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ABSTRACT 

To aid in the recovery of woodland caribou in north-central British Columbia, Bayesian 
modeling techniques were employed to identify high elevation winter range (HEWR).  
The model was used to assign values from -1 (low range value), through 0 (medium), to 
+1 (high) for alpine and high-elevation forested habitats.  The resulting spectrum of 
range values led to the development of seven different habitat types.  We assessed the 
models effectiveness using data sets collected within the Chase, Wolverine, Finlay and 
Scott caribou herd areas in the Mackenzie forest district of north-central British 
Columbia. Collected data allowed us to address: the assessment of arboreal lichen 
abundance (data collected February through March 2007 and February 2008) and an 
aerial assessment of terrestrial and arboreal HEWR (data collected February 2008).  
Outcome of the assessments was to provide for enhanced confidence in: the aerial 
extent of HEWR and subsequent delineation of UWRs, caribou recovery actions 
associated with HEWR, and conservation of caribou range in north-central BC.  In 
general, we found that the ongoing model modifications are in fact working to reduce the 
area of HEWR while retaining the portions that are most preferred by caribou.  Arboreal 
lichen sampling on southwestern aspects contributed to the understanding of lichen 
growth in this range type.  Aspect, elevation, branch characteristics, and tree species all 
contributed significantly to the estimate of arboreal lichen abundance.  Aerial 
reconnaissance of modeled UWR revealed relatively low (<0.20) and balanced (both 
positive and negative) error rates and gave us confidence that digital mapping of this 
range was useful.  Future work to complete this project and enable UWR designation 
includes further model adjustments to continue refinement of the UWR boundary and a 
final assessment of the suggested UWR area using relocations of radio-collared caribou. 
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INTRODUCTION 

Rationale and objectives 

Under the auspices of the Forest Practices Code of BC Act (Government Actions 
Regulation), the Government of British Columbia (BC), is authorized to designate areas 
of land necessary for the over-winter survival of ungulates as Ungulate Winter Ranges 
(UWR) and to set objectives for the management of those areas.  In north-central BC, 
direction has been undertaken to delineate UWRs for northern caribou (Rangifer 
tarandus caribou) (Schmidt and McNay 2002) using a Bayesian modeling technique 
(McNay et al. 2006).  The model results were used to form predictions about the quality 
of Pine-Lichen Winter Range (PLWR) and High-elevation Winter Range (HEWR), 
located with 1-ha resolution, covering a total area of more than three million hectares.  
The results were also used to inform decisions about recovery planning (McNay et al. 
Submitted).  Prior to identifying UWRs based on modeled PLWR, three post-modeling 
steps were required.  First, predictions were assessed by comparing modeled range 
values to observations of habitat preferences (Chesson 1983) calculated using 
relocations of radio-collared caribou (Doucette and McNay 2003, McNay and Doucette 
2003).  Second, the locations of modeled PLWR were confirmed spatially through an 
aerial reconnaissance technique (McNay and Sulyma 2003).  Third, modeled results 
were generalized into larger polygons making their spatial location more easily 
referenced for the purposes of implementing UWR policy.  While modeled PLWR values 
have been assessed for operational use and implemented through policy, those of 
HEWR have not.  Here, we report on the activities undertaken and results obtained in 
the second consecutive year of inventory concerning two types of HEWR distinguished 
by the forage type sought by caribou: terrestrial(Cladina and Cladonia species) or 
arboreal (Bryoria and Alectoria species) lichens. 
 
The purpose of this multi-year project was to refine and verify modeled delineations of 
HEWR.  Our specific objectives were to use both aerial reconnaissance and ground-
based sampling techniques to assess the modeled predictions by considering the 
following hypotheses: 

1. Sampled observations of arboreal lichen biomass would be consistent with 
modeled HEWR (arboreal) predictions of lichen abundance. 

2. Sampled observations of model inputs within high value terrestrial and arboreal 
HEWR would be consistent with predicted model range values. 

 
Outcomes of the assessment were to provide for enhanced confidence in: the aerial 
extent of HEWR and subsequent delineation of UWRs, recovery actions associated with 
HEWR, and conservation of caribou range in north-central BC. 

Status of  results and objectives for 2007-08 

In the first year of this project we: 1) modeled HEWR within the study area, 2) conducted 
an inventory to sample arboreal lichen abundance based on a two-factor random block 
sample design (factors were elevation – <1450 m asl and >1450 m asl and aspect – 
northwest and southwest), and 3) tested model predictions using observations of habitat 
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preferences calculated from relocations of radio-collared caribou.  Generally, the results 
indicated consistency between preference estimates and modeled predictions for 
terrestrial HEWR but less consistency for arboreal HEWR.  Based on our model results, 
we predicted arboreal lichen abundance should be greatest on northwestern aspects 
and therefore caribou should prefer these portions of forested HEWR.  Although we 
found lichen abundance was indeed higher on northwestern aspects, caribou preferred 
southwestern aspects.  Our first objective in 2007-08 was to augment our previous 
observations of lichen abundance by sampling the southwest domain. 
 
Observations of arboreal lichen abundance indicated a stronger relationship than was 
expected with tree species and with classes of elevation and aspect.  For this reason, 
our second objective for 2007-08 was to refine the resolution of these state values in the 
HEWR model.  We considered this tactic may also provide a desirable reduction in total 
area of modeled preferred HEWR helping to: 1) reduce the likelihood of high false 
positive error rates and 2) reduce the total area of forested sites that overlap those under 
industrial development.  Evidence of the potentially high error rates came from the 
preference tests conducted last year (Ranking and McNay 2007) and initial feedback on 
UWR area indicated it could unduly restrict the supply of timber from the harvestable 
land base (pers. comm.; Bill Arthur; BC Ministry of Environment; 080214). 

STUDY AREA 

The study area, established in 2006-07, was essentially the recovery planning area for 
the Wolverine, Chase, and Scott caribou herds and the management area for the Finlay 
herd (Rankin and McNay 2007).  We used only the portion of the study area occupied by 
the Wolverine and Chase herds to augment the original sample (Figure 1).  In general, 
the study area extended from the town of Mackenzie (N55o18’16’’, W123o07’56’’) in 
north-central British Columbia throughout the Rocky Mountain foothills on the east side 
of Williston Reservoir north to the Peace Arm and in the Omineca Mountains on the west 
side of Williston Reservoir north to the Ingenika River.  It also included an area north of 
the Williston Reservoir and east of Fort Ware (N57o30’00’’, W125o24’00’’) through the 
Rocky Mountains to Red Fern Lake.  Study areas were partially based on the ranges of 
three woodland caribou herds described by Heard and Vagt (1998): the Wolverine herd, 
named after the Wolverine Mountain Range; the Chase herd named after Chase 
Mountain; and the Finlay herd which was named after the primary river drainage in the 
Rocky Mountain trench.  A fourth study area, the Scott area, was not identified by Heard 
and Vagt (1998) but was known locally to have a small herd of caribou originating 
around Scott Creek north of Mackenzie and seasonally using low-elevation habitats west 
of the Williston Reservoir.  The Wolverine area was 8,443 km2 in rolling, high-elevation 
foothills; the Chase area was 17,330 km2 and situated in relatively more steep, 
mountainous terrain, the Finlay area was 2,483 km2 with a range of terrain from steep 
mountainous areas to the broad U-shaped Finlay River valley; and the Scott area was 
5,949 km2 with rolling foothills east of the Williston Reservoir and a relatively flat plateau 
west of the Williston Reservoir.  Valley bottoms and mid-slopes of the areas were 
dominated by relatively cool and dry, or cool and moist, macroclimates of short growing 
seasons leading to boreal ecosystems of white and black spruce (Picea glauca 
(Moench) Voss) and P. mariana (P.Mill) B.S.P) (Meidinger and Pojar 1991).  Large-scale  
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Figure 1.  Location of arboreal lichen assessment plots (pink squares), aerial reconnaissance 
polygons (brown polygons), and modeled high-elevation winter range (HEWR - green 
pixels) used in 2008 to augment sampling for the verification and refinement of modeled 
HEWR within the Mackenzie Timber Supply Area (TSA) in north-central British Columbia.  
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and frequent wildfires were characteristic prior to fire control policy (DeLong 2002).  
Common in these ecosystems were large, relatively flat areas of well-drained fluvial 
deposits, which in combination with frequent fires gave rise to large areas of forest 
dominated by even-aged lodgepole pine (Pinus contorta Dougl).  Generally, a cold moist 
macroclimate with long, cold winters characterized upper slopes where Engelmann 
spruce (P. engelmannii Parry ex Engelm.) and subalpine fir (A. lasiocarpa (Hook.) Nutt.) 
dominated.  At the northern extent of the Chase and Finlay areas, deciduous shrubs can 
dominate the upper slopes.  Alpine tundra prevailed above tree line (~1,600 m) 
throughout all study areas. 

METHODS 

Model background and model refinement 

HEWR was modeled by McNay et al. (2006) using a Bayesian belief network (Figure 
2A).  This entailed developing an influence diagram using the modeling shell Netica 
(version 2.17, Norsys Systems Corp., Vancouver, British Columbia), to depict potential 
range value in two discrete states:  preferred or avoided.  Preferred arboreal lichen 
range was characterized as being: ecological units capable of supporting forested 
conditions with arboreal lichens, ≥1300 m asl, aspects between 45° and 315°, forests 
dominated by subalpine fir with trees >140 years old and >15 m tall, and sites not 
suitable as mountain goat escape terrain (McNay et al. 2006).  Preferred terrestrial 
lichen range was characterized as being: ecological units capable of supporting 
terrestrial lichens, ≥1550 m asl, aspects between 45° and 315°, flat or convex hill 
shapes, and sites not suitable as mountain goat escape terrain.  We used raw, 
unclassified model results to further stratify ranges and to distinguish between forested 
(arboreal) and non-forested (terrestrial) areas (Rankin and McNay 2007).  The spectrum 
of range values included: Alpine High (AH), Alpine Low (AL), Forest High (FH), Forest 
Moderate-1 (FM1), Forest Moderate-2 (FM2), Forest Low (FL), and Other Low (OL). 
 
Refinements to the original model were primarily based on results obtained in the 
previous years field observations and included the following (Figure 2B): 

• We modified use of the elevation node to affect the abundance of arboreal 
lichens directly as well as to distinguish high- from low-elevation winter ranges.  
The distinction between elevation-based winter ranges using 1300 m asl as the 
threshold, was the sole purpose for this node in the original model.  This purpose 
was retained as the only affect of the elevation node for the terrestrial lichen 
component of HEWR.  Arboreal lichen abundance however, was modeled to 
increase with increasing elevation above 1300 m.  A refinement of the elevation 
node states was used to create additional distinction between 1300-1450 m asl 
and 1450-1600 m asl. 

• Lodgepole pine was determined to be a superior host of arboreal lichens (Rankin 
and McNay 2007) and so was added to the list of species that could be used to 
help distinguish varying lichen abundance. 

• We refined aspect classes from >315-45 and >45-315 to the following three 
states: 1) 181-315, 2) 316-360 and 136-180, and 3) 1-135. 
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Figure 2.  The original (A) and modified (B) versions of a Bayesian belief network used to 
predict the likely potential value of high-elevation winter ranges used by woodland caribou in 
north-central British Columbia.  Model input nodes are represented in blue, output nodes in 
green, and summary nodes in grey. 

(A) 

(B) 
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• We sharpened the effect of elevation and aspect on abundance of arboreal lichens 
by making northern and eastern aspects <1450 m asl of no UWR value. 

• In the original model, escape terrain for goats was used to mask areas at high-
elevation that were unlikely to be used by caribou.  In the modified version, we used 
all steep terrain (not just that likely to be used by goats) to represent area with 
exceedingly high energetic cost of locomotion. 

• Final results were modified to restrict and generalize the extent of UWR (i.e., as 
distinguished from modeled HEWR) by using: 1) a map query of the output (seasonal 
forage usefulness) node expected values1 >-0.25 and 2) a 3-cell circular maximum2 
filter followed by a 3-cell circular majority3 filter. 

Other minor administrative refinements were made to the nodes for tree height, forest age, 
and elevation break points – these changes (e.g., tree height threshold moved from 15 to 16 
m) were not expected to influence model results. 

Aerial assessments of  input data used to model HEWR 

Generalized model results were used to identify sites for conducting an aerial 
reconnaissance of predicted HEWR UWR.  Resultant polygons >5000 ha were chosen as 
the UWR population.  Large polygons were subdivided to achieve an average polygon size 
of ~ 8000 ±3000 ha.  Our goal was to sample 20% of the population (divided evenly 
between the chase and wolverine herd areas).  Aerial reconnaissance was conducted using 
a Bell 206 helicopter.  The field crew consisted of the pilot, navigator, and 2 habitat 
assessors.  During flights, the navigator used a real-time global positioning satellite (GPS) 
system linked to computer-assisted mapping to monitor the location of the aircraft relative to 
the position of the polygons selected for sampling.  These tools consisted of a laptop using 
ArcView (ESRI, Redlands, California) with DNR Garmin ArcView extensions4 in 
conjunction with a GPS Garmin Map76S®.  In each sampled UWR polygon, the navigator 
directed the pilot along an arbitrary flight path chosen to intersect 15 points representing five 
arboreal, five terrestrial, and five non-HEWR sites.  At each sample point, the habitat 
assessors checked the state conditions for model input nodes against the resultant value 
assumed from management and modeling of collected digital data (Table 1).  Data for the 
input nodes came primarily from the BC Forest Inventory Planning attribute database 
(http://srmwww.gov.bc.ca/gis/Databases/) and the BC Terrain Resource Information 
Management program database (http://ilmbwww.gov.bc.ca/bmgs/).  We also collected 
information that could potentially help verify model results: presence/absence of windblown 
surfaces and forage and forest canopy cover (%).  The assessor’s data were classified into 
the binomial condition of either meeting the presumed state condition or not.  False positive 
and false negative error rates were calculated from a confusion matrix following methods of 
Fielding and Bell (1997).  
 

                                                      
1 Expected values are calculated as the probability of each node state multiplied by the state value and summed 
across all states.  In the case of the seasonal forage usefulness node, state values ranged from 1 to -1 in 
equidistant intervals.  
2 Used to compute the maximum value in the neighbourhood and assign that value to the processing cell. 
3 Used to compute the value that occurs most often in the neighbourhood and assign that value to the processing 
cell. 
4 http://www.dnr.state.mn.us/mis/gis/tools/arcview/extensions/DNRGarmin/DNRGarmin.html  
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Table 1.  State conditions for input nodes and result variables associated with a model used to 
predict relative value of the arboreal and terrestrial components of high-elevation winter ranges 
used by woodland caribou in north-central British Columbia.  Variables were stratified by their 
relative effects on range value (Best or Poor) as a basis for evaluation during an aerial 
reconnaissance of potential ungulate winter ranges. 

High-elevation winter range model components 
Arboreal Terrestrial Node or Variable 

Best Poor Best Poor 
Locomotion 

costs 
Assumed good 

Elevation Assumed good 

Stand age Assumed good Not applicable 

Ecological 
unit 

Not assessed 

Tree height >16 m < 16 m Not applicable 

Aspect 
181-315  or 

316-360 & 136-180 1 - 135 136 - 360 1 - 135 

Tree species 
Lodepole pine or 

Subalpine fir Other Not applicable 

Input 
nodes 

Curvature Not applicable Convex or flat Concave 

Forage 
observed 

Not assessed Yes No 

Windblown Not applicable Yes No or partially Range 
quality 

Canopy 
Closure 

<20 >20 Not applicable 

Arboreal lichen abundance estimates 

Arboreal lichen abundance was estimated following methods of Rankin and McNay (2007) 
who modified methods of Stevenson et al. (1998) for use during winter and in habitats where 
the abundance of arboreal lichens was expected to be relatively sparse.  Modeled HEWR 
(arboreal) values were used to identify potential sample sites within the two southwest 
domains that were used to augment the original sample design implemented in 2006-07.  
The total list of domains sampled over the two years were: 1) southwest, 1300-1450 m; 2) 
southwest, >1450; 3) northwest 1300-1450 m; 4) northwest, >1450 m; 5) southeast, 1300-
1450 m; and 6) southeast, >1450 m.  Initiation points for transects, 3 per domain5 in each of 
two study areas, were authoritatively (rather than randomly) chosen primarily due to 
accessibility limitations.  Transects were established along the slope contour within the 
desired elevation band and in a location where we would maintain the desired aspect.  
Lichen abundance was estimated to an assumed foraging height of 4.5 m above ground on 
trees ≥7.5 cm dbh located within 5.64 m radius circular sample plots.  Four to five plots were 
distributed at 40 m intervals along transects.  Depictions of 5 g lichen clumps presented by 
Armleder et al. (1992) were used to aid our visual enumeration of lichen clumps on each 
tree.  Count of lichen clumps was transformed later to grams per linear foot of potential 
                                                      
5 An additional eight transects were obtained from work conducted in 2006-07 in adjacent study areas. 
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foraging area after accounting for average snow depths measured at each plot.  Sampled 
trees were classified by branch characteristics (A - mostly live, B - mixed living and dead, C - 
mostly dead, or X – no branches >20cm) and by type of arboreal lichen (A - ≥ 70% 
Alectoria, AB - mixed Alectoria and Bryoria, and B - ≥ 70% Bryoria).  Standard classes of 
lichen abundance (Armleder et al. 1992) were modified due to the generally low abundance 
of lichen in our study area (Table 2). 

Table 2.  Classification of the estimated abundance of arboreal forage lichens on trees sampled 
in a study of high-elevation winter range within woodland caribou herd areas, north-central 
British Columbia (Omineca) versus that recommended by Armleder et al (1992). 

Armleder et al. (1992) Class 
Quantity of lichen (g) Quantity of lichen (g/m) 

Omineca  
Quantity of lichen (g/m) 

1 0 – 5 0 – 1 0 - 5 
2 6 – 50 2 – 11 5 - 10 
3a 10 - 25 
3b 

51 – 250 12 – 55 
25 - 50 

4 251 – 625 56 – 139 >50 
5 >625 >139 NA 

Data analysis 

Polytomous logistic regression was used to model the potential effect of independent 
variables on the abundance of lichens observed in the five, ordinal lichen abundance 
classes.  Factors used as independent variables were: elevation (< or > 1400 m asl), aspect 
(northwest, southwest, or southeast), branch condition (mostly alive, mixture of alive and 
dead, mostly dead, or none), and tree species (lodgepole pine, sub-alpine fir, or other).  
Overall results for each sample unit (i.e., transects) were normalized as the number of 
trees/100 in each lichen abundance class.  The normalization removed the confounding of 
sampling effort caused by variation in tree stem density and non-standard number of trees 
sampled at each sample unit (Stevenson et al. 1998).  The response variable was the 
estimated probability of trees occurring in each lichen abundance class weighted by the 
relative number of trees (RNT) observed.  In this manner, the response could be 
characterized as the distribution of RNT across the lichen abundance classes.  The 
philosophy for choosing the model that most closely resembled the observed data was 
based on information theoretic concepts (White and Garrott 1990, Burnham and Anderson 
2002).  In this procedure we considered candidate models representing all possible 
combinations of the independent variables.  In the most general model, all factors 
contributed to the response.  We then compared this model (the null hypothesis) with all 
simpler nested models, or subsets of the main factors (alternative hypotheses) and used the 
Akaike’s Information Criterion with small-sample bias adjustment (AICc), to help identify a 
suite of parsimonious models explaining our data best among all possible combinations of 
variables (Burnham and Anderson 2002).  Further, we calculated the relative probability of 
each model being best as (Anderson et al. 2000): 
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N is the total number of models compared and n∆ is the difference in AIC between model m 
and the model with the lowest AIC.  Finally, we assessed the proportion of lichen classes 
correctly classified (sensitivity) against the proportion incorrectly classified (1 – specificity) 
for all possible thresholds of P(RNT) using Receiver Operating Characteristic Curve 
analyses specifically, Area Under the Curve (AUC) (Hanley and McNeil 1982). 
 
We also tested the null hypothesis that tree density (trees / 100m2) had no effect on lichen 
abundance, which in this analysis was expressed as weight per linear meter of foraging area 
per tree (g/m*t) within each plot.  The dependant variable and standard data transformations 
were assessed for normality using the Kolmogorov-Smirnov test (Zar 1974).  Simple linear 
regression analysis was used to perform the hypothesis test.  All data management and 
statistical analyses were performed using SAS (SAS Institute Inc., Cary, North Carolina). 

RESULTS 

Model Application 

Changes in the HEWR model resulted in a 78,670 ha (6.5%) overall reduction in range.  
This reduction mostly occurred by eliminating from UWR status, land on north-east aspects, 
and <1450m asl.  Generalizing the HEWR results also eliminated range polygons < 5 ha but 
simultaneously enclosed “donut holes” within polygons. 
 

Terrestrial and Arboreal Winter Range Assessments  

 
We failed to conduct proper observation of the input nodes for the terrestrial component of 
HEWR in the Wolverine area which reduced our sample sizes for that range type to the 15 
observations from the Chase area.  All other sampling was conducted as planned.  False 
negative error rates (i.e., modeled as poor but observed as good) for individual variables 
tended to be high, ranging from 0.17 for terrestrial windswept areas to 0.58 for terrestrial 
curvature (Table 3).  However, in all but three of these cases (i.e., once for terrestrial and 
twice for arboreal range types), we were able to confirm at least one other variable that was 
inconsistent with high-valued HEWR dropping the UWR false negative error rate to 0.10.  
False positive error rates (i.e., modeled as good but observed as poor) for individual 
variables tended to be low, especially for the terrestrial component where only 2 of the 15 
sites observed were not on the best aspect (Table 3).  Error rates for the arboreal 
component of HEWR varied more widely from 0.17 for tree height to 0.53 for forage.  
Excluding forage 5 of the 30 arboreal sites had at least one inconsistency with high-valued 
range for an UWR false positive rate of 0.16.  
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Table 3.  A confusion matrix of modeled and observed states (error rates are in parentheses) for 
variables contributing to the predicted value of arboreal and terrestrial components of high-
elevation winter ranges used by woodland caribou in north-central British Columbia.    

Observed 
Arboreal Terrestrial Variable 

Model 
Good Poor Good Poor 

Good 26 4 (0.17)   
Tree height 

Poor 11 (0.30) 19   
Good 30 0 (0.00)   

Tree species Poor 30 (0.50) 0   
Good   15 0 (0.00) 

Curvature Poor   21 (0.58) 9 
Good   15 0 (0.00) 

Windswept Poor   3 (0.17) 27 
Good 9 21 (0.53) 15 0 (0.00) 

Forage Poor 11 (0.55) 19 11 (0.42) 19 
Good 27 3 (0.19) 13 2 (0.13) 

M
od

el
ed

 

Aspect Poor 17 (0.39) 13 17 (0.57) 13 

Arboreal Lichen Estimates 

We sampled all transects planned for southwestern aspects (3 transects at each elevation in 
each of two study areas) and merged these data with those from the 32 transects sampled 
in 2007.  All factors contributed significantly to the predicted distribution of RNT across the 
lichen abundance classes with elevation being most commonly associated with the top 
ranked models (Table 4).  The most general, 4-factor model with aspect, elevation, branch 
condition, and tree species was the top-ranked model but the 2-factor model with just aspect 
and elevation was also a reasonably good fit to our observed data.  Based on the top-
ranked model (Table 5) the probability of having the relative number of trees distributed to 
the higher lichen abundance classes differed little between southeast and northwest aspects 
but was 4 to 4.5 times more likely on those aspects than on southwest aspects.  Similarly, 
parameter estimates (Table 5) inferred that the RNT was more likely to be distributed in 
higher abundance lichen classes when: elevations were >1450 m (Figure 3), branches were 
either a mixture of dead and alive or mostly dead, and the tree species was lodgepole pine.  
Trees growing above 1450 m were 4 times more likely to have abundant lichens than trees 
growing below that elevation.  Trees with a mix of alive and dead or mostly dead branches 
were 1.7 and 1.3 times more likely to have arboreal lichens than those with branches that 
were mostly alive.  Trees with no branches were much less likely to have an abundance of 
arboreal lichens.  Lodgepole pine was 3 times more likely to have abundant lichens than 
sub-alpine fir. 
 
The distribution of lichen abundance (g/m*t) observations was not distributed normally (P > 
KS = .01) but a logistic transformation of these data created a near normal distribution (P > 
KS = .06).  Tree density was significantly related (F1,176 = 0.016) to lichen abundance (Log 
g/m*t) but, by itself, explained little of the observed variance (R2 = .03). 
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Table 4.  Comparison of the 10 highest ranked, logistic regressions modeling the probability of 
the relative number of trees (trees/100) being assigned to one of five ordinal classes of lichen 
abundance in a study of arboreal lichens in north-central British Columbia.  Decreasing model 
rank was assessed using Akaike’s information criterion for small sample sizes (AICc), AICc 
difference from the model with lowest AICc ( n∆ ), AIC weight (Wm), area under the receiver 
operating characteristics curve (AUC), Wald 2χ , and number of independent parameters 
estimated (df).  All models had significance levels (P) <.001.  All possible combinations of five 
independent variablesa were assessed. 

Modela AIC 
n∆  Wm AUC Wald 2χ  df 

AEBT 9242.4 0.0 1.0000 0.688 720.2 8 
AET 9345.4 103.0 <.0001 0.655 713.7 5 
AEB 9370.7 128.3 <.0001 0.689 633.5 6 
AE 9469.8 227.4 <.0001 0.657 627.7 3 

EBT 9580.8 338.4 <.0001 0.653 485.9 6 
EB 9649.4 407.0 <.0001 0.653 423.9 4 
ET 9691.6 449.2 <.0001 0.611 468.5 3 

ABT 9705.6 463.2 <.0001 0.645 347.5 7 
E 9760.2 517.8 <.0001 0.613 407.5 1 

AB 9805.8 563.4 <.0001 0.637 264.6 5 
AT 9844.9 602.5 <.0001 0.604 303.6 4 
A 9929.3 686.9 <.0001 0.593 229.7 2 

BT 10003.9 761.5 <.0001 0.610 107.1 5 
B 10065.2 822.8 <.0001 0.570 42.6 3 
T 10142.7 900.3 <.0001 0.549 58.6 2 

a – model factors assessed were: A – aspect (northwest, southwest, southeast), E – elevation 
(< or > 1450 m asl, B – branch conditions (mostly alive, a mix of alive and dead, mostly 

dead, or none), and T – tree species (lodgepole pine, sub-alpine fir, or other).  See text for 
further description of the factors. 

DISCUSSION AND MANAGEMENT IMPLICATIONS 

In general, our efforts to refine the HEWR model successfully reduced the overall spatial 
extent of UWR but only by a 6.5% margin, most of which came from northeast aspects 
below 1450 m asl.  This is the one remaining aspect that we have yet to sample for 
abundance of arboreal lichen however it is also the least preferred by caribou (Ranking and 
McNay 2007).  Generalizing the HEWR predictions, gave us a smaller and more 
manageable UWR zone which will likely result in a reduced impact on the forested land 
base and more resolution on habitat preferred by caribou.  Although we have yet to assess 
the effect of the reduction on the ability of UWRs to enclose observed locations of caribou, 
we feel confident that the range reductions focused on the proper places.  The task of 
confirming this based on relocations of collared caribou is suggested as high priority prior to 
confirming UWR boundaries. 
 
Our observations of lichen abundance on southwestern aspects revealed a much lower 
abundance than either northwestern or southeastern aspects.  Warmer drier microclimate 
conditions on the southwestern aspect partially inhibit the development of arboreal lichens 
which require a fine balance of light and atmospheric moisture (humidity and dew) 
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Table 5.  A logistic regression model estimating the probability of the relative number of trees 
being assigned to one of five ordinal classes of lichen abundance in a study of arboreal lichens in 
north-central British Columbia.  (n = 422, Wald 2χ = 720.2, P<0.001, AUC = .688).  See text for 
variable and model descriptions. 

Variable Parameter 
Parameter 
Estimate 

SE 
Wald

2χ  
P 

Odds 
Ratio 

Intercept 4 -5.9760 0.1547 1493.05 <.0001  
 3b -4.6233 0.1361 1154.16 <.0001  
 3a -3.5321 0.1280 761.81 <.0001  
 2 -2.7401 0.1232 495.01 <.0001  
 1 Reference     

Aspect Northwest 1.3953 0.0936 222.42 <.0001 4.036 
 Southeast 1.5082 0.0930 262.84 <.0001 4.519 
 Southwest Reference     

Elevation > 1450 m asl 1.4179 0.0684 429.76 <.0001 4.128 
 1300 – 1450 m asl Reference     

Branch condition Mixed alive / dead 0.5330 0.1061 25.24 <.0001 1.704 
 Dead 0.2715 0.0884 9.43 0.0021 1.312 
 None -3.4518 0.7599 20.63 <.0001 0.032 
 Alive Reference     

Tree species Other 0.3362 0.1138 8.72 0.0031 1.400 
 Lodgepole pine 1.0981 0.0975 126.83 <.0001 2.998 
 Sub-alpine fir Reference     
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Figure 3.  Distribution of the average relative number of trees (histograms), and the associated 
standard error (bars), across lichen abundance classes (Class) observed at different aspects (NW 
– northwest, SE – southeast, and SW – southwest) and elevations (A - 1300-1450m and B - 
>1450m) in a study of  arboreal lichens in north-central British Columbia.  See text for a 
description of lichen abundance classes. 
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(Stevenson 1985, Goward1998, Stevenson and Coxson 2006).  Unlike vascular plants, 
lichens do not have a stable water balance so they passively follow the fluctuations of 
atmospheric humidity (Stevenson 1985).  We expect the drier microclimate on the southwest 
aspect influenced by more intense afternoon heating does not provide adequate levels of 
humidity to support the development of arboreal lichens.  Conversely, on the northwest and 
southeast aspects microclimates are more humid favoring lichen growth.  Regardless, the 
significant effects of aspect and elevation is strong evidence that these factors do contribute 
to predicting the presence of arboreal forage lichens and hence the value of HEWR.  The 
apparent contradiction of lower abundance on southwestern aspects but higher preference, 
points to the fact that factors other than lichen abundance alone, play a role in habitat 
selection behavior. 
 
Our reconnaissance of model input variables and the location of HEWR revealed that error 
rates were low enough to warrant confidence in use of these data for modeling winter range.  
These data are insufficient in their own to draw conclusions about the relative value of the 
ranges to caribou.  This analysis should be another priority for subsequent work prior to 
attempting the establishment of UWR.  The error rates on input variables observed in this 
study could contribute to understanding error calculations in this subsequent work.  
 
Based on the sampling thus far, we remain confident that the depiction of UWR for caribou 
in north-central BC is continuing to become more refined and accurate.   The initial influence 
diagram and associated relationships for the HEWR model were derived with guidance from 
information synthesized in the interior wet belt of the province.  The boreal and sub-boreal 
ecosystems in the Omineca are dominated by a much direr continental climate than those 
other areas and refinements were necessary to be able to determine relative differences 
specific to the study area.  Adaptations made to the Bayesian model include changes to the 
overall structure as well as to the state conditions within individual nodes.  In 2006, we 
identified lodgepole pine was a preferred tree species associated with the abundance of 
arboreal lichens, a trend not generally recognized in other areas of the province.  We further 
developed our ideas associated with trends in lichen abundance relative to aspect and 
elevation.  These updates permitted us to focus the model outputs to more specific sites and 
we anticipate this focus will result in improved precision strengthening the utility of the model 
as a tool to help delineate areas suitable for application of UWR policy. 
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