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after the beetle: Stand structure and small mammals 30 years after salvage harvesting. Silva 
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We report on a retrospective investigation of the impacts of salvage harvesting of lodgepole 
pine (Pinus contorta var. latifolia Engelm. ex S. Wats.), killed by an outbreak of mountain pine 
beetle (Dendroctonus ponderosae Hopk.) in the 1970s, with variable retention of Douglas-fir 
(Pseudotsuga menziesii (Mirbel) Franco). Our inference to biodiversity was coniferous stand 
structure and four mammal species: the southern red-backed vole (Myodes gapperi Vigors), 
common shrew (Sorex cinereus Kerr), red squirrel (Tamiasciurus hudsonicus Erxleben) and 
northern flying squirrel (Glaucomys sabrinus Shaw). We tested hypotheses that, at 30 years 
after salvage harvest of beetle-killed lodgepole pine trees, (1) abundance and diversity of 
stand structure, and (2) abundance of mammal species, will increase with higher levels of 
green-tree retention (GTR).  Stand structure attributes and small mammals were sampled 
during 2005–2008 in young pine stands, with a range of GTR seed-trees (none, dispersed, 
and aggregated Douglas-fir), and uncut forest in south-central British Columbia, Canada. 
Diameters and heights of Douglas-fir and lodgepole pine and basal area of total conifers 
supported hypothesis (1). Mean abundance of the red-backed vole was consistently higher 
(2.3 to 6.4 times) in the uncut forest than other stands. Overall mean patterns of abundance 
for common shrews, red squirrels, and northern flying squirrels were similar among treatment 
stands. Mean abundance of the red-backed vole supported hypothesis (2), but numbers of the 
other three species did not. There is “life after the beetle” at 30 years after salvage harvesting, 
and this was enhanced by GTR.  
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1 Introduction
A massive epidemic of mountain pine beetle 
(MPB) (Dendroctonus ponderosae Hopk.) is 
currently (2003–present) spreading throughout 
the range of lodgepole pine (Pinus contorta var. 
latifolia Engelm. ex S. Wats.) in British Colum-
bia (B.C.) and extending into Alberta, Canada 
(Safranayik 2004, Nelson et al. 2006, Shore et 
al. 2006). Nearly one-half of merchantable pine 
volume (nearly 600 million m3) over some 13 
million ha had been killed by 2007 (B.C. MoFR 
2008). Up to 80% of pine volume is predicted to 
be lost to MPB by 2015 (B.C. MoFR 2008). To 
capture some of the economic value affected by 
this outbreak, substantial salvage logging opera-
tions have been, and continue to be, active across 
large (> 1000s ha) landscape units. Salvage log-
ging is essentially very large-scale clearcutting 
and may result in openings covering 1000s of 
ha. The potential ecological consequences of 
salvage logging of forest stands that have been 
killed by natural disturbances such as beetle out-
breaks, wildfire, or windthrow include alteration 
of populations of organisms, stand structure, and 
ecological processes and functions (Bunnell et 
al. 2004, Lindenmayer and Noss 2006, Linden-
mayer et al. 2008). In B.C. and other parts of the 
Pacific Northwest (PNW), there is much contro-
versy as to whether beetle-killed stands should 
be harvested or left as part of the consequences 
of natural disturbances.

In this age of concern for conservation of mature 
and old-growth forests in temperate and boreal 
vegetation zones, an array of variable retention 
harvest systems is available to counter the histori-
cal practice of clearcutting (Franklin et al. 1997). 
Variable retention harvests include long-term (at 
least one rotation) reserves of trees as individu-
als or in groups within the chosen silvicultural 
system. These alternative silvicultural systems are 
more aligned with natural processes by retaining 
large live trees, snags, and downed logs (coarse 
woody debris; CWD) after harvest (Franklin et 
al. 1997, 2002, Bunnell and Dunsworth 2009). 
Residual live trees increase structural diversity 
of the regenerating stand and provide attributes 
of mature forest habitat that develop sooner than 
in typical even-aged management by clearcutting 
(McComb et al. 1993, Franklin et al. 2000). In 

many disturbance events, some pockets of residual 
live trees are often left, depending on the severity 
of the disturbance and tree species composition. 
This pattern of patchy natural disturbance that 
leaves live trees as individuals and in clumps 
forms the basis for green-tree retention (GTR). 
Although GTR has been practiced for the last 
15–20 years in the PNW and Europe, we do not 
know if the long-term goals of developing mature 
forest habitat and its inherent biodiversity will be 
achieved within these managed stands (Rosenvald 
and Lohmus 2008, Aubry et al. 2009). 

Large-scale harvest studies in mature, late suc-
cessional forests and over long periods are lacking 
(Aubry et al. 1999). However, some retrospec-
tive studies in the PNW, investigating potential 
long-term consequences of GTR in two-tiered 
(two-aged) stands have been conducted. The 
effects of GTR on biodiversity include impacts 
on growth and tree species composition of future 
forests where past wildfire was used as an ana-
logue for timber harvest (Rose and Muir 1997), 
canopy lichen communities (Peck and McCune 
1997), understory vegetation, and small mam-
mals (North et al. 1996, Sullivan et al. 2000), 
and stand structural complexity (Zenner 2000). 
Canopy tree retention and diversity of birds has 
been reported by Hansen and Hounihan (1996), 
and others. However, to our knowledge, there are 
no studies investigating stand structure attributes 
and responses of a range of small mammal spe-
cies to a variety of retention levels for residual 
green trees over the long term (i.e., decades). In 
a comprehensive review, Rosenvald and Lohmus 
(2008) concluded that long-term (including ret-
rospective) studies were much needed to further 
our understanding of the biodiversity aspects of 
GTR. 

A MPB outbreak in the mid-1970’s in the south-
ern interior of B.C. resulted in salvage logging 
of lodgepole pine from mixed pine – Douglas-fir 
(Pseudotsuga menziesii (Mirbel) Franco) stands 
and mixed pine – western larch (Larix occiden-
talis Nutt.) stands. In pine-leading stands, fir or 
larch were left as residual standing trees. This 
seed-tree silvicultural system leaves a variable 
number of wind-firm seed trees standing singly 
(dispersed retention), or in groups (aggregated 
retention), to provide a source of fir or larch 
regeneration as secondary species to lodgepole 
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pine, which regenerates naturally from abundant 
cone slash (Smith 1986). This is a relatively 
widespread practice that has been in place since 
the early to mid-1970’s when lodgepole pine 
became an important commercial timber spe-
cies. Because of this relatively long history, it is 
possible to do a retrospective investigation of the 
influence of harvesting lodgepole pine on stand 
structure and biodiversity 30 years after salvage 
harvesting of beetle-killed timber. Stands with 
residual green trees, composed of dispersed to 
aggregated Douglas-fir with understory lodgepole 
pine, cover several landscapes throughout B.C.’s 
southern interior, having arisen from harvesting 
over the past 30 years. Thus, a major question is: 
how do these stands compare to those uncut in 
terms of stand structure and development of late 
seral forest conditions? This question has direct 
relevance to sustainable forest management for 
wildlife habitat and biodiversity.

Selecting bio-indicator or management indi-
cator species (MIS) (Smith et al. 2005) that are 
particularly associated with mature late succes-
sion forest types may help determine the effect 
of structural changes resulting from management 
practices (Pearce and Venier 2005). The criteria 
for selection of MIS are usually those species 
whose populations appear to reflect the “health” 
of an ecosystem (Landres et al. 1988, Simberloff 
1998). Ecosystem health encompasses many habi-
tat features and processes that may be difficult, 
if not impossible, to measure in field studies. 
As discussed by Aubry et al. (1991) and Carey 
(2000), certain forest-floor and arboreal small 
mammals have relatively complex life histories 
among terrestrial vertebrates and are good MIS 
candidates to provide a measure of ecosystem 
function in temperate coniferous forests. If stable 
(“healthy”) populations of these species occur, 
then it is likely that several aspects of ecosystem 
structure and function are intact.

There are several ecological roles associated 
with small mammals such as consumption of 
invertebrates (Buckner 1966), distribution of 
beneficial mycorrhizal fungi (Maser et al. 1978), 
consumption of plants and plant products (Carey 
et al. 1999), and serving as prey for a wide vari-
ety of avian, reptilian, and mammalian predators 
(Martin 1994). Examples of species that seem 
to require late-seral forests, at least for part of 

their life cycle, are the southern red-backed vole 
(Myodes gapperi Vigors) and common shrew 
(Sorex cinereus Kerr) on the forest-floor (Nor-
dyke and Buskirk 1991, Hallett et al. 2003), and 
the northern flying squirrel (Glaucomys sabrinus 
Shaw) and red squirrel (Tamiasciurus hudsonicus 
Erxleben) in the arboreal mammals (Smith et al. 
2003). The red-backed vole commonly inhabits 
late successional coniferous and deciduous for-
ests across temperate North America and is an 
important indicator species of “old forest condi-
tions” (Merritt 1981, Nordyke and Buskirk 1991). 
The common shrew is sometimes the numeri-
cally dominant shrew in closed-canopy forests 
in at least parts of the inland PNW (Hallett and 
O’Connell 1997, Sullivan et al. 2008, Oaten and 
Larsen 2008). Northern flying squirrels and red 
squirrels play an important role in dispersing 
spores of ectomycorrhizal fungi when they def-
ecate (Maser et al. 1986, Maser and Maser 1988). 
This process forms new mycorrhizal colonies 
enhancing growth and health of trees, and this 
dispersal is especially important for young tree 
growth in early seral stages (Cazares et al. 1999, 
Molina et al. 1999). Both tree squirrels are pri-
mary prey of a variety of carnivores and predatory 
birds (Carey 2000). Consequently, red-backed 
voles and tree squirrels might prove to be vital 
links (“keystone species”) between critical below-
ground processes and higher trophic levels, espe-
cially in late-seral forests.

Our study was designed to determine the eco-
logical impacts of salvage harvesting lodgepole 
pine, after an MPB outbreak, with variable reten-
tion of Douglas-fir as major stand-level structures 
to maintain biodiversity over time. This 30-year 
vision into the future is a unique opportunity to 
quantify these impacts and provide an inference 
to biodiversity by using ecological indicators of 
coniferous stand structure and an array of mammal 
species (Carey and Harrington 2001, Pearce and 
Venier 2005). Variable retention in these mixed 
stands is currently a major method of harvesting 
throughout the southern interior of B.C. and other 
inland (Sullivan et al. 2000) and coastal (Aubry 
et al. 2009, Bunnell and Dunsworth 2009) areas 
of the PNW as well. What functions will these 
retained structures provide in future decades? Will 
stand-level biodiversity be maintained? Can we 
look 30 years into the future?
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Thus, we tested the hypotheses that, at 30 years 
after salvage harvest of beetle-killed lodgepole 
pine trees, (1) abundance (e.g., basal area and 
density of coniferous trees and amount of vegeta-
tion) and diversity (species diversity and struc-
tural diversity of the herb, shrub, and coniferous 
tree layers) of various aspects of stand structure, 
and (2) abundance of several mammalian indica-
tor species, will increase with higher levels of 
Douglas-fir tree retention. In these hypotheses, 
response variables should be greater in sites with 
GTR (variable retention harvest) than in those 
without GTR (clearcut “salvage” harvest).

2 Materials and Methods

2.1 Study Area

This study was conducted in the Bald Range 25 
km west of Summerland in south-central B.C., 
Canada (49°40’N; 119°53’W). This area is within 
the Montane Spruce (MSdm) biogeoclimatic zone 
(Meidinger and Pojar 1991). Topography is rolling 
hills at 1400 to 1520 m elevation. This zone has 
a cool, continental climate with cold winters and 
moderately short, warm summers. The average 
temperature is below 0 °C for 2–5 months, and 
above 10 °C for 2–5 months, with mean annual 
precipitation ranging from 30 to 90 cm. The 
MS landscape has extensive, young and matur-
ing seral stages of lodgepole pine, which have 
regenerated after wildfire and clearcut harvesting. 
Hybrid interior spruce (Picea glauca (Moench) 
Voss × P. engelmannii Parry) and subalpine fir 
(Abies lasiocarpa (Hook.) Nutt.) are the domi-
nant shade-tolerant climax trees. Douglas-fir is an 
important seral species in zonal ecosystems and 
is a climax species on warm south-facing slopes 
in the driest ecosystems. Trembling aspen (Popu-
lus tremuloides Michx.) and black cottonwood 
(Populus trichocarpa T. & G.) are common seral 
species (Meidinger and Pojar 1991).

Clearcut harvesting of lodgepole pine with dis-
persed (single or uniform) and aggregated (group) 
seed-tree reserves of Douglas-fir began in this 
area in 1977 in response to an outbreak of MPB. 
The seed-tree silvicultural system was designed 
to maintain, and perhaps increase, the propor-

tion of Douglas-fir in the regenerated forest. The 
dominant tree species in these stands is lodgepole 
pine having regenerated naturally from cone slash 
after harvesting. Depending on the original com-
position of the harvested stands and the degree of 
windthrow damage after harvesting, the number 
of residual Douglas-fir range from a few trees 
per ha up to a maximum of approximately 100 
trees/ha.

Stands were categorized as: “young pine” (no 
seed-trees), “dispersed retention” (single seed-
trees of fir), “aggregated retention” (group seed-
trees of fir) (Fig. 1), and old-growth stands were 
termed “uncut forest”. At the start of our study in 
2005, the young pine stands were 28 years old, 
seed-tree stands had an understory of 28-year-
old pine with a Douglas-fir overstory ranging in 
average age from 116 to 159 years. Uncut forest 
stands ranged in average age from 80 to 143 years. 
Area of stands ranged from 16.9 to 22.9 ha in 
young pine, 16.5 to 24.0 ha in seed-tree, and 10 
to 100+ ha for the old-growth stands. The pine 
within the young pine and seed-tree stands were 
pre-commercially thinned to a range of 1371 to 
1674 stems/ha in 1985 or 1987.

2.2 Experimental Design

The experimental design was completely rand-
omized with 3 replicates each of (a) young pine 
(no residual trees), (b) single seed-tree (dispersed 
retention), (c) group seed-tree (aggregated reten-
tion), and (d) uncut stands. These 12 stands were 
selected on the basis of operational scale, prox-
imity, and reasonable randomization based on 
location and elevation. Because of the retrospec-
tive nature of our study, we could not intersperse 
the treatment units randomly within the study 
area. However, there would appear to be little, if 
any, bias in assignment of treatment units based 
on past cutting history, subsequent successional 
development, and availability of particular experi-
mental units with which to test our hypotheses. 
Because none of these factors was under our 
control, it could be argued that the treatment 
units were essentially randomized and spatially 
segregated to enhance statistical independence 
(Hurlbert 1984). Stands were separated by a range 
of 0.2–3.1 km. 
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2.3 Coniferous Stand Structure

Sampling of coniferous tree species in layers 
in 0–1, 1–2, 2–3, and > 3 m height classes was 
done in a 5.64-m radius circular plot (100 m2) 
at 20 points randomly located at trap stations on 
the 9-ha live-trapping grid (for tree squirrels) in 
each stand in August 2007. For all trees in a given 
plot, species, dbh (diameter at breast height, 1.3 
m above soil surface), and total height were tal-

lied. A fifth class for seed-trees (retained trees at 
the time of harvesting) was added for the single 
seed-tree and group seed-tree stands; and for 
veteran (≥ 24 cm dbh) trees for the uncut forest 
stands. Tree layers were defined as “understory” 
(< 3 m height), “overstory” or “dominant layer” 
(> 3 m height), and “seed-tree” (harvested stands) 
or “veteran layer” (uncut stands). These veteran or 
“emergent” trees have survived previous wildfire 
disturbance (old-growth stands) or been retained 

Fig. 1. Photograph of site that was clearcut harvested (1978) with seed-tree reserves 
(aggregated retention) and the same site 30 years later (2008) with regenerated 
lodgepole pine in the understory and retained Douglas-fir in the overstory.
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as seed-trees. Number of snags and decay class 
were also recorded where present.

Down wood was recorded along two transect 
lines of 20 m each at five randomly selected points 
in each stand. As each piece was encountered the 
following attributes were recorded: (a) species, 
(b) diameter where line crosses wood (cm), and 
(c) hardness (5 decay classes). These five decay 
classes describe a range of decomposition with 
1 being a recently fallen log and 5 being a well 
decomposed log (Maser et al. 1979) Volume of 
down wood (m3/ha) was calculated by the method 
of Van Wagner (1968).

2.4 Understory Vegetation

Understory vegetation was sampled on three 25-m 
transects, each consisting of five 5-m × 5-m plots, 
in each of the 12 experimental units. Each plot 
contained three sizes of nested subplots: a 5-m 
× 5-m subplot for sampling trees, a 3-m × 3-m 
subplot for sampling shrubs; and a 1-m × 1-m sub-
plot for sampling herbaceous species, mosses and 
terrestrial lichens. These layers were subdivided 
into height classes: 0–0.25, 0.25–0.50, 0.50–1.0, 
1.0–2.0, 2.0–3.0, and 3.0–5.0 m. A visual estimate 
of percentage cover of the ground was made for 
each species height class combination within the 
appropriate nested subplot. Total percentage cover 
for each layer was also estimated for each subplot. 
These data were then used to calculate crown 
volume index (m3/0.01 ha) for each plant species 
(Stickney, 1985). The product of percent cover 
and representative height gave the volume of a 
cylindroid which represented the space occupied 
by the plant in the community. Crown volume 
index values were then averaged by species for 
each plot size and converted to 0.01-ha base to 
produce a tabular value given for each species 
and layer. Sampling was done in July–August 
2005. Mosses and lichens were not identified to 
species. Plant species were identified in accord-
ance with Parish et al. (1996) and Hitchcock 
and Cronquist (1973). Species richness, species 
diversity and structural diversity were calculated 
for these data.

2.5 Forest-Floor Small Mammals

Forest-floor small mammals were sampled six 
times at 4-week intervals from May to October 
2005 and 2006, and four times during 2007. Each 
treatment stand had a trapping grid (1 ha) with 49 
(7 × 7) trap stations at 14.3-m intervals with one 
Longworth live-trap at each station. Traps were 
supplied with whole oats and carrot, with cotton 
as bedding. Traps were set on the afternoon of 
day 1, checked on the morning and afternoon 
of day 2 and morning of day 3, and then locked 
open between trapping periods. Forest-floor 
small mammal species sampled by this procedure 
included the southern red-backed vole, deer mouse 
(Peromyscus maniculatus Wagner), northwestern 
chipmunk (Tamias amoenus Allen), meadow vole 
(Microtus pennsylvanicus Ord), long-tailed vole 
(M. longicaudus Merriam), heather vole (Phena-
comys intermedius Merriam), western jumping 
mouse (Zapus princeps Allen), montane shrew 
(Sorex monticolus Merriam), common shrew, and 
short-tailed weasel (Mustela erminea L.). 

2.6 Tree Squirrels

The red squirrel and northern flying squirrel were 
sampled at 4- to 6-week intervals in early winter 
(October–November) and early spring (March–
April) in 2006–2008. Each treatment stand had a 
9-ha trapping grid with 100 (10 × 10 or 6 × 16 + 4) 
stations at 30-m intervals with one Tomahawk live-
trap (Model 201, Tomahawk Live trap Company, 
Tomahawk, Wisconsin) equipped with a nest box 
(1-L plastic jar with coarse brown cotton) at every 
other station, resulting in ~5 traps/ha. Traps were 
baited with sunflower seeds (Helianthus annuus L.) 
and set in the evening on day 1 and checked in the 
morning and afternoon of day 2 and morning of 
day 3. Monitoring of these mammals commenced 
in the fall of 2006.

All captured small mammals (except shrews 
and weasels) were ear-tagged with individually 
numbered tags (Monel no.1, National Band and 
Tag Co.) and immediately released at the point of 
capture (Krebs et al. 1969). Unfortunately, there 
was a high mortality rate for shrews because of 
the overnight trapping technique, but this was 
unavoidable in practice. Shrews that died in 
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traps were collected and identified according to 
Nagorsen (1996). All handling of animals was in 
accordance with the principles of the Animal Care 
Committee, University of British Columbia.

2.7 Abundance Estimates

To determine the effects of stand treatments on 
abundance of the major species, we measured trap-
pability and population density. Jolly trappability 
was calculated according to the trappability estimate 
discussed by Krebs and Boonstra (1984).

Population estimates of the southern red-backed 
vole, red squirrel, northern flying squirrel, deer 
mouse, and northwestern chipmunk were derived 
from the Jolly-Seber (J-S) model (Seber 1982, 
Krebs 1999) with small sample size corrections 
(Krebs 1991). Number of animals captured was 
used as the population estimate for the first and 
last sampling weeks when the J-S estimate was 
not calculated. The reliability of the J-S model 
declines when population sizes are very low and 
no marked animals are captured. In these cases, 
the total number of individuals captured was used 
to compare populations of the common shrew, 
heather vole, and two Microtus species.

The two sciurid species occupy home ranges 
that are considerably larger than those of the 
forest-floor mammal species, at least in relation to 
area of treatment stands. Therefore, we calculated 
effective trapping area (ETA) for each sciurid 
species in each of the 12 treatment stands. An 
estimate of ETA was calculated by adding a buffer 
of one-half the mean maximum distance moved 
(MMDM) around the area encompassed by the 
perimeter traps on the 9-ha trapping grid (Wilson 
and Anderson 1985). Estimates of population size 
for each species were calculated by dividing the 
J-S estimates from the respective trapping grids 
by the ETA. For forest-floor small mammals, ETA 
was similar among all treatment grids for M. gap-
peri in another study (Sullivan et al. 1999), and 
hence we used the 1-ha units in this study.

2.8 Diversity Measures

Diversity of vascular plant and forest-floor small 
mammal communities was measured by species 

richness and species diversity. Species richness 
was the total number of species sampled for the 
plant (herbs, shrubs, and trees) and small mammal 
communities in each stand (Krebs 1999). Spe-
cies diversity was based on the Shannon-Wiener 
(S-W) index (Burton et al. 1992; Magurran 2004). 
Diversity of the small mammal community was 
also evaluated by log-series alpha which provides 
a robust parametric measure (Magurran 2004). 
For the plant communities, species diversity was 
calculated using the crown volume index for each 
plant species averaged across the three transects 
in a given site. Species diversity of understory 
and overstory coniferous trees was also calculated 
using the density of trees (stems/ha) for each 
species within the appropriate height classes aver-
aged across the 20 plots in a given stand. Diver-
sity of small mammals was calculated using the 
estimated abundance of each species for a given 
sampling period and averaged over the number 
of sampling periods for each year.

Diversity of coniferous stand structure (e.g., 
foliar height diversity) also used the S-W index 
with coniferous tree species represented by height 
classes and relative abundance represented by 
density of trees (stems/ha) in the five height 
classes. In addition, we used the coefficient of 
variation (CV) of tree size, based on mean diam-
eter and mean height of the four coniferous tree 
species, as a measure of tree-size diversity in each 
stand (Edgar and Burke 2001, Staudhammer and 
LeMay 2001).

2.9 Statistical Analyses

A one-way analysis of variance (ANOVA) (Zar 
1999) was used to determine the effect of harvest 
treatments on mean crown volume index of herbs, 
shrubs, mosses, and terrestrial lichens, mean total 
species richness, and mean total species diversity 
of the entire plant community (herbs, shrubs, and 
trees). This ANOVA was also used to evaluate 
differences in mean abundance, mean species 
diversity, and mean structural diversity of conif-
erous tree layers, as well as to compare mean 
diameter, mean height, mean basal area (BA), 
mean volume of CWD, and mean CVs of tree size 
(based on mean diameter and mean height) of the 
four overstory coniferous tree species.
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A repeated measures (RM) ANOVA (SPSS Insti-
tute Inc. 2007) was conducted to determine the 
effects of treatment and time (2005–2008) on mean 
values of abundance of each small mammal spe-
cies, total abundance, species richness, and species 
diversity. Before performing any analyses, data not 
conforming to properties of normality and equal 
variance were subjected to various transformations 
to best approximate the assumptions required by 
any ANOVA (Zar 1999). Mauchly’s W test statis-
tic was used to test for sphericity (independence 
of data among repeated measures) (Littel 1989, 
Kuehl 1994). Linear regression analysis was used 
to determine relationships between forest-floor 
small mammals (mean total abundance, mean spe-
cies richness, and mean abundances of red-backed 
voles and common shrews) and habitat structure 
parameters (structural diversity of total vegetation, 
down wood, species diversity of conifers, and BA 
of overstory conifers).

Overall mean (n = 9; 3 replicates × 3 years) 
values and 95% confidence intervals (CI) were 
calculated for abundance of red-backed voles, 
common shrews, red squirrels, and northern flying 
squirrels. Duncan’s multiple range test (DMRT) 
was used to compare mean values, whenever a sig-

nificant difference was found, based on ANOVA 
results. In all analyses, the level of significance 
was at least P = 0.05.

3 Results
3.1 Coniferous Stand Structure

Mean BA of overstory trees was significantly 
(F3,8 = 8.69; P < 0.01) higher in the uncut forest 
(DMRT; P = 0.05) than in all three harvested sites, 
which were similar (Table 1). However, mean 
density of overstory trees was similar (F3,8 = 1.09; 
P = 0.41) among stands ranging from 1402 to 2303 
stems/ha (Table 1). The various height classes of 
understory trees and total conifers also followed 
this pattern (Table 1). In terms of relative species 
composition of the four conifers, mean abundance 
of lodgepole pine was significantly (F3,8 = 14.86; 
P < 0.01) different among stands with similar den-
sities (DMRT; P = 0.05) in the single seed-tree 
and young pine stands, the single greater than 
the group seed-tree stands, followed by the uncut 
forest stands. The other three conifers had similar 
mean abundances among stands, but with the 

Table 1. Mean (n = 3 replicate sites) ± SE basal area and stand density of overstory (> 3 m height) coniferous trees, 
and abundance of understory (< 3 m height) conifers, and abundance and species composition of total conifers, 
with results of analyses at the Summerland study area, British Columbia. Within a row, values followed by 
different letters are significantly different.

Parameter Young pine Single seed-tree Group seed-tree Uncut forest Analysis

 F 3,8 P

Overstory conifers
Basal area (m2/ha) 31.44b 30.43b 40.00b 71.34a 8.69 < 0.01
Density (stems/ha) 1965.0 ± 208.2 2303.3 ± 238.1 1941.7 ± 531.0 1401.7 ± 361.3 1.09 0.41
Species diversity 0.81 ± 0.16 0.77 ± 0.05 0.84 ± 0.13 1.36 ± 0.32 2.14 0.17

Understory conifers (stems/ha)
0–1 m height class 203.3 ± 97.7 256.7 ± 71.0 488.3 ± 343.4 410.0 ± 121.0 0.48 0.71
1–2 m height class 250.0 ± 135.0 286.7 ± 92.5 276.7 ± 49.1 185.0 ± 74.9 0.24 0.87
2–3 m height class 260.0 ± 35.5 383.3 ± 119.6 206.7 ± 19.2 95.0 ± 35.0 3.34 0.08

Total conifers (stems/ha) 2678.3 ± 134.2 3230.0 ± 164.8 2913.3 ± 243.4 2091.7 ± 498.0 2.62 0.12
Lodgepole pine  1973.3ab ± 73.7 2783.3a ± 86.2 1878.3b ± 64.4 380.0c ± 18.2 14.86 < 0.01
Douglas-fir  258.3 ± 9.6 213.3 ± 6.6 761.7 ± 26.2 655.0 ± 31.3 1.08 0.41
Subalpine fir 145.0 ± 5.4 143.3 ± 4.4 141.7 ± 4.9 1015.0 ± 48.5 2.01 0.19
Interior Spruce  301.7 ± 11.3 90.0 ± 2.8 131.7 ± 4.5 41.7 ± 2.0 2.47 0.14
Species diversity 1.14 ± 0.20 0.81 ± 0.06 1.18 ± 0.04 1.30 ± 0.22 1.94 0.20
Structural diversity 1.17 ± 0.25 1.42 ± 0.21 1.43 ± 0.24 1.59 ± 0.03 0.73 0.57
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group seed-tree and uncut forest having 2.5–3.6 
times as many Douglas-fir as the young pine and 
single seed-tree stands (Table 1).

Mean diameters of lodgepole pine (F3,8 = 9.06; 
P < 0.01) and Douglas-fir (F3,8 = 36.44; P < 0.01) 
were significantly higher (DMRT; P = 0.05) in 
the uncut forest than the other treatment stands, 
which were all similar (Table 2). Mean height 
also followed this species-specific pattern with 
significantly (P < 0.01) higher values of 18.10 m 
for lodgepole pine and 19.44 m for Douglas-fir in 
the uncut forest than in the other stands (Table 2). 
Subalpine fir and spruce had similar mean diam-
eters and mean heights among stands. Mean BA 
of Douglas-fir was significantly (F3,8 = 7.77; 
P < 0.01) higher in the uncut forest (DMRT; 
P = 0.05) than the other treatment stands.

Mean density of dead standing trees (snags) 
was five snags/ha in two of three group seed-tree 
stands and 337/ha in the uncut stands. There were 
no snags in the young pine or single seed-tree 
stands. Mean volume (m3/ha) of down wood was 
similar (F2,6 = 1.72; P = 0.26) among treatment 

stands ranging from 83 in the seed-tree to 114 in 
the young pine, to 120 in the uncut stands. The 
young pine stands had a significantly (F2,6 = 5.84; 
P = 0.04) greater number (DMRT; P = 0.05) of 
pieces in the 5–25 cm diameter class than the seed 
tree or uncut stands. Conversely, the uncut stands 
had significantly (F2,6 = 7.43; P = 0.02) more large 
(> 25 cm) diameter pieces (DMRT; P = 0.05) than 
the other stands in these down wood samples. 
The young pine and seed-tree stands had signifi-
cantly (F2,6 = 5.57; P = 0.04) more pieces (DMRT; 
P = 0.05) in decay classes 3 and 4 than the uncut 
stands, possibly owing to an accumulation of 
woody debris from the harvesting operations.

Mean species diversity of those conifers > 3 
m (F3,8 = 2.14; P = 0.17) and for total conifers 
(F3,8 = 1.94; P = 0.20) were similar among stands 
(Table 1). Mean structural diversity of the five 
height classes was also similar (F3,8 = 0.73; 
P = 0.57) among stands (Table 1). Another meas-
ure of structural diversity is variation in tree sizes 
by species for each stand, based on the CV of 
diameter and height. The mean CV for diameters 

Table 2. Mean (n = 3 replicate sites) ± SE diameter (cm), height (m), and basal area (BA) (m2/ha) for the four 
coniferous species in the > 3 m height class (dominant layer) and seed-tree class (veteran layer, Douglas-fir 
diameter ≥ 24 cm)) in the four treatment stands and results of analyses at the Summerland study area, British 
Columbia. Within a row, values followed by different letters are significantly different.

Parameter and species 1) Young pine Single seed-tree Group seed-tree Uncut forest Analysis

 F 3,8 P

Mean diameter
Pl 14.54b ± 0.24 12.75b ± 0.86 13.80b ± 0.90 20.50a ± 1.94 9.06 < 0.01
DF 11.40b ± 0.90 7.44b ± 1.98 9.68b ± 3.60 36.34a ± 1.54 36.44 < 0.01
SubAl 10.50 ± 5.59 5.77 ± 1.31 6.29 ± 3.15 11.69 ± 6.43 0.42 0.74
Sp 10.15 ± 1.56 4.23 ± 2.24 1.93 ± 1.93 13.00 ± 6.88 1.80 0.23
DF (vet) - 45.07 ± 13.19 59.24 ± 3.44 42.43 ± 4.07 1.212) 0.36

Mean height
Pl 9.15b ± 0.62 7.82b ± 0.54 9.31b ± 0.44 18.10a ± 1.38 32.29 < 0.01
DF 7.70b ± 0.26 5.77b ± 1.07 6.98b ± 1.54 19.44a ± 2.26 18.66 < 0.01
SubAl 6.08 ± 3.04 4.40 ± 0.58 4.24 ± 2.13 11.31 ± 6.04 0.87 0.50
Sp 7.13 ± 0.96 3.47 ± 1.77 1.79 ± 1.79 10.75 ± 5.93 1.50 0.29
DF (vet) - 22.02 ± 4.35 24.80 ± 1.01 21.83 ± 1.98 0.352) 0.72

Mean BA
Pl 28.65 ± 4.52 27.21 ± 3.68 27.34 ± 10.28 11.58 ± 1.42 1.85 0.22
DF 1.10b ± 0.34 2.96b ± 0.30 10.84b ± 6.44 49.35a ± 14.87 7.77 < 0.01
SubAl 0.68 ± 0.35 0.20 ± 0.15 0.56 ± 0.40 8.66 ± 4.65 3.05 0.09
Sp 1.01 ± 0.40 0.05 ± 0.04 1.26 ± 1.26 1.75 ± 1.70 0.44 0.73
DF (vet) - 1.96 ± 0.97 4.33 ± 1.22 6.89 ± 2.47 2.142) 0.20

1) Pl lodgepole pine; DF Douglas-fir; SubAl subalpine fir; Sp spruce
2) F2,6
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Fig. 3. Mean (n = 3 replicate sites) structural diversity based on the coefficient of variation of 
tree height within the combined dominant and seed-tree or veteran layers (all trees > 3 m 
in height) for the four tree species in the four treatment stands. Within a species, histo-
grams with different letters are significantly different.

Fig. 2. Mean (n = 3 replicate sites) structural diversity based on the coefficient of variation 
of tree diameter within the combined dominant and seed-tree or veteran layers (all trees 
> 3 m in height) for the four tree species in the four treatment stands. Within a species, 
histograms with different letters are significantly different.
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of Douglas-fir was significantly (F3,8 = 22.21; 
P < 0.01) different among stands with the seed-
tree stands having a greater (DMRT; P = 0.05) 
range of diameters than the other stands (Fig. 2). 
This same pattern was also recorded for mean CV 
for diameters of spruce (F3,8 = 10.25; P = 0.02), at 
least for the group seed-tree stands (Fig. 2). Mean 
CVs of lodgepole pine and subalpine fir diameters 
were similar among stands.

Mean CV for tree heights of Douglas-fir was 
significantly (F3,8 = 18.23; P < 0.01) different 
among stands with the same pattern of variation 
as in tree diameters for this species (Fig. 3). The 
mean CV for tree heights for lodgepole pine 
was also significantly (F3,8 = 4.97; P = 0.03) dif-
ferent among stands with a gradation (DMRT; 
P = 0.05) in structural height diversity from the 
single-seed tree to uncut forest (Fig. 3). Mean CV 
of spruce heights followed the same significant 
(F3,8 = 22.28; P < 0.01) pattern as for diameters in 
this species. Again, mean CVs of heights were 
similar among stands for subalpine fir.

3.2 Understory Vegetation

Mean crown volume index of herbs was similar 
(F3,8 = 0.66; P = 0.60) among treatments (Table 3). 
However, mean volume of shrubs was signifi-
cantly (F3,8 = 6.56; P = 0.02) different among 
stands with the young pine and group seed-tree 
stands having higher (DMRT; P = 0.05) amounts 
of shrub biomass than the single-seed tree and 

uncut forest stands (Table 3). Mean crown volume 
index of mosses (F3,8 = 0.86; P = 0.50) and ter-
restrial lichens (F3,8 = 0.63; P = 0.62) was similar 
among stands, with considerable variability of 
moss volume in the young pine and uncut forest 
stands (Table 3). There was a total of 40 species 
of herbs, 23 species of shrubs, and 5 species of 
trees in our treatment stands. Mean total species 
richness (F3,8 = 1.79; P = 0.23) and mean total 
species diversity (F3,8 = 2.60; P = 0.12) were both 
similar among stands (Table 3).

Prominent herb species in these stands included 
pine grass (Calamagrostis rubescens Buckl.), firew-
eed (Epilobium angustifolium L.), white-flowered 
hawkweed (Hieracium albiflorum Hook.), heart-
leaved arnica (Arnica cordifolia Hook.), Arctic 
lupine (Lupinus arcticus S. Wats.), racemose pus-
sytoes (Antennaria racemosa Hook.), and one-
sided wintergreen (Orthilia secunda L.). Prominent 
shrubs included Sitka alder (Alnus sitchensis (Regel) 
Sarg.), kinnikinnick (Arctostaphylos uva-ursi (L.) 
Sprengel.), twinflower (Linnaea borealis L.), Utah 
honeysuckle (Lonicera utahensis L.), falsebox 
(Pachistima myrsinites Nutt.), birch-leaved spiraea 
(Spiraea betulifolia Pall.), and grouseberry (Vac-
cinium scoparium Leib. ex Coville).

3.3 Forest-Floor Small Mammals

P. maniculatus was the most abundant of 10 species 
with a total of 806 individuals captured (42.4% 
of a total of 1900 forest floor mammals) over the 

Table 3. Mean (n = 3 replicate sites) ± SE crown volume index (m3/0.01 ha) of herbs, shrubs, mosses, and terrestrial 
lichens and total species richness and total species diversity of vascular plants in the four treatment stands 
and results of analyses at the Summerland study area, British Columbia. Within a row, values followed by 
different letters are significantly different.

Vegetation parameter Young pine Single seed-tree Group seed-tree Uncut forest Analysis

 F 3,8 P

Volume      
Herbs 6.95 ± 1.84 13.01 ± 5.05 6.81 ± 1.35 8.88 ± 4.43  0.66 0.60
Shrubs 64.75a ± 3.06 9.73b ± 4.99 74.65a ± 28.42 2.08b ± 1.06 6.56 0.02
Mosses 2.99 ± 1.28 0.83 ± 0.20 0.90 ± 0.34 2.68 ± 2.08 0.86 0.50
Terrestrial lichens 0.36 ± 0.07 0.39 ± 0.08 0.33 ± 0.04 0.28 ± 0.03 0.63 0.62

Total species richness 24.4 ± 4.3 20.1 ± 0.3 19.8 ± 2.1 15.1 ± 3.1 1.79 0.23
Total species diversity 1.27 ± 0.08 0.88 ± 0.08 1.05 ± 0.13 1.29 ± 0.17 2.60 0.12
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3-year study. The next most abundant species, in 
terms of individuals, were M. gapperi (618, 32.5% 
of total), T. amoenus (145), S. monticolus (112), P. 
intermedius (90), and S. cinereus (78). Numbers of 
individuals for the less common species were 24 
for M. pennsylvanicus, 18 for M. longicaudus, 2 
for Z. princeps and 7 for M. erminea. Susceptibil-
ity to capture was measured by Jolly trappabil-
ity estimates with a mean value of 85.1% (range 
57.1–100.0%) for M. gapperi and 84.5% (range 
70.8–98.7%) for P. maniculatus.

Population changes of the red-backed vole 
during 2005–2007 indicated that this microtine 
was consistently higher (F3,8 = 3.65; P = 0.06) 
in mean abundance per ha in the uncut forest 
than other stands (Fig. 4a, Table 4). On average, 
populations of red-backed voles were 2.3 to 6.4 

times higher in the uncut than harvested sites 
(Fig. 5a). Population changes of the common 
shrew (F3,8 = 0.97; P = 0.45) (Fig. 4b) were simi-
lar among treatment stands with respect to mean 
abundance, with numbers declining from 2005 
to 2007 (Table 4). Overall mean numbers of 
red-backed voles (Fig. 5a) and common shrews 
(Fig. 5b) also followed this pattern.

Mean total abundance of small mammals was 
similar (F3,8 = 1.66; P = 0.25) among stands, as were 
numbers (P > 0.05) of the deer mouse, northwestern 
chipmunk, two species of Microtus, and the montane 
shrew (Table 4). Mean abundance of the heather 
vole was significantly (F3,8 = 6.58; P = 0.02) different 
among stands with overall numbers higher (DMRT; 
P = 0.05) in the young pine and single seed-tree 
stands than uncut forest stands (Table 4).

Fig. 4. Mean (n = 3 replicate sites) total abundance per ha of (a) red-backed 
voles (Myodes gapperi) and (b) common shrews (Sorex cinereus) in the 
young pine, single-seed-tree, group seed-tree, and uncut forest stands in 
2005–2007 at the Summerland study area. 
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Table 4. Mean (n = 3 replicate sites) ± SE abundance per ha of forest-floor small mammals each year and results 
of repeated measures analysis of variance (RM-ANOVA). F-values identified by * were calculated using 
an H-F correction factor, which decreased the stated degrees of freedom due to correlation among repeated 
measures. Columns of mean values with different letters are significantly different by Duncan’s multiple 
range test (DMRT), adjusted for multiple contrasts. Superscript letters are used to indicate the location of 
significant differences resulting from univariate ANOVAs.

Species and year Young pine Single seed-tree Group seed-tree Uncut forest RM-ANOVA results

 Site Time Site × time
 F3,8 P F2,16 P F6,16 P

Total     1.66 0.25 23.00 < 0.01 1.27 0.32
 2005 21.39 ± 3.34 17.26 ± 1.05 20.43 ± 2.50 24.99 ± 6.95      
 2006 23.56 ± 3.28 19.17 ± 3.27 20.30 ± 1.16 28.08 ± 8.78      
 2007 15.29 ± 2.13 10.55 ± 0.98 10.60 ± 1.65 20.93 ± 4.23      
M .gapperi     3.65 0.06 6.99 < 0.01 0.68 0.67
 2005 6.02 ± 1.66 2.11 ± 1.06 3.61 ± 1.83 11.59 ± 4.18      
 2006 6.11 ± 0.64 2.35 ± 1.79 3.59 ± 1.95 12.30 ± 3.81      
 2007 2.42 ± 1.08 0.83 ± 0.44 1.42 ± 0.65 9.82 ± 3.34      
P. maniculatus     1.30 0.34 5.72 0.01 1.29 0.32
 2005 12.07 ± 2.76 8.86 ± 1.80 11.80 ± 1.92 9.54 ± 3.43      
 2006 12.61 ± 2.88 6.63 ± 2.04 10.74 ± 2.22 12.54 ± 5.29      
 2007 10.54 ± 0.79 4.63 ± 0.83 5.36 ± 0.31 8.79 ± 2.64      
P. intermedius A A AB B 6.58 0.02 8.83 < 0.01 2.71 0.05
 2005 0.33ab ± 0.10 1.00a ± 0.42 0.56a ± 0.31 0.00b ± 0.00      
 2006 1.33a ± 0.10 2.17a ± 1.50 0.39ab ± 0.11 0.00b ± 0.00      
 2007 0.58a ± 0.22 0.33a ± 0.08 0.00b ± 0.00 0.00b ± 0.00      
T. amoenus     0.30 0.83 0.77 0.48 1.69 0.19
 2005 2.13 ± 0.98 2.79 ± 1.47 2.97 ± 1.71 3.20 ± 1.91      
 2006 2.06 ± 1.22 4.19 ± 1.76 4.42 ± 2.15 2.46 ± 1.40      
 2007 1.25 ± 0.72 4.26 ± 0.68 3.49 ± 2.19 2.23 ± 1.62      
M. pennsylvanicus     0.94 0.47 1.31* 0.29 0.94* 0.48
 2005 0.00 ± 0.00 0.61 ± 0.61 0.00 ± 0.00 0.00 ± 0.00      
 2006 0.00 ± 0.00 1.06 ± 1.06 0.11 ± 0.06 0.00 ± 0.00      
 2007 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00      
M. longicaudus     1.91 0.21 1.01* 0.38 1.28* 0.33
 2005 0.00 ± 0.00 0.00 ± 0.00 0.11 ± 0.06 0.00 ± 0.00      
 2006 0.00 ± 0.00 0.56 ± 0.47 0.06 ± 0.06 0.00 ± 0.00      
 2007 0.00 ± 0.00 0.17 ± 0.08 0.00 ± 0.00 0.00 ± 0.00      
S. monticolus     1.28 0.35 7.25* < 0.01 0.67* 0.67
 2005 0.28 ± 0.15 1.22 ± 0.73 0.72 ± 0.22 0.39 ± 0.39      
 2006 0.72 ± 0.05 1.22 ± 0.55 0.72 ± 0.31 0.39 ± 0.15      
 2007 0.25 ± 0.25 0.17 ± 0.08 0.33 ± 0.22 0.08 ± 0.08      
S. cinereus     0.97 0.45 14.34 < 0.01 0.63 0.71
 2005 0.45 ± 0.15 0.67 ± 0.35 0.66 ± 0.33 0.28 ± 0.15      
 2006 0.72 ± 0.05 0.61 ± 0.20 0.28 ± 0.05 0.39 ± 0.24      
 2007 0.17 ± 0.17 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00      
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Fig. 5. Overall mean abundance/ha (n = 9; 3 replicates × 3 years) ± 95% C.I. 
of (a) red-backed voles (Myodes gapperi) and (b) common shrews (Sorex 
cinereus) in the young pine, single-seed-tree, group seed-tree, and uncut 
forest stands in 2005–2007 at the Summerland study area. 

Mean species richness appeared similar 
(F3,8 = 2.06; P = 0.19) among stands but the sig-
nificant (F6,16 = 4.57; P < 0.01) site × time interac-
tion indicated that the number of small mammal 
species was higher (DMRT; P = 0.05) in the single 
seed-tree than group seed-tree or uncut forest 
stands in 2006 (Table 5). Mean species richness 
was similar in the young pine, group seed-tree, 
and uncut stands in 2006. Mean S-W (F3,8 = 1.48; 
P = 0.29) and log-series (F3,8 = 3.21; P = 0.08) 
measures of species diversity were similar among 
stands (Table 5). Mean species richness and S-W 
species diversity declined significantly (P < 0.01) 
with time in a similar pattern to total abundance 
(Table 5).

There were positive relationships between mean 

total abundance of small mammals (r values =0.58 
to 0.81; P ≤ 0.05), and mean abundance of red-
backed voles (r values = 0.70 to 0.80; P ≤ 0.01), 
with mean values for total structural diversity of 
vegetation, volume of down wood, and mean BA 
and species diversity of overstory conifers. Mean 
species richness of small mammals showed an 
inverse relationship with BA of overstory coni-
fers (r = 0.61; P = 0.04). Mean log-series diversity 
of small mammals showed an inverse relation-
ship with mean structural diversity of vegetation 
(r = 0.66; P = 0.02) and species diversity of total 
coniferous trees (r = 0.59; P = 0.05). Interestingly, 
mean abundance of common shrews was also 
inversely related to these latter two parameters 
(r values = 0.58 to 0.60; P ≤ 0.05).
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Table 5. Mean (n = 3 replicate sites) ± SE small mammal diversity within each sample period and results of repeated 
measures analysis of variance (RM-ANOVA). No correlation among repeated measures was detected. Super-
script letters are used to indicate the location of significant differences resulting from univariate ANOVAs.

Parameter and year Young pine Single seed-tree Group seed-tree Uncut forest RM-ANOVA results

 Site Time Site × time
 F3,8 P F2,16 P F6,16 P

Species richness     2.06 0.19 59.99 < 0.01 4.57 < 0.01
 2005 3.50 ± 0.19 3.83 ± 0.51 3.83 ± 0.10 3.11 ± 0.11      
 2006 4.28ab ± 0.40 5.00a ± 0.54 3.72b ± 0.20 3.22b ± 0.22      
 2007 3.08 ± 0.44 3.25 ± 0.29 2.58 ± 0.08 2.67 ± 0.30      
S-W Species diversity     1.48 0.29 15.78 < 0.01 1.90 0.14
 2005 1.23 ± 0.16 1.59 ± 0.25 1.37 ± 0.08 1.33 ± 0.09      
 2006 1.58 ± 0.10 1.90 ± 0.20 1.41 ± 0.15 1.29 ± 0.11      
 2007 1.11 ± 0.28 1.43 ± 0.14 1.11 ± 0.05 1.16 ± 0.18      
Log diversity     3.21 0.08 2.27 0.14 1.42 0.27
 2005 1.24 ± 0.10 1.91 ± 0.39 1.78 ± 0.05 1.08 ± 0.16      
 2006 1.65 ± 0.29 2.67 ± 0.76 1.42 ± 0.04 1.04 ± 0.16      
 2007 1.26 ± 0.16 2.09 ± 0.43 1.31 ± 0.24 0.90 ± 0.19      

Table 6. Mean (n = 3 replicate sites) ± SE abundance per ha of T. hudsonicus and G. sabrinus each season and 
results of repeated measures analysis of variance (RM-ANOVA). No correlation among repeated measures 
was detected. Superscript letters are used to indicate the location of significant differences resulting from 
univariate ANOVAs.

Species and period Young pine Single seed-tree Group seed-tree Uncut forest RM-ANOVA results

 Site Time Site × time
 F3,8 P F4,32 P F12,32 P

Tamiasciurus hudsonicus     1.51 0.28 6.66 < 0.01 2.21 0.04
 Fall 2006 2.07a ± 0.29 2.23a ± 0.08 2.15a ± 0.15 1.09b ± 0.18      
 Spring 2007 1.81 ± 0.26 1.86 ± 0.25 2.09 ± 0.24 1.40 ± 0.12     
 June 2007 1.78 ± 0.17 1.99 ± 0.41 2.43 ± 0.48 1.44 ± 0.35      
 Fall 2007 1.87 ± 0.45 1.96 ± 0.38 1.99 ± 0.15 1.88 ± 0.14      
 Spring 2008 1.11 ± 0.10 1.45 ± 0.17 1.27 ± 0.20 1.50 ± 0.16     
Glaucomys sabrinus     0.26 0.85 7.47 < 0.01 1.11 0.39
 Fall 2006 0.24 ± 0.12 0.50 ± 0.14 0.40 ± 0.04 0.51 ± 0.33      
 Spring 2007 0.14 ± 0.07 0.35 ± 0.10 0.31 ± 0.05 0.38 ± 0.29     
 June 2007 0.13 ± 0.07 0.25 ± 0.13 0.16 ± 0.06 0.33 ± 0.29      
 Fall 2007 0.23 ± 0.09 0.43 ± 0.08 0.35 ± 0.11 0.39 ± 0.34      
 Spring 2008 0.21 ± 0.07 0.30 ± 0.12 0.25 ± 0.08 0.13 ± 0.13      

3.4. Tree Squirrels

T. hudsonicus was the more abundant arboreal 
sciurid, with a total of 568 individuals captured 
(77.8% of a total of 730), compared with G. 
sabrinus at 162 individuals. Mean values of Jolly 
trappability were 70.1% (range 53.3–81.0%) for 
red squirrels and 58.5% (range 45.3–72.3%) for 

northern flying squirrels. Mean abundance of red 
squirrels was similar (F3,8 = 1.51; P = 0.28) among 
stands, but with a significant site × time interac-
tion (F12,32 = 2.21; P = 0.04) where there were 
more (DMRT; P = 0.05) red squirrels in the three 
harvested stands than uncut stands in fall 2006 
(Table 6), ranging between 0.9 and 2.4 animals 
per ha (Fig. 6a). The pattern of overall mean abun-
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dance of red squirrels was similar among the four 
treatment stands (Fig. 7a). Mean abundance of 
northern flying squirrels also followed this trend 
for similar (F3,8 = 0.26; P = 0.85) numbers through 
time (range 0.1–0.7/ha) (Table 6, Fig. 6b). The 
pattern of overall mean abundance of flying squir-
rels was also similar among the four treatment 
stands (Fig. 7b).

4 Discussion
4.1 Salvage Logging and GTR

The MPB is native to western North America 
and may attack most pine species, with lodgepole 

pine as the primary host (Aukema et al. 2006). 
Thus, this beetle is a major factor controlling the 
dynamics, and hence natural disturbance regimes 
in lodgepole pine forests, in addition to fire (Bar-
clay et al. 2005). Because of the extent (13 million 
ha) of the current MPB epidemic in B.C., salvage 
logging is being conducted at an unprecedented 
scale, reaching 20% of the provincial harvest (BC 
MoFR 2007, Lindenmayer et al. 2008). Accord-
ing to Lindenmayer et al. (2008), salvage logging 
alters: (1) populations of organisms, (2) stand 
structure, and (3) ecosystem processes and func-
tions. However, what are the long-term conse-
quences of this practice, particularly where GTR 
occurs at the time of harvest?

Our study is the first investigation of the long-

Fig. 6. Mean (n = 3 replicate sites) total abundance/ha of (a) red squirrels (Tamias-
ciurus hudsonicus) and (b) northern flying squirrels (Glaucomys sabrinus) in 
the young pine, single-seed-tree, group seed-tree, and uncut forest stands in 
2006–2008 at the Summerland study area. 
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term (3 decades) effects of salvage logging of 
beetle-killed timber, and the subsequent influence 
of GTR, on biodiversity via inferences from eco-
logical indicators of stand structure and mammals. 
As discussed by Franklin et al. (1997), retention 
of green trees can (1) maintain some species and 
ecological processes from the original forest, (2) 
provide structure in the regenerating forest stand, 
and (3) provide some connectivity in the com-
mercial forest landscape. These attributes are par-
ticularly enhanced by retention of aggregated or 
group seed-tree patterns of residual trees (Aubry 
et al. 2009). The structural components of vari-
able retention, regardless of pattern, include large 
live Douglas-fir trees, understory vascular plants, 
fallen wood over a range of decay classes, some 

snags (5–10/ha), and relatively undisturbed layers 
of forest floor (Franklin et al. 1997, 2002).

Our seed-tree stands (both dispersed and aggre-
gated) included some of these attributes except for 
the absence of snags and understory thickets in 
the young pine and single seed-tree stands. This 
snag deficiency may soon be rectified as the MPB 
moves south through the interior of B.C., with 
at least some attack of lodgepole pine forecast 
for our geographical area. Because harvesting 
was completed 28–30 years ago, the forest floors 
were essentially undisturbed in all stands, but not 
at the time of harvest. The original silvicultural 
goal in the 1970s was regeneration from residual 
Douglas-fir seed-trees, and hence our study was 
not a direct test of structural retention as advo-

Fig. 7. Overall mean abundance/ha (n = 21; 3 replicates × 7 trapping periods) ± 95% 
C.I. of (a) red squirrels (Tamiasciurus hudsonicus) and (b) northern flying squir-
rels (Glaucomys sabrinus) in the young pine, single-seed-tree, group seed-tree, 
and uncut forest stands in 2006–2008 at the Summerland study area.
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cated by Franklin (1997, 2002) or Lindenmayer 
et al. (2006). However, the study does provide a 
30-year temporal perspective on the effects of 
retention harvest as advocated by Rosenvald and 
Lohmus (2008).

Our study was retrospective based on the 
assumption that past disturbances (either natural 
or harvesting) provide experimental units that 
have undergone successional change, often over 
decades, but still allow reasonably rigorous com-
parisons to be made among treatments. Our young 
pine and seed-tree stands were 28 years old at 
the start of the study. We have assumed that the 
original forest composition on these sites prior 
to harvesting in the mid 1970s, and their subse-
quent successional development were reasonably 
similar among stands. It would have been ideal 
to follow changes in stand structure and mam-
mals from pre-harvest to 30 years of post-harvest 
successional change. Successional dynamics in 
boreal and temperate forests are initiated and 
driven by natural disturbances such as wildfire 
and insect outbreaks. Thus, it could be argued 
that a “natural” control for this study might be 
stands at the beginning of forest succession after 
disturbance, rather than those (mature/old-growth 
forest) in the end-phase of succession. The study 
design had true replicates of experimental units 
(Hurlbert 1984), and all units were of a size typi-
cal of commercial forestry operations. 

4.2 Stand Structure Attributes

In terms of hypothesis (1) that abundance and 
diversity of various aspects of stand structure 
would increase with higher levels of Douglas-fir 
tree retention, BA of overstory conifers was higher 
in the uncut than the other stands. In addition, 
mean diameters and heights of lodgepole pine and 
Douglas-fir were also highest in the uncut stands. 
However, density of overstory, understory, and 
all height classes of conifers were similar among 
stands. Abundance of understory vascular (herbs 
and shrubs) and non-vascular plants (mosses and 
terrestrial lichens) also followed the tree density 
pattern, and hence did not support hypothesis 
(1). In terms of diversity, hypothesis (1) was 
not supported by species richness and diversity 
measurements of herbs, shrubs, and coniferous 

trees. Lodgepole pine did dominate the conifer-
ous species composition of the managed stands 
compared with the uncut forest, but the other 
three conifers were similar among stands. Indices 
of structural diversity based on coniferous stand 
density and CV of various tree sizes also failed 
to support hypothesis (1).

Our seed-tree study sites seemed to have incor-
porated most of the structural components of vari-
able retention: at least some (10–20/ha) large live 
Douglas-fir trees with comparable diameters and 
heights to those in the uncut mature/old-growth 
stands. In addition, the range of “legacy trees” 
(Franklin et al. 2000) on our seed-tree sites was 
similar to the size classes, number, and distribu-
tion of Douglas-fir in the original pre-salvage 
logged stands. The trend for higher numbers over-
all of Douglas-fir trees in the group seed-tree and 
uncut stands than young pine or single seed-tree 
stands also suggested a large component of this 
species in the future forest composition, particu-
larly with aggregated GTR.

The importance of residual Douglas-fir to struc-
tural diversity in the seed-tree stands was indicated 
by the significant pattern of tree sizes (based on 
CVs). Three components of structural diversity of 
forests were suggested by Pommerening (2002): 
spatial distribution, species diversity, and variations 
in tree dimensions (e.g., our CVs of tree sizes). A 
fourth component would be our measure of structural 
diversity (e.g., foliage height diversity). Our CVs 
of tree diameters and heights reached a maximum 
in the two-storied seed-tree stands as the standard 
deviation measured the differences of individual 
trees to their mean (Varga et al. 2005). Diversity 
calculations using the S-W index increase with 
increasing richness of classes (e.g., species for 
species diversity and height classes for structural 
diversity) and reach a maximum when propor-
tions are equal for all classes (Magurran 2004). 
This measure found similarity among stands for 
both species and structural diversity of conifers. 
Thus, the similarity in variety of canopy layers and 
conifer species in the seed-tree and uncut stands 
suggested that structural complexity and diversity 
were maintained. Several authors have reported a 
similar relationship between multiple tree species 
and sizes and high diversity or complexity (Buon-
giorno et al. 1994, Önal 1997, Zenner 2000).

There are few long-term investigations com-
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paring understory vegetation in uncut and GTR 
stands. The similarity in species richness of vas-
cular plants among our treatment stands was simi-
lar to long-term (12–96 years) results reported 
by Deal (2001) for partially cut and uncut west-
ern hemlock (Tsuga heterophylla Sarg.) – Sitka 
spruce (Picea sitchensis (Bong.) Carr.) forests in 
southeast Alaska. An 8-year post-harvest study by 
Sullivan et al. (2001, 2008) reported that retention 
of live Douglas-fir trees had no effect on total 
species richness of vascular plants, but did pro-
vide suitable conditions for some forest interior 
species. Similar results were reported for 7 years 
post-harvest for the DEMO study (Aubry et al. 
2009). Several other studies reported only short-
term (1–3 years) changes in vegetation attributes, 
to date. However, development of understory veg-
etation seemed to be related to structural and 
compositional redevelopment of overstory trees 
(Nagaike et al. 1999, Deal 2001, Roberts and 
Zhu 2002).

4.3 Forest-Floor Small Mammals

Our hypothesis (2) that abundance of several 
mammalian indicator species will increase with 
higher levels of Douglas-fir tree retention was 
partially supported for red-backed voles when the 
young pine and seed-tree stands were compared 
to uncut forest. The important result was that the 
uncut forest supported 2.3 to 6.4 times as many 
red-backed voles as the young pine and seed-tree 
stands. The positive relationships of mean abun-
dance of red-backed voles and total small mam-
mals to habitat structural features were similar 
to those reported for similar species in forests of 
northern Sweden (Ecke et al. 2001, 2002). How-
ever, we did not find any positive relationships 
for either mean species richness or diversity of 
small mammals with habitat features. M. gap-
peri is readily found in mesic to moist habitats in 
mature deciduous, coniferous, and mixed forests 
with sufficient amounts of CWD (downed logs), 
understory vegetation, and dense cover of trees 
(Merritt 1981, Yahner 1986, Moses and Boutin 
2001); but also at relatively high abundance in 
dry Douglas-fir forests (Klenner and Sullivan 
2009). These ecological conditions provide berry 
production (e.g., Vaccinium spp.), seed-fall from 

overstory trees, and hypogeous fungi as food 
sources for M. gapperi.

Suitable habitat conditions for red-backed voles 
have been maintained in partially cut forests with 
GTR levels of > 15 m2/ha BA or 30% uncut forest 
across a variety of forest ecosystems (several studies 
reviewed by Sullivan et al. 2008). Thus, although 
our young pine and seed-tree stands had a range 
of BA of total conifers from 30–40 m2/ha, these 
levels were presumably insufficient to maintain 
abundance of M. gapperi at levels recorded in uncut 
forest (71 m2/ha BA). The seed-tree stands had only 
6.4–10.8% of their total BA as Douglas-fir vets; 
thus large diameter trees may be required for seed 
sources and fungal substrates. Relative amounts 
and decay of CWD were generally similar among 
stands as was abundance of understory herbs, but 
not shrubs. The low volume of shrubs may have 
contributed to relatively fewer red-backed voles 
in the single seed-tree stands. Alternatively, M. 
gapperi appear to require > 15 m2/ha BA of mature 
coniferous trees to provide sufficient cover and 
food resources to maintain populations at levels 
found in mature/old-growth forest.

S. cinereus has been reported as a cosmopoli-
tan insectivore, occupying many different habi-
tats (Whitaker 2004). However, like the variable 
habitat preferences of M. gapperi in eastern and 
western parts of North America (Kirkland 1990), 
S. cinereus may occupy mature/old-growth for-
ests as its preferred habitat in certain forests and 
regions (Hallett and O’Connell 1997, Ford and 
Rodrigue 2001). It appears to be the numerically 
dominant shrew species in closed-canopy forests 
of some inland parts of the PNW, including our 
study area (Sullivan et al. 2008). This insectivore 
was found at comparable abundance in all treat-
ment stands in this study, thereby suggesting that 
ecological conditions were suitable on the forest 
floor for this insectivorous small mammal.

Gitzen et al. (2007) concluded that much varia-
bility in the responses of closed-canopy species to 
GTR may relate to short-term results immediately 
after harvest, flexibility in habitat occupancy, 
favourable changes in forest-floor conditions, 
and regional variation in composition of small 
mammal communities and climatic gradients. The 
retrospective nature of our study makes it difficult 
to comment on immediate post-harvest conditions 
from 30 years ago.
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4.4 Tree Squirrels

Our study is the first investigation of the influence 
of relatively long-term GTR on abundance of tree 
squirrels. Populations of T. hudsonicus and G. 
sabrinus were maintained in all treatment stands, 
and hence hypothesis (2) was not supported for these 
indicator species. An exception was higher mean 
abundance of red squirrels in the group seed-tree than 
uncut stands in fall 2006. Tree squirrels and other 
arboreal rodents are an important group because 
of their close association with forest canopies and 
responses to potential impacts from management, 
particularly harvesting (Smith et al. 2003). These 
sciurids function as indicators of ecological pro-
ductivity via their foraging on, and dissemination 
of ectomycorrhizal fungi as well as serve as prey 
for raptors and mammalian carnivores (Carey 2000, 
Carey and Harrington 2001, Ransome et al. 2004). 
Our seed-tree and young pine stands provided high 
structural diversity and overstory cover, at least of 
the dominant tree layer, for decreased predation risk 
for tree squirrels (Vahle and Patton 1983, Carey 
2000). These habitat attributes for tree squirrels 
were related to higher numbers of both sciurids in 
relatively intact coniferous and deciduous forests 
in Ontario (Holloway and Malcolm 2006). Rela-
tive to old-growth forests, shelterwood harvesting 
seemed to lower habitat quality for both species 
in Ontario (Holloway and Malcolm 2006) and 
for northern flying squirrels in California (Waters 
and Zabel 1995). Comparable densities of T. hud-
sonicus and G. sabrinus were reported for 30- to 
40-year old managed (pre-commercially thinned 
15 years previously) lodgepole pine forests and 
old-growth stands in the interior of B.C. (Ransome 
et al. 2004). Numbers of red squirrels were similar 
in thinned, unthinned, and old-growth stands, and 
those of flying squirrels were the same or signifi-
cantly higher in thinned (1000–2000 stems/ha) 
stands than in old-growth stands (Ransome et al. 
2004). There is much variability in responses of 
these sciurids to managed and old-growth forests 
in the PNW (Smith 2003). However, wherever 
late successional (legacy) features such as large 
live Douglas-fir, spruce, or other coniferous trees, 
snags, and abundant CWD are present within man-
aged stands, both species seem to be maintained 
(Carey 2000, Smith 2003).

4.5 Is There Life after the Beetle?

This study provided a way of inferring biodi-
versity and sustainability by comparing forest 
structural attributes and MIS as ecological indica-
tors across various stand types. At 30 years after 
salvage harvesting, we have an indication of how 
close we are to managing forests sustainably by 
comparing wildlife habitat and biodiversity, in 
young forests with and without residual fir trees, 
to those in uncut mature/old-growth forests. The 
study has advanced existing knowledge on stand-
level structures and biodiversity by examining 
past disturbance to provide a picture of forest 
conditions 3 decades into the future. An overall 
summary of response variables indicated that the 
seed-tree stands had the same or higher value than 
the uncut forest in 19 of 25 cases (Table 7). The 6 
of 25 cases where the uncut forest was higher than 
the seed tree stands included the mean diameters 
and heights of the major conifers (Douglas-fir and 
lodgepole pine), BA of total conifers, and mean 
abundance of red-back voles.

Stand-replacement fires and insect attacks that 
kill trees over large areas, without subsequent 
salvage harvesting, are also natural disturbance 
regimes in boreal and temperate forests. It would 
be most interesting to compare our young pine 
and seed-tree stands to same-age and structurally 
similar stands arising from these disturbances. 
Such comparisons would be of a so-called “true” 
ecological nature. Depending on the intensity of 
wildfire, amounts of CWD and plant community 
recovery would likely be greater in salvage-har-
vested stands than those arising from wildfire. 
Such responses in insect-killed standing timber 
would likely be intermediate. These latter stud-
ies and measurements have yet to be conducted 
except for the short-term work of Stone (1995) 
in Utah and McDonough and Rexstad (2005) in 
Alaska. Our MPB outbreak in B.C. provides a 
plethora of study opportunities in this regard.

In a comprehensive review of habitat hetero-
geneity (structural diversity) and animal species 
diversity, Tews et al. (2004) concluded that “key-
stone structures” of a given vegetation complex 
had profound implications for biodiversity man-
agement. Mazurek and Zielinski (2004) reported 
that individual legacy trees provided important 
habitat for wildlife in managed stands. Several 
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authors have noted the importance of GTR for 
maintenance of mycorrhizal fungal networks for 
tree nutrition and sporocarp food sources for a 
variety of species such as red-backed voles, red 
squirrels, and flying squirrels (Cazares et al. 1999, 
Hagerman et al. 2001, Lazaruk et al. 2005).

Thus, assuming that our selection of stand 
structure attributes and MIS accurately reflected 
the “health” of this forest ecosystem, at 30 years 
after salvage harvesting, there is “life after the 
beetle”. This “life” is enhanced by GTR at the 
time of harvest since the mature forest habitat 
provides structural diversity for the regenerating 
stand and appears to contribute considerably to 
maintaining some degree of ecological function in 
these stands. With respect to our MIS, the density 

of GTR was insufficient to maintain populations 
of red-backed voles, but common shrews per-
sisted on the forest floor, as did the two arboreal 
sciurids, at least at comparable population levels 
to those in uncut mature/old-growth forest. 
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Table 7. Summary of response variables measured during 2005–2008. Columns with different 
letters are significantly different by ANOVA and Duncan’s multiple range test (DMRT).

 Young pine Single seed-tree Group seed-tree Uncut forest

Coniferous stand structure    
Tree measurements    
Abundance of total conifers a a a a
BA of total conifers b b b a
Douglas-fir diameter b b b a
Douglas-fir height b b b a
Lodgepole pine diameter b b b a
Lodgepole pine height b b b a
Douglas-fir vets diameter a a a a
Douglas-fir vets height a a a a
BA Douglas-fir vets a a a a

Diversity    
Species diversity of total conifers a a a a
Structural diversity of total conifers a a a a
CV Douglas-fir diameter b a a b
CV Douglas-fir height b a a b
CV Lodgepole pine diameter a a a a
CV Lodgepole pine height ab a ab b

Understory vegetation    
Herb volume a a a a
Shrub volume a b a b
Moss volume a a a a
Terrestrial lichen volume a a a a
Total species richness a a a a
Total species diversity a a a a

Forest floor small mammals    
Red-backed vole a a a a
Common shrew a a a a

Arboreal mammals    
Red squirrels a a a a
Northern flying squirrels a a a a
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