 2000).

We hypothesized that associations between lichen 
abundance and latitude would be affected by caribou usage 
and/or climatic influences. Caribou can utilize northern 
portions of their winter range on both their fall and spring 
migration; thus, these areas may be subject to greater 
usage. Since caribou cross these areas during migrations 
and the areas are less energetically demanding to reach 
(Fancy & White, 1987), we should expect to see a negative 
relationship between forage lichen abundance and latitude 
if caribou usage was affecting lichen abundance. If lichens 
declined universally from south to north, this would be 
suggestive of climatic factors. Forage lichen abundance 
was negatively associated with latitude (Figure 3), but 
non-forage cover was not significantly associated. While 
total lichen cover (12.5%) was similar between an area 
of concentrated use in the northern portion of the current 
winter range (Joly et al., 2007) and random unburned plots 
in our study (14.8%), forage lichen cover was less than 
half in this northern area (4.6%) versus the present study 
(10.6%). These results suggest caribou usage is negatively 
impacting lichen abundance – although climatic factors may 
be doing so as well. This therefore provides evidence that 
large, migratory herds of barren-ground caribou both affect 
and respond to lichen availability (also see Moser, Nash & 
Thomson, 1979; Arsenault et al. 1997).

The abundance of forage lichens was also negatively 
associated with soil pH and the cover of moss, herbaceous 
layer, and shrubs in the canopy. The negative association 
between lichen abundance and vascular plant species has 
been reported in other studies (Klein, 1987; Swanson, 
1996; Cornelissen et al., 2001; Graglia et al., 2001; Joly 
et al., 2007; Holt, McCune & Neitlich, 2008; 2009). Taller 
physiognomy shrubs with greater leaf biomass (e.g., alders 
and willows) appear to inhibit lichens through shading and 
smothering (from the shrub leaf litter). Another indirect, 
negative impact is that these taller shrubs can alter patterns 
of snow accumulation and delay snow melt, which could 
further enhance the competitive advantage of vascular 
species (Sturm et al., 2005; Forbes, Fauria & Zetterberg, 
2010) at the expense of lichens. In contrast, covers of 
crowberry and dwarf birch were positively associated with 
lichen abundance. This relationship was the same using 
just unburned plots and thus is likely not an artifact of 
both being positively associated with time since last burn. 
The negative association with pH was also anticipated 
as acidic soils restrict vascular plants that compete with 
lichens (Swanson, 1996; Holt, McCune & Neitlich, 2007; 
2009). However, our f inding of a negative association 
with moss cover contrasts with that of Holt, McCune, and 
Neitlich (2008) on the Seward Peninsula. Our sampling 
universe covered a much greater range of habitat types, 
which may explain this discrepancy. Plots with well-drained 

soils, which are uncommon on the Seward Peninsula, can 
have high lichen but low moss abundance, resulting in the 
association that we found. The disparity may also be due 
to differences in methodology. Because we could only 
determine the ages of recently burned plots, we are not able 
to address the potential regenerative role of fire in lichen 
stands in the long-term (e.g., 200 y) and whether mosses 
may outcompete lichen on this time horizon, as occurs 
elsewhere (Sulyma & Coxson, 2001).

Forage lichen abundance was positively associated 
with stand age, elevation, coarse scale terrain ruggedness, 
and slope. Lichen abundance was very low for at least 
30–35 y following fire, which is in agreement with other 
studies from this region (Swanson, 1996; Racine et al., 
2004; Holt, McCune & Neitlich, 2006; 2008; Jandt et al., 
2008). Areas of low elevation, topographic complexity, 
and slope tend to be associated with large riparian habitats. 
Terricolous lichens do not compete well in these habitats 
due to competition with vascular plants, smothering by 
leaf litter, and burial by sediments (Swanson, 1996; Holt, 
McCune & Neitlich, 2008). The positive association with 
elevation, terrain complexity, and slope will have limits; 
as these factors get too great, exposure, unstable soils, and 
avalanches can reduce lichen abundance (Swanson, 1996; 
Holt, McCune & Neitlich, 2008). Most of our plots were 
found at intermediate elevations, topographic complexity, 
and slopes and thus did not approach the upper limits that 
would restrict forage lichen abundance.

The abundance of forage lichens was more than 4 
times greater in unburned plots as compared to burned plots 
within the current winter range. Limited differences, aside 
from lichen abundance, between burned and unburned plots 
support the hypothesis that caribou avoid burned habitat in 
this region because of limited availability of forage lichens 
during winter (Joly, Bente & Dau, 2007). Additionally, 
many caribou locations initially thought to be within burned 
areas were outside actual burn perimeters or were within 
unburned inclusions within the larger fire perimeter. Islands 
of unburned habitat may also be attractive feeding sites 
for caribou (Miller, 2000). The large proportion of T2 
(used/burned) plots that had to be reassigned to T1 (used/
unburned) plots suggests that the avoidance of burned 
habitat in winter by caribou in this region is likely much 
greater than previously reported. All T2 (used/burned) plots 
that were not reassigned were based on caribou locations 
during more migratory (e.g., October or late April) periods.

Traditional satellite and GPS-based telemetry systems 
use different methodologies and satellite platforms to 
determine locations, with accuracies of approximately 
500 m (Fancy et al., 1989) for traditional satellites and 
30 m (Joly, 2005) for GPS telemetry in caribou studies. 
We recommend transitioning from traditional satellite 
to GPS telemetry technology for determining caribou 
locations in habitat use studies due to the high percentage 
of misclassification of plot treatment type (i.e., the satellite 
location indicated it was not in a burn but ground-truthing 
revealed it clearly was in a burn).

Differences between forage lichen abundance at burned 
and unburned plots were not detected within the historic 
and potential winter ranges, likely due to caribou reducing 
lichens on unburned plots in the historic range to the point 
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that differences between grazing and burning impacts could 
not be statistically differentiated and that other factors (e.g.,
more tall shrubs) might have made unburned habitats less 
suitable for lichens in the potential winter range. Indeed, 
we detected few significant differences between burned 
and unburned plots in these areas, which is likely related 
to the ability of vascular vegetation to recover quickly after 
fire (average stand age of burned areas was 37 and 25 y 
in the historic and potential winter ranges, respectively), 
though small samples sizes may have hampered our ability 
to detect differences. We were able to determine that cover 
of dwarf birch was greater at burned locations than at 
unburned locations in both the historic and potential winter 
ranges. Increased abundance of dwarf birch following a 
wildfire should be expected given its adaptations to fire (de 
Groot & Wein, 1999). Dwarf birch is predicted to increase 
in abundance and distribution under climate warming 
scenarios (de Groot & Wein, 1999; Bret-Harte et al., 2001; 
Euskirchen et al., 2009) and could enhance a positive 
feedback mechanism that would further increase wildfire in 
tundra ecosystems (Higuera et al., 2008; 2009).

We believe that the likelihood of the WAH expanding 
its range into the potential range is low for many reasons. 
First, biomass of forage lichens is low. Although there are 
peat plateau habitats in this region that support high lichen 
abundance, their extent is limited and they are present only 
on the southeast side of the Koyukuk River (Figure 2). 
This large, meandering river creates vast riparian habitats 
with low biomass of forage lichens, and these habitats 
support high densities of moose (Alces alces), which could 
facilitate the maintenance of year-round high densities 
of wolves (Canis lupus), the primary predator of caribou 
during winter. The low-elevation hills to the west of the 
Koyukuk River are blanketed with habitat types that caribou 
avoid in winter (e.g., deciduous forests, alder and willow 
thickets; this study). Tree cover in the potential winter range 
(25%) was much greater than in the current (3%) or historic 
(5%) winter ranges. The extent and frequency of fires is 
also much greater in the potential winter range than the 
current winter range (Joly et al., 2009). So the herd would 
have to cross wide expanses of poor-quality winter range 
with potentially high predator densities to reach the spatially 
limited but higher quality peat plateau habitats. Thus, we 
infer it is unlikely that the herd will utilize the Koyukuk 
country as winter range regularly or in large numbers.

Large, migratory herds of caribou seek out winter range 
with abundant lichen biomass. These herds can substantially 
affect this resource. Once their range areas are depleted, 
caribou may expand or shift their distribution to find new 
areas with high lichen abundance. The additional energetic 
expense of migrating further, combined with additional 
predation risk, may be detrimental to caribou populations. 
Moreover, recovery of depleted winter ranges may take 
decades (Henry & Gunn, 1990). This recovery period 
may be extended due to changes in climate (Joly, Jandt & 
Klein, 2009; Klein & Shulski, 2009). Increased wildfire 
activity and shrub abundance combined with expansion of 
deciduous forests, all of which are predicted under climate 
change scenarios, will further retard lichen growth. This 
may in turn negatively impact caribou and the subsistence 
users that rely upon this critical resource.
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