
Introduction

Caribou (southern mountain popula-
tion) (Rangifer tarandus) have been 
assessed as endangered by the Com-
mittee on the Status of Endangered 
Wildlife in Canada (COSEWIC 204) 
so strategies and actions for protection 
and recovery are required under the 
federal Species at Risk Act. The entire 
population resides in British Columbia 
and is estimated at 294 mature  
individuals (COSEWIC 204). The 
province is engaged in a recovery 
strategy to increase this number to 
2500 animals within 20 years and has 
identified conservation of habitat as a 
key initiative in achieving this goal 
(British Columbia Integrated Land 
Management Bureau 2007). 

In the winter, mountain caribou re-
quire old forests within the 
Engelmann Spruce–Subalpine Fir 
(ESSF) biogeoclimatic zone, where 
they forage primarily on arboreal li-
chen composed of several Bryoria spe-
cies and Alectoria sarmentosa. Forests 
managed by the clearcut silvicultural 
system may take 50 years to develop 
suitable characteristics of an old forest 
including abundant arboreal lichen 
(Stevenson et al. 200; Goward and 
Campbell 2005). A series of silvicul-
tural systems research trials, based on 

partial cutting, were initiated across 
British Columbia in the early 990s to 
test whether both caribou habitat and 
timber harvest could be maintained 
concurrently (Stevenson et al. 994). 
These systems were developed on the 
premise that removal of a portion of 
the forest would leave sufficient forage 
for caribou distributed throughout the 
stand, and trees and lichens would de-
velop in the openings over the 80-year 
cutting cycle. Networks of partial cuts 
and no-harvest areas would allow car-
ibou to be distributed at low density, 
thereby reducing predation. Results 
from these trials are the foundation 
for the practices currently prescribed 
for “modified” harvesting within 
mountain caribou wildlife habitat 
areas and ungulate winter ranges in 
British Columbia. Both single tree and 
group selection silvicultural systems 
and associated silviculture practices 
can be used in “modified” zones 
(Hamilton 20). 

In the Cariboo Region, the Cariboo- 
Chilcotin Land Use Plan (CCLUP) 
(Government of British Columbia 
995) identified areas of caribou 
habitat for “no-harvest” and “modi-
fied harvest.” The Mountain Caribou 
Strategy (Youds et al. 2000) and 
subsequent update (CCLUP Caribou 
Strategy Committee 2007) detail the 
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implementation of the land use plan 
objectives. The strategy documents 
describe the “modified” harvesting 
practices that apply to 26 000 ha of 
Wildlife Habitat area, established 
by Government Action Regulation 
(GAR) Order (2009), under the Forest 
and Range Practices Act. 

Regional research started in 990 
to test various “modified” harvesting 
options based on the group selection 
silvicultural system, starting with a 
pilot trial and followed by installa-
tion of a fully replicated trial in the 
Quesnel Highland, near Likely, B.C. 
(Waterhouse et al. 2007). The Quesnel 
Highland trial tested a no-harvest 
treatment and three partial cutting 
treatments based on circular (0.0-ha, 
0.3-ha, and .0-ha) openings. The 
planned cutting cycle is 80 years and 
the area cut at each entry is 33%, in-
cluding skid trails and in-block roads. 
After 0 years, trial results showed that 
there was significantly (p = 0.03) more 
lichen in the residual forest within 
the partial cuts within the caribou 
feeding zone (to a height of 4.5 m) 
and a marginally significant (p = 0.) 
shift towards more Bryoria and less 
Alectoria in the partial cuts than in the 
no-harvest treatments (Waterhouse 
et al. 2007). The increase in lichen 
in the residual forests does not make 
up for the one-third of the forest that 
was cut. Results from the Quesnel 
Highland trial are consistent with sev-
eral other studies in British Columbia 
(Stevenson and Coxson 2007). 

The Quesnel Highland trial did not 
examine operational efficiency, the 
full range of regeneration options, or 
whether caribou would use partially 
cut harvest blocks. To investigate 
these issues, an adaptive management 
trial at Mount Tom, near Wells, B.C. 
(Armleder et al. 2002) was developed 
in co-operation with local forest 
companies. The trial was designed to 
learn how to efficiently implement the 

group selection silvicultural system 
at an operational scale (planning, 
harvesting, and regenerating), and to 
systematically measure the changes to 
habitat. Between 200 and 200, five 
blocks (comprising a total of 040 ha) 
were harvested using a variety of har-
vesting equipment, opening designs, 
and skidtrail layouts (Waterhouse 
[editor] 20). Each harvested block 
contains openings that range from 0. 
to .0 ha, which somewhat mimics 
the type of habitat that caribou use 
in higher-elevation parkland. These 
openings have variable shapes and are 
positioned on various aspects, slopes, 
and biogeoclimatic units. 

The main objectives of the lichen 
study at Mount Tom are to compare 
pre-harvest abundance and species 
composition (Alectoria/Bryoria) 
among harvested (residual forest) 
and control areas, and later compare 
the changes in lichen abundance and 
composition among the treatment and 
control areas at 2.5 and 5.5 years post-
harvest. The secondary objectives are 
to describe how lichen is distributed 
across the trial area and to test  
whether abundance or composition  
is influenced by tree size, species, or 
live/dead status. 

Study Area 

The Mount Tom adaptive manage-
ment trial is located approximately 7 
km northwest of Wells, B.C., in the 
Quesnel Resource District (53°09'–
53°' N and 2°37'–2°49' W). 
The trial area spans the Engelmann 
Spruce–Subalpine Fir wet cool 
(ESSFwk) and wet cold (ESSFwc) sub-
zones, which are used extensively by 
the Barkerville subpopulation of cari-
bou (Freeman 2004). The population 
has been estimated at 20–90 animals 
(Freeman 202). 

Stands in the Mount Tom trial are 
similar in structure to other high-ele-

vation forests described by Steen et al. 
(2005). Engelmann spruce (Picea en-
gelmannii) and subalpine fir (Abies 
lasiocarpa) are the common species, 
and the proportion of subalpine fir 
generally increases and becomes 
clumpy in distribution with increased 
elevation. Based on pre-harvest stand-
structure data collected from three 
blocks at Mount Tom, about 2% of 
the trees greater than 2.5 cm diameter 
at breast height (dbh) were spruce, yet 
they made up 29% of the basal area. 
Gross volume of the standing trees 
(> 7.4 cm dbh) varied across the blocks 
from 3 to 388 m³/ha. The largest trees 
in the forest were 200–460 years old. 
Detailed site descriptions, including 
ecological classification, are summa-
rized in Waterhouse (editor, 20).

The trial area was split into harvest 
and no-harvest zones. In the harvest 
zone, the intent was to apply the group 
selection silvicultural system to eight 
blocks (totalling 407 ha) while the 
no-harvest zone (2500 ha) is to be set 
aside for 0 years after completion 
of forest harvesting. Five of the eight 
blocks (totalling 040 ha) were har-
vested between 2000 and 200, and 
the remainder will be harvested when 
they become economically viable. A 
detailed figure showing the layout of 
the trial blocks is in Waterhouse (edi-
tor, 20).

Methods

The experimental design is an unbal-
anced randomized block with three 
blocks representing the blocking 
factor. The three blocks (harvested 
treatment units) were selected for 
lichen monitoring based on loca-
tion and timing of harvesting. The 
blocks and their year of harvest are as 
follows: CP550—2000/0, CP242—
2005/06, and CP239—2006/07. One 
no-harvest control treatment unit (2.3 
ha) was paired with CP550 and an-
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other one (0.2 ha) paired with CP239. 
There was no suitable control unit to 
pair with CP242. 

The boundaries of the openings 
in the harvested areas were laid out 
to include or exclude clumps of trees 
to maintain stand stability. Safe work 
procedures were developed to mini-
mize the cutting of dead trees in the 
forest around the openings because 
these trees support a large portion 
of the lichen biomass in the stand 
(Stevenson et al. 200). Data were col-
lected in treatment and control blocks 
before harvest, then 2.5 and 5.5 years 
after harvesting was completed.

Field measurements
Permanent 0.0-ha (5.64 m radius) 
sample plots were installed before 
harvest (Table ) in those parts of the 
harvest treatment units to remain 
forested and in the control units. The 
plots were established about every 
250 m in the harvested treatment 
units centred on cruise plots on cruise 
lines, and every 50 m on transect lines 
spaced equally throughout the con-
trol units. Waterhouse (editor, 20) 
contains detailed layout maps of the 
harvested and control treatment units. 

All trees greater than 7.4 cm di-
ameter at breast height (dbh) within 
the permanent sample plots were 
tagged. Data were recorded for spe-
cies, dbh, and tree decay class (live, 
declining, recently dead with > 75% 
bark, 25–75% bark, < 25% bark, stub 
with decay, or down). Arboreal li-
chen abundance class (0, , 2L, 2H, 
3L, 3H, 4, and 5; within a class, L and 
H denote relatively light and heavy 

lichen loads) and species composi-
tion percentage (00% split between 
Alectoria and Bryoria) were assessed 
in the caribou feeding zone (≤ 4.5 m 
above ground) on each tree using the 
ocular estimation guide of Armleder 
et al. (992) and methods described 
by Stevenson et al. (998). Each abun-
dance class corresponds to a range in 
weight (g/tree) that increases on an 
approximately logarithmic scale from 
the lower to upper limit of the class. 
Approximate lichen loads (mid-point 
values) for the classes are as follows: 
class 0 = 0 g/tree,  = .25 g/tree, 2L = 
2.2 g/tree, 2H = 37.8, 3L = 03 g/tree, 
3H = 24 g/tree, 4 = 425 g/tree, and 5 = 
920 g/tree.

Statistical analyses
The pre-harvest data (487 trees) were 
used to compare the abundance of 
lichen among tree species (spruce, 
subalpine fir), tree decay class (live, 
dead), diameter class (0–30 cm, 3–50 
cm, and > 50 cm) and blocks (CP550, 
CP242, and CP239). Estimates of 
lichen loading on individual trees (g/
tree) and on an area (kg/ha) basis were 
obtained by replacing abundance class 
with the approximate mid-class weight 
(given above). The weight of lichen 
per tree was an average of the stems 
in each class (species, size, and decay). 
The tree distribution by species, decay, 
and size class was based on the sum 
of stems in each class. The calculation 
of lichen weight (kg/ha) was summed 
from the lichen on the trees in each 
plot (0.0 ha) then averaged for the 
treatment unit and converted to kilo-
grams per hectare. 

To control for pre-harvest differ-
ences between the harvest and control 
units, and observer differences between 
years, data were analyzed based on the 
change in abundance and composition 
over the 2.5- and 5.5-year time periods. 
Ingress and fallen trees were included 
in these comparisons. It was assumed 
that the pre-harvest lichen class for 
the ingress and post-harvest lichen 
class for fallen trees were both 0.

To simplify the analyses, the lichen 
abundance and composition data were 
compressed into three classes. Lichen 
abundance class 0 or  = , 2L or 2H = 
2, and 3L, 3H, 4, or 5 = 3, while com-
position (% Alectoria) was broken into 
0–50% = , 5–75% = 2, and > 75% = 3. 
These classes were defined by dividing 
the sample trees into three groups of 
equal size with the pre-harvest data. 
Only trees rated abundance class 2 or 
greater were included in the analysis 
of the proportion of Alectoria in re-
sponse to the harvesting.

The changing proportions of trees 
within abundance or composition 
classes, within harvest and control 
treatment units, were compared 
(pre- and post-harvest) by fitting a 
generalized logistic model:
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where pi (t,b,s,v,dbh) is the prob-
ability that a tree receiving Treatment t 
(harvest or control) at Block b (CP239, 
CP242, CP550) has lichen response i 
(i.e., falls into a particular abundance 
or composition class) given that the 
tree is Species s, Tree Class v, and has 
breast height diameter dbh; I is an 
arbitrary level that serves as a refer-
ence for comparing probabilities. The 
parameter µi is an intercept; αit is the 
fixed effect of treatment (αit = 0 for 
the control); γis, δiv, (φi +γφis) are, re-
spectively, the fixed effects of species, 

TABLE 1  Number of plots and trees tagged (pre-harvest) in the harvest and control 
treatment units 

CP550 CP242 CP239
Harvest Control Harvest Harvest Control

No. of plots 30 25 19 41 18
No. of trees 351 328 315 315 178
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live or dead tree class, and diameter 
(γis = 0 for spruce; δiv = 0 for dead 
trees; γφis = 0 for spruce); and βib, 
αβitb are the random (interactive) ef-
fects of block location and treatment. 
All random effects were assumed to 
be independent and normally distrib-
uted; variability among plots within 
the same harvest or control treatment 
unit was assumed to be negligible. 
Model parameters were estimated by 
the method (based on a Poisson log-
linear model) described by Chen and 
Kuo (200). Data summaries and anal-
yses were performed with SAS (SAS 
Institute Inc. 2002–200). The odds 
ratio is obtained by taking the natural 
log of the estimate. Equation  was 
fitted (with PROC GLIMMIX) both 
without (Model : γis = 0, δiv = 0, φI 
= 0, γφis = 0) and with (Model 2) the 
potentially confounding effects of spe-
cies, tree class, and dbh. Results were 
considered significant at α = 0.05.

Results and Discussion

Pre-harvest distribution of lichen
The pre-harvest distribution of lichen 
abundance classes was found to de-
pend significantly on tree (decay) class 
(p = 0.0) (Table 2, Model 2). Dead 
trees composed an estimated 8.7% of 
the trees in the pre-harvest stand but 
accounted for only 5.5% of the total 
lichen, which is similar to the find-
ings in the Quesnel Highland study 

(Waterhouse et al. 2007). The quantity 
of lichen on dead trees contributes 
substantially to available forage in the 
stand, so efforts to retain these trees 
during harvesting should be made. 
Furthermore, dead trees are more 
susceptible to falling than live trees 
(Waterhouse 203), and they provide a 
concentrated source of lichen for cari-
bou (Rominger and Oldemeyer 989; 
Terry et al. 2000; Kinley et al. 2003). 

There was a significant interaction 
between tree species and diameter, 
and combined they influenced dis-
tribution of lichen (p = 0.002) (Table 
2). The amount of lichen per tree in-
creased with size class for subalpine 
fir; however, for spruce, the mid-size 
class (3–50 cm dbh) held the most 
lichen (Figure ). Trees over 50 cm 
in diameter were rare in the stands 
at Mount Tom (27 of 487 sample 
trees). The large subalpine fir trees 
held generous quantities of lichen, up 
to four times more than on similar-
size trees on the Quesnel Highland 
blocks (Waterhouse et al. 2007). The 
opposite was true for the large spruce 
trees on Mount Tom. They held very 
little lichen, and this amount was less 
than half the amount on trees in the 
Quesnel Highland blocks. The large 
spruce trees at Mount Tom frequently 
had few or no branches within the car-
ibou feeding zone. The mid-size trees 
(3–50 cm dbh) were less frequent in 
the stand than the smallest-diameter 

trees (7.5–30 cm dbh) (Figure 2), but 
held substantially more lichen per tree 
(Figure ). With the exception of larg-
er than 50 cm spruce, generally larger 
trees have more available and suitable 
substrate for lichen attachment, in 
particular defoliated branches, than 
the smaller trees (Goward 998). Also, 
the heavily loaded mid to upper cano-
pies of the big trees are continually 
inoculating the lower branches, and 
modifying the microclimate of these 
branches, especially when trees are 
arranged in clumps (Campbell and 
Coxson 200). 

Data from the Mount Tom and 
Quesnel Highland (Waterhouse et 
al. 2007) show that the larger (> 30 
cm dbh) live trees, in particular 
subalpine fir, hold the most lichen. 
These trees with higher lichen loads 
are more likely to be foraged on by 
caribou (Rominger et al. 996; Terry 
et al. 2000; Kinley et al. 2003). At the 
first harvest entry into the stand, using 
a group selection system, there is an 
opportunity to retain areas of forest 
with proportionally more mid- and 
large-diameter subalpine fir trees. 
The openings preferentially could be 
placed to capture large spruce and 
small-diameter subalpine fir or spruce. 
Also, opening boundaries should be 
adjusted to exclude larger, live sub-
alpine fir trees with very high lichen 
loads. Campbell and Coxson (200) 
hypothesize that a clump of trees cre-

TABLE 2  Logistic regression analyses of lichen abundance pre-harvest, and the change in abundance at 2.5 and 5.5 years  
post-harvest: Model 1 (treatment effect) and Model 2 (treatment with species, tree class, and dbh effects) 

Model Effect

Pre-harvest  
lichen class distribution 

(Three blocks)

Change between pre-harvest and 
2.5 years post-harvest 

(Three blocks)

Change between pre-harvest and 
5.5 years post-harvest 

(Three blocks)
 DF F-ratio Prob ≥ F  DF F-ratio Prob ≥ F DF F-ratio Prob ≥ F

1 Treatment 2 7.3 0.001 2 4.2 0.01 2 0.1 0.92

2 Treatment 2 7.1 0.001 2 4.8 0.008 2 0.1 0.92
Species 2 1.5 0.23 2 1.4 0.24 2 1.2 0.30
Live/Dead 2 4.3 0.013 2 3.5 0.029 2 2.2 0.12
dbh 2 57.6 <.0001 2 18.6 <.0001 2 10.1 <.0001
dbh x Species 2 6.2 0.002 2 0.6 0.55 2 1.0 0.38
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ates a larger effective crown perimeter, 
which in turn creates an environ-
ment that will maintain more lichen 
than individual trees. The retention 
of clumps along boundaries would 
also lessen the risk of treefall and 
associated long-term loss of lichen 
(Waterhouse 203). 

Before harvesting, the quantity of 
lichen in the caribou feeding zone 
varied between blocks from an esti-
mated 4 to 4 kg/ha (Figure 3). This 
was consistent with estimates (7–25 
kg/ha) for blocks in the Quesnel 
Highland project (Waterhouse et al. 
2007). Goward and Campbell (2005) 
list the possible factors that could in-
fluence lichen abundance including 
availability of defoliated branches (at-
tachment sites), stable environmental 
conditions, openness of the forest 

(ventilation), elapsed time since dis-
turbance, aspect, elevation, distance 
from water, and inoculation source. 
The considerable variability in lichen 
loading on the landscape means that 

harvest planning can be spatially and 
temporally manipulated. For example, 
cutblocks could be placed in areas of 
lower lichen loading. Reconnaissance 
strategies to measure lichen dis-
tribution at the landscape level are 
described by Stevenson et al. (998).

Pre-harvest abundance and 
composition of lichen in the 
treatments 
Pre-harvest, the abundance of lichen 
was significantly lower (p = 0.00) in 
the harvested units than the control 
units (Table 2, Model ), mostly due 
to a higher frequency of class  trees 
relative to class 2 trees (harvest versus 
control odds ratio = .6 times greater) 
(Table 3; Figure 4). The significance of 
the p value in Model  did not change 
when the potentially confounding fac-
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FIGURE 1  Pre-harvest lichen load per tree (g) in the caribou 
feeding zone by species, decay class, and diameter class.
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FIGURE 2  Pre-harvest distribution of sample trees by species, 
decay class, and diameter class (n = 1487 trees).

TABLE 3  Parameter estimates for Model 1. The parameters α1 and α2 are, respectively, the log-transformed ratios (harvest/control) of 
the odds of class (0, 1) versus class (3L, 3H, 4, 5), and class (2L, 2H) versus class (3L, 3H, 4, 5).a 

Parameter 

Pre-harvest  
lichen class distribution 

(Three blocks)

Change between pre-harvest and 
2.5 years post-harvest 

(Three blocks)

Change between pre-harvest and 
5.5 years post-harvest 

(Three blocks)
Estimate Std. err. Prob ≥ |t| Estimate Std. err. Prob ≥ |t| Estimate Std. err. Prob ≥ |t|

μ1 1.65 0.65 0.041 -1.14 0.37 0.012 -1.25 0.24 <.0001
μ2 2.61 0.65 0.006 1.43 0.33 0.004 1.11 0.16 <.0001
α 1 0.03 0.23 0.905 0.67 0.24 0.005 -0.07 0.25 0.773
α 2 -0.43 0.22 0.049 0.30 0.15 0.041 -0.05 0.13 0.697

a The log-odds ratio for class (0, ) versus class (2L, 2H) is obtained by subtraction (i.e., α  - α 2), then taking the natural log. The parameters α  and α 2 in the 
post-harvest models are, respectively, the log-transformed ratios (harvest/control) of the odds of a decrease in lichen abundance class versus an increase, and  
no change versus an increase.
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FIGURE 3  Pre-harvest estimated quantity 
of lichen per block (kg/ha) in the 
caribou feeding zone (≤ 4.5 m).
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tors of tree class, diameter, and species 
were added (Table 2, Model 2). 

Pre-harvest, Alectoria was signifi-
cantly more abundant in the harvest 

treatment areas than in the control 
areas (p = <0.000) (Table 4, Model 
). Specifically, in the blocks to be 
harvested, there were more trees 
rated with a very high abundance of 
Alectoria (> 75%) compared to the 
lowest abundance class (0–50%) (odds 
ratio = 0.34) and mid abundance class 
(5–75%) (odds ratio = 0.30) (Table 5; 
Figure 5). The significance of Model  
did not change when tree class, diam-
eter, and species were accounted for in 
Model 2 (Table 4). Moreover, none of 
these variables influenced the compo-
sition of Alectoria/Bryoria.

Response of arboreal lichen 
abundance to partial cutting
When the change between pre-harvest 
and post-harvest (2.5 years) lichen 
abundance was examined, a significant 
treatment effect (p ≤ 0.0) was detect-

ed (Table 2), indicating that harvesting 
reduced the abundance of lichen in 
the residual forest in the short term. 

TABLE 4 Logistic regression of lichen species composition pre-harvest and the change in composition at 2.5 and 5.5 years post-harvest

Model Effect

Pre-harvest composition  
(% Alectoria) 

(Three blocks)

Change between pre-harvest 
and 2.5 years post-harvest 

(Three blocks)

Change between pre-harvest 
and 5.5 years post-harvest 

(Three blocks)
DF F- ratio Prob ≥ F DF F- ratio Prob ≥ F DF F- ratio Prob ≥ F

1 Treatment 2 27.0 <.0001 2 4.7 0.009 2 8.7 0.0002

2 Treatment 2 28.6 <.0001 2 4.5 0.011 2 8.2 0.0003
Species 2 0.1 0.87 2 0.8 0.46 2 1.7 0.18
Live/Dead 2 1.9 0.15 2 2.0 0.14 2 4.9 0.007
dbh 2 0.8 0.45 2 0.9 0.39 2 1.1 0.34
dbh x Species 2 2.0 0.14 2 0.9 0.42 2 1.7 0.19

TABLE 5  Parameter estimates for Model 1. The pre-harvest parameters α1 and α2 are, respectively, the log-transformed ratios  
(harvest/control) of the odds of 0–50% versus > 75% Alectoria, and 51–75% versus > 75% Alectoria.a 

Parameter

Pre-harvest composition  
(% Alectoria) 

(Three blocks)

Change between pre-harvest and 
2.5 years post-harvest 

(Three blocks)

Change between pre-harvest and 
5.5 years post-harvest 

(Three blocks)
Estimate Std. err. Prob ≥ |t| Estimate Std. err. Prob ≥ |t| Estimate Std. err. Prob ≥ |t|

μ1 0.56 0.72 0.470 -0.48 0.32 0.164 -0.53 0.22 0.030
μ2 1.15 0.72 0.159 -0.10 0.31 0.758 -0.23 0.21 0.292
α 1 -1.08 0.23 <.0001 0.53 0.19 0.006 0.72 0.18 <.0001
α 2 -1.22 0.17 <.0001 0.43 0.18 0.015 0.52 0.17 0.003

a  The odds ratio for 0–50% versus 5-75% Alectoria is obtained by subtraction (i.e., α  - α 2) then taking the natural log. The parameters α  and α 2 in the post- 
harvest models are, respectively, the log-transformed ratios (harvest/control) of the odds of a decrease in % Alectoria (i.e., increase in % Bryoria) versus an  
increase in % Alectoria, and no change versus an increase.
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FIGURE 4  Pre-harvest distribution of trees 
by (combined) lichen abundance 
class.

FIGURE 5  Pre-harvest distribution of trees 
(excluding lichen classes 0 
and 1) by lichen composition 
(% Alectoria).
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More trees in the harvested blocks 
scored a lower abundance value after 
2.5 years than in the controls. In par-
ticular, the likelihood of a post-harvest 
decrease versus increase in lichen 
class was approximately twice as great 
for the harvested blocks compared 
with the controls (Table 2; Figure 6a). 
However, by 5.5 years post-harvest, the 
differences were no longer significant 
(p = 0.92) (Table 2; Figure 6b). 

Early patterns of lichen response 
to harvesting are variable in other 
studies. At Pinkerton Mountain to 
the north of our study area, within 
two years of harvesting, Stevenson 
and Coxson (2003) found the lowest 

growth rates of Bryoria and Alectoria 
were in the group selection treatment 
compared to no-harvest and single 
tree selection treatments, although 
changes in overall biomass were not 
detected (Coxson et al. 2003). Stone et 
al. (2008) report no biomass changes 
4 years after partial cutting in cari-
bou habitat in Quebec. However, in 
the Quesnel Highland project (M. 
Waterhouse, unpublished data) and 
one unpublished study described by 
Stevenson and Coxson (2007), there 
were declines in lichen abundance in 
the residual forest within the partial 
cuts at year 4 post-harvest. The cause 
of the dip then recovery in our post-
harvest data may be caused by the 
same factors described by Jairus et al. 
(2009) for a broad group of epiphytic 
lichens on aspen and birch. They 
found reduced growth in response to 
increased light, higher temperatures, 
and lower humidity in partial cuts but 
the lichens were able to acclimatize 
rapidly over time through changes in 
the thalli structure and physiology. 

In the Quesnel Highland study, 
Waterhouse et al. (2007) describe a 
significant (p = 0.0) shift, by year 0, 
to higher lichen classes in the residual 
forest within partial cuts compared to 
the uncut controls. In several studies, 
over the long term (> 0 years), a pat-
tern of increased biomass in partially 
cut stands has emerged (Stevenson 
and Coxson 2007). The exception 
appears to be Pinkerton Mountain, 
where there continued to be no differ-
ence in abundance between the partial 
cut treatments and controls after 0 
years (Stevenson and Coxson 2009). 

Response of arboreal lichen 
composition to partial cutting
Post-harvest, the abundance of 
Bryoria increased significantly more in 
the harvest treatment units than con-
trol units at 2.5 years (p = 0.009) and 
5.5 years (p = 0.0002) (Table 4). The 

residual forest within the harvest units 
was more likely to see an increase in 
the percentage of Bryoria (odds ra-
tios .5–2.) compared to the controls 
(Table 5; Figures 7a and b). 

The shift to higher proportions of 
Bryoria in the partial cuts is consistent 
with the longer-term results in several 
studies (Stevenson and Coxson 2007, 
2009). In the Quesnel Highland study, 
there was a similar result at year 4 
(p = 0.000) (M. Waterhouse, unpub-
lished data), but the shift was only 
marginally significant by the year 0 
assessment (p = 0.0) (Waterhouse et 
al. 2007). 

FIGURE 6  Percentage of sample trees that 
showed an increase, decrease, or 
no change in lichen abundance 
class: a) 2.5 years post-harvest 
and b) 5.5 years post-harvest.
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FIGURE 7  Percentage of sample trees that 
showed a change in composition 
(% Alectoria/Bryoria): a) 2.5 
years post-harvest and b) 5.5 
years post-harvest.
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The increased proportion of 
Bryoria is through either growth of 
Bryoria or loss of Alectoria. Based on 
data from several studies, Stevenson 
and Coxson (2007) suggest that 
increased exposure in partial cuts 
promotes Bryoria growth perhaps for 
30 years until the small openings fill 
in with fairly large trees. Bryoria is 
most abundant in the upper canopy 
(Campbell and Coxson 200) where 
there is greater exposure to light and 
wind. This produces drier conditions 
so the length of time that the thallus 
is hydrated is reduced. The Bryoria 
thallus must be wet to photosynthe-
size but prolonged wetting is thought 
to kill the algal component of the 
lichen (Campbell and Coxson 200). 
After harvest, in the residual forest of 
the group selection system, there is 
more light and air circulation, which 
makes the lower canopy of the trees 
subject to more rapid drying after 
rainfall events and snowmelt episodes. 
Increased ventilation is considered a 
key factor that makes it possible for 
species of Bryoria, normally found 
higher in the canopy, to colonize and 
grow in the lower canopy (Goward 
and Campbell 2005). Growth of 
Bryoria in the lower canopy can 
be rapid, up to three times original 
biomass in 7 years (Stevenson and 
Coxson 2007), although growth is 
always offset by fragmentation and 
decomposition. The shift to higher 
amounts of Bryoria may confer a ben-
efit to caribou as they preferentially 
forage Bryoria in the winter months 
(Rominger et al. 996). 

The proportion of Alectoria in the 
partial cuts at Mount Tom is decreas-
ing relative to Bryoria due to attrition 
of Alectoria and/or expansion of 
Bryoria. In old-growth forests in the 
ESSF, Alectoria is most common in 
the lowest part of the tree canopy 
where there are longer periods of 
wetting that increase net assimilation 

(Campbell and Coxson 200; Coxson 
and Coyle 2003). Increased ventila-
tion caused by partial cutting could be 
reducing the net assimilation periods. 
Partial cutting also increases wind 
exposure throughout the stand and 
especially on edges. Absence from 
the upper canopy is attributed to the 
large thallus structure that is easily 
torn by wind, snow, and ice (Coxson 
and Coyle 2003). Esseen and Renhorn 
(996) found reduced Alectoria bio-
mass on edges of clearcuts due to 
physical damage by wind. 

Conclusion

After 5 years, the harvesting prescrip-
tion developed by Youds et al. (2000) 
has effectively maintained arboreal 
lichen in the residual forest at Mount 
Tom. Results from the research trial 
are consistent with those of other 
longer-term studies on partial cutting. 
The first entry of the group selection 
silvicultural system removed one-third 
of the trees (and arboreal lichen) in 
irregular-shaped openings (0.–.0 ha) 
throughout the block. Lichen abun-
dance initially decreased at 2.5 years 
in the partial cuts relative to controls 
but the difference was not significant 
at 5.5 years. The proportion of Bryoria 
increased significantly and very 
quickly in response to the partial cut-
ting treatment. The partial cuts have 
remained stable with similar rates of 
tree loss (< %/yr) to the control areas 
(Waterhouse 203). 

Widespread application of clearcut-
ting reduces the amount of usable 
caribou habitat, effectively shrinking 
their range. Large areas with sufficient 
forage are necessary so caribou can 
live at relatively low densities to suc-
cessfully evade predators (Bergerud 
et al. 984; Seip 99). The key as-
sumption with the group selection 
silvicultural system is that it will pro-
vide sufficient forage if caribou choose 

to use the cutblocks. A scientific study 
could be done at Mount Tom through 
snow tracking or telemetry because 
the harvesting area and paired control 
area are potentially large enough to 
detect reasonable levels of caribou 
use. Telemetry data collected before 
the start of harvesting showed that 
the Barkerville herd used all of Mount 
Tom. 

Maintaining forage habitat is only 
one component of managing moun-
tain caribou habitat. Caribou may 
avoid the “modified” habitat due to 
disturbance by harvesting and later by 
humans using the access created by 
the harvesting. Roads and skid trails, 
especially if compacted by snowmo-
biles, could also improve access for 
predators. The openings may also be 
attractive to deer and moose in the 
snow-free period if the vegetation 
community contains desired forage 
species. To reduce the potential for 
those negative effects, Youds et al. 
(2000) made a number of recom-
mendations associated with using the 
group selection silvicultural system. 
First, forest development should be 
spatially concentrated, by using large 
cutblocks (e.g., 250 ha). Second, road 
networks should be deactivated or 
access controls put in place after the 
silviculture work is completed. Third, 
there should be prompt reforestation 
in the openings and on skid trails with 
appropriate species. Silviculture prac-
tices may include site preparation to 
aid tree establishment, and brushing 
to control undesirable forage species. 

There is some uncertainty about 
how long it will take to grow abun-
dant lichen in the openings but the 
regrowth of trees and lichens is essen-
tial to the success of the silvicultural 
systems. Goward and Campbell (2005) 
estimate 00–50 years for Bryoria to 
develop in sufficient quantities, based 
on their work in a mid-succession for-
est that was established after wildfire. 
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This time period is required for the 
tree canopy to stabilize, to develop 
many defoliated branches, and to have 
adequate ventilation. The develop-
mental process may be sped up in the 
group selection openings due to natu-
ral seeding with an abundant fragment 
source (Stevenson and Coxson 2007), 
planting trees post-harvest in a more 
clumped configuration (Waterhouse 
[editor] 20), leaving undamaged 
residual advanced regeneration 
(Waterhouse [editor] 20), and 
maintaining control of tree density 
through thinning (i.e., controlling 
ventilation) in later stages of develop-
ment (Goward and Campbell 2005). 
Development of the lichen community 
in the openings on the Mount Tom 
trial should be studied to determine 
when they provide a sufficient quan-
tity of lichen for caribou. Also, there 
should be continued measurements 
in the residual forest to monitor the 
abundance and composition of the 
lichen community.
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