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stand-replacement wildfires and several types of forest harvest (clearcutting followed by burning,
clearcutting, and uniform partial harvest) on the abundance of deer mice (Peromyscus maniculatus) and

red-backed voles (Myodes gapperi), (2) the impact of clearcutting and partial harvest on a broader array of

Keywords: small mammal species, and (3) the responses of small mammals to recent and older clearcuts (i.e. less

Disturbance

Emulation forestry

Green tree retention

Natural disturbance paradigm

than 10 years vs. 10-20 years after harvest). In coniferous and mixed forest, all disturbances except for
partial harvest triggered significant increases in the abundance of deer mice and declines in red-backed
voles. The increase in deer mice after wildfire was stronger than after clearcutting and marginally

Rodents stronger than after clearcutting and burning. The abundance of red-backed voles was greatest in

Shrews

undisturbed or partially harvested stands, intermediate after clearcutting, and lowest after wildfire or
clearcutting and burning. While the positive effect of clearcutting on deer mice did not persist beyond 10
years after disturbance, the negative effect on red-backed voles was similar between recent and older
clearcuts. In deciduous forest, clearcutting did not result in a consistent change in abundance of deer
mice and red-backed voles. For other small mammals, recent clearcutting tended to increase the
abundance of yellow-pine chipmunks (Tamias amoenus), and meadow and long-tailed voles (Microtus
pennsylvanicus and Microtus longicaudus). Woodland jumping mouse (Neozapus insignis), masked shrew
(Sorex cinereus), and short-tailed shrew (Blarina brevicauda) did not show consistent response to timber
harvest. Overall, the impact of different disturbances on the abundance of small mammals (i.e. positive
or negative) appears to be species-specific, but disturbance type may influence the magnitude of this
effect. Disturbance types can be ranked from severe to mild in terms of small mammal responses. The
effects of forest harvest on small mammals are not equivalent to those of wildfire.
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1. Introduction

The structure and function of North American forests have been
shaped by natural disturbance, predominantly wildfire (Attiwill,
1994). Repeated fire cycles have occurred in many North American
forests for thousands of years (Hansson, 1992) and forest
vertebrates show evidence of adaptation to this disturbance
(Bunnell, 1995). Currently, forest harvest (mostly in the form of
clearcutting) has replaced fire as the primary disturbance in many
American forests, causing concerns about loss of biodiversity and
resilience of forest ecosystems (Toman and Ashton, 1996;
Simberloff, 1999; Drever et al., 2006). While it is widely accepted
that conservation of biodiversity should be one of the primary
objectives of forest management (Kohm and Franklin, 1997), the
means to achieve this goal remain contentious (see e.g. Simberloff,
1999).

In recent years, the idea that carefully planned clearcuts could
emulate and substitute for natural disturbances (Hunter, 1993) has
gained remarkable popularity among foresters, researchers, and
policymakers and is promoted as a way to integrate timber
production with conservation of biodiversity (Ehnes and Keenan,
2002; Perera et al., 2004). Still, several researchers have pointed
out considerable differences in ecological consequences of fire and
logging (e.g. McRae et al., 2001; Hébert, 2003; Schieck and Song,
2006; Bergeron et al., 2007; Thiffault et al., 2007).

Harvest with retention of green trees (hereafter ‘“partial
harvest”) has emerged as a common group of methods to increase
ecological sustainability of timber production (Work et al., 2003).
Traditionally, the primary goal of partial harvest was to improve
postharvest stand regeneration (e.g. shelterwood or selection
systems, Nyland, 2002), but currently it is often used to maintain
“environmental values associated with structurally complex
forests” and to increase the similarity between natural and
anthropogenic disturbances (variable retention harvest systems,
Franklin et al., 1997). However, empirical evidence supporting this
use of partial harvest remains scant (Simberloff, 2001; Schulte
et al., 2006; Tappeiner et al., 2007).

In this study, I used small mammals as a model to (1) test the
ecological premise of emulation silviculture, (2) assess conserva-
tion benefits provided by partial harvest, and (3) analyze the
impacts of clearcutting on wildlife through a temporal perspective.
To achieve these objectives, I conducted a meta-analysis on the
changes in the relative abundance of small mammals after wildfire
and several types of forest harvest: clearcutting, clearcutting
followed by burning, and partial harvest.

Small mammals represent the majority of mammalian species
in North American forests, play important roles in the forest food
web (e.g. Maser et al., 1978; Ostfeld et al., 1996; Jones et al., 1998;
Tallmon et al., 2003), and are considered indicators of forest-floor
function (Carey and Harrington, 2001). A relative profusion of
small mammal studies enables the use of meta-analytic approach,
which offers improved control over type Il statistical errors
(Arnqvist and Wooster, 1995). Furthermore, by synthesizing
results of studies conducted on different species, in different
areas, and within different timeframes, the scope of inference in
meta-analysis can be considerably greater than in the standard
single-study approach (Osenberg et al., 1999). Finally, meta-

analyses are thought to be more informative and objective than
qualitative reviews (Arnqvist and Wooster, 1995).

My study consisted of three analyses. First, I compared the
effects of stand-replacement wildfires and several types of forest
harvest (clearcutting followed by burning, clearcutting, and partial
harvest) on the abundance of the two most commonly investigated
species, deer mice (Peromyscus maniculatus) and red-backed voles
(Myodes gapperi). This comparison addressed the question of
whether anthropogenic disturbances emulate natural ones.
Second, I quantified the impact of clearcutting and partial harvest
on the abundance of a broader array of small mammal species:
yellow-pine chipmunk (Tamias amoenus), deer mouse, red-backed
vole, woodland jumping mouse (Neozapus insignis), meadow and
long-tailed vole (Microtus pennsylvanicus and Microtus longicau-
dus), masked shrew (Sorex cinereus), and short-tailed shrew
(Blarina brevicauda). This analysis measured relative severity of
these types of harvesting techniques according to their influence
on small mammals. Third, I examined the temporal dynamics of
the effects of clearcutting on all of the above species except yellow-
pine chipmunk and long-tailed vole. The goal of the third analysis
was to identify species with ephemeral and long-lasting responses
to this disturbance. Together, these analyses assessed whether
natural and anthropogenic disturbances could be ranked from mild
to severe in terms of small mammal response, or whether species/
disturbance relationships were unique and idiosyncratic.

2. Methods
2.1. Source data

The data set used in this meta-analysis consisted of studies
reporting the effects of wildfire, clearcutting followed by
prescribed burning, clearcutting, and partial harvest on the
abundance of North American small mammals (rodents or shrews).
The analyzed studies were published between 1970 and 2008. |
identified relevant publications by searching online databases of
Agricola and the Web of Science (conducted in April 2008) using
the following search words: forest and (logging or harvest* or
clearcut* or fire or wildfire or burn*), and (“small mammals” or
rodent* or mice or mouse or vole* or shrew*), and searching
bibliographies of the studies that I retrieved.

I selected studies that reported the abundance of small
mammals in disturbed and matching undisturbed (control) forest.
Because the abundance of small mammals tends to fluctuate from
year to year, | included only studies where trapping was conducted
simultaneously on disturbed and undisturbed plots. When pre-
disturbance data were available, they were examined only
qualitatively to ensure that control plots were sufficiently similar
to those that became disturbed.

I selected research papers where estimates or indices of
abundance were derived from trapping and presented in text,
tables, or bar charts. When the same results were presented in
several papers, [ used the most inclusive version. I did not use live-
trapping studies where the number of captures rather than the
number of different individuals captured was used. I excluded
studies where abundances of related species were pooled because
species within the same genus are known to react differently to
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forest disturbance (e.g. Songer et al., 1997). To avoid confounding
effects of patch configuration and edge effects, I did not use data
from studies on strip clearcutting, patch clearcutting (clearcuts
less than 2 ha), or other logging practices such as aggregated
retention harvest (Franklin et al., 1997) that create small-scale
mosaic of undisturbed and disturbed forest.

2.2. Calculation of effect sizes

Evaluating small mammal abundance requires considerable
trapping effort. Therefore most studies in the data set were either
unreplicated or contained only 2-3 replicates in each treatment.
Furthermore, standard deviations could not be extracted from
most of the studies. Thus, I could not apply commonly used effect
sizes that are based on standard deviation and often require
sample size greater than 5 or 10 (Rosenberg et al., 2000). Instead, I
used the relative abundance index (RAI) developed by Vanderwel
et al. (2007):

RAI = Ndisturbed - Nundisturbed
Ndisturbed + Nundisturbed

where Ngisturbed aNd Nundisturbed are the abundance reported for
disturbed and undisturbed sites, respectively. When needed, I
standardized abundances to account for the difference in trapping
effort between disturbed and undisturbed sites. The relative
abundance index ranges from +1 (species found in disturbed sites
only) to —1 (species found only in undisturbed sites).

I selected only those studies where at least 10 individuals were
captured in at least one site category (disturbed or undisturbed). To
avoid potential bias, I did not use any other inclusion criteria based
on study quality (Englund et al., 1999). To take into account
differences in sampling intensity among studies, the effect sizes
were weighted (Hunter and Schmidt, 1990) by the log of the total
number of individuals used to calculate given RAI (i.e. the sum of
different individuals captured in disturbed and undisturbed sites).
I chose this conservative weighting scheme because the number of
different individuals used to calculate RAI ranged from 10 to 4004.

Some studies did not provide the number of individuals
captured or information sufficient to calculate it. In such cases, I
tried to contact the corresponding author. For studies where this
information proved impossible to obtain, I included only those
where in at least one site category standard error of the abundance
did not exceed the value of the mean. For such studies, I assumed
the lowest acceptable number of captures, thus their weight
equaled logo(10)=1.

Studies were divided according to (1) the type of disturbance,
(2) time since disturbance, and (3) forest type (coniferous, mixed,
and deciduous). For each study, I calculated one effect size per
species per category (disturbance type, time, and forest type),
using abundances averaged across years and replicates.

Disturbances included stand-replacement wildfire, clearcutting
followed by broadcast burning, clearcutting, and uniform partial
harvest. The last category was the most varied. It included harvest
labeled as shelterwood (e.g. Waters and Zabel, 1998), diameter-limit
cut (e.g. Ford and Rodrigue, 2001), basal area retention harvest (e.g.
Elliot and Root, 2006), or single-tree selection (e.g. Klenner and
Sullivan, 2003). The abundance of different types of uniform partial
harvest and therefore low numbers of studies investigating each
type made it impossible to compare particular prescriptions of
partial harvest. Instead, I tested the general strategy of retaining
green trees after logging. Most studies on partial harvest included in
this analysis were conducted after removal of 30-60% of basal area
(range 29-79%; restricting the analysis to 30-60% of basal area
removed did not influence the overall pattern).

Time since disturbance was divided into two categories: early
(<10 years after disturbance) and late (10-20 years after

disturbance). All studies used in comparisons 1 (wildfire and
forest harvest) and 2 (clearcutting vs. partial harvest) represented
early (<10 years) effects of disturbance on small mammals.
Ultimately, small mammal responses are related to the structure of
regenerating habitat rather than time since disturbance (Monamy
and Fox, 2000) but only the later information was reported widely
enough to be used in this analysis. Studies reporting a single
measure of abundance from a period covering two of the above
categories were assigned on the basis of greater overlap (e.g. 8-14
years after logging were assigned to the “10-20 years after”
category). Time was calculated since the most recent disturbance
(e.g. the date of broadcast burning rather than the date of prior
clearcutting). I excluded data collected within the first 3 months
since the disturbance to avoid confounding effects of disturbances
on habitat with their direct effects on small mammals.

Overall, 56 studies satisfied all the above-listed criteria (see
Appendix 1).

2.3. Statistical analysis

To analyze species-specific changes in abundance after forest
disturbances, I used linear models with RAI as the response
variable and disturbance type (comparison 1), small mammal
species and harvest practice (comparison 2), or small mammal
species and time category (comparison 3) as explanatory variables.

In each analysis, normal distribution of errors was assured by
examining Q-Q plots and conducting Shapiro-Wilk tests (all p-
values were > 0.1). Examination of residuals revealed mild
nonconstant variance. p-Values of less than 0.05 were considered
“significant” and those between 0.1 and 0.05 “marginally
significant”. All analyses were conducted in R (Ihaka and Gentle-
man, 1996).

Initial data analysis suggested that for deer mice and red-
backed voles, the effects of harvest differed between deciduous
and coniferous/mixed forests. Therefore, for these two species,
data from deciduous forests were not included in comparisons 1-3
below, but were analyzed separately.

3. Results

3.1. Comparison 1: short-term (0-9 years) effects of wildfire and
forest harvest in coniferous and mixed forest on deer mice and red-
backed voles

Deer mice increased in response to all forest disturbances, but
the strength of this response depended on the type of disturbance
(Fig. 1). The response to wildfire was stronger than to any other
disturbances: clearcutting followed by burning (t347=-2.02,
p =0.05), clearcutting (t3 41 = —3.78, p = 0.0005), or partial harvest
(t3,41 = —4.54, p < 0.0001). The effects of partial harvest did not
differ from those of clearcutting (t3 41 = 1.27, p=0.212).

Red-backed voles decreased in response to all disturbances
with the exception of partial harvest (Fig. 1). The effects of
clearcutting followed by burning were not significantly different
from those of wildfire (t33,=0.68, p=0.498). The decline in
abundance after wildfire was stronger than after clearcutting
(t332=-2.20, p=0.034). For red-backed voles, the impact of
clearcutting was significantly different than that of partial harvest
([3‘23 =-2.74, p= 0.01 )

3.2. Comparison 2: short-term effects of clearcutting and partial
harvest

Yellow-pine chipmunks, deer mice, and both Microtus species
were significantly more abundant and red-backed voles were
significantly less abundant in clearcuts relative to undisturbed
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Fig. 1. The abundance of deer mice, Peromyscus maniculatus (filled circles) and red-
backed voles, Myodes gapperi (open circles) after stand-replacement wildfire and
three types of timber harvest relatively to undisturbed forest. Positive values of the
relative abundance index (RAI) indicate higher abundance in harvested than in
undisturbed forest, whereas negative values mean lower abundance in harvested
forest. Bars represent standard errors; numbers denote sample sizes.

areas (Table 1). Partial harvest significantly increased the
abundance of yellow-pine chipmunks and marginally significantly
increased abundance of Microtus species (Table 1). The responses
of other species to either type of forest harvest were not
statistically significant and in general, small mammal species
responded in a similar way to clearcutting and partial harvest.
Other than the red-backed vole (comparison 1 above), only the
meadow vole showed some evidence of a difference in the
response to clearcutting and partial harvest (t15117=-1.79,
p=0.076).

Table 1

Abundance of small mammals in clearcut and partially harvested forest, 1-9 years
after disturbance. Positive values of the relative abundance index (RAI) indicate
higher abundance in harvested than in undisturbed forest, whereas negative values
mean lower abundance in harvested forest. p-Values concern the hypothesis that
RAI equals 0.

Species Harvest type RAI (SE) t-Value  p-Value
(sample size
in parenthesis)
Meadow vole Clearcutting (11) 0.72 (0.12) 6.14 >0.0001
Partial harvest (5) 0.33 (0.19) 1.77 0.080
Long-tailed vole Clearcutting (4) 0.68 (0.17) 3.92 0.0001
Partial harvest (4) 0.37 (0.20) 1.83 0.070
Yellow-pine Clearcutting (3) 0.67 (0.21) 3.26 0.001
chipmunk
Partial harvest (5) 0.47 (0.17) 2.68 0.008
Deer mouse Clearcutting (19) 0.24 (0.08) 2.93 0.004
Partial harvest (13) 0.12 (0.10) 1.23 0.221
Masked shrew Clearcutting (12) 0.12 (0.11) 1.02 0.309
Partial harvest (4) 0.18 (0.20) 0.89 0.374
Short-tailed shrew  Clearcutting (11) —0.08 (0.12) -0.63 0.521
Partial harvest (7) 0.05 (0.15) 0.32 0.748
Woodland Clearcutting (6) -0.07 (0.17) —-042 0.678
jumping
mouse
Partial harvest (3) 0.09 (0.26) 0.53 0.724
Red-backed vole Clearcutting (14) —0.35 (0.09) -3.77 0.0003
Partial harvest (11) 0.08 (0.10) 0.75 0.453

Table 2

Abundance of small mammals in clearcut areas relative to undisturbed forest 10-20
years after disturbance. p-Values concern the hypothesis that the relative
abundance index (RAI) equals 0.

Species (sample size in parenthesis) RAI (SE) t-Value p-Value
Woodland jumping mouse (6) 0.33 (0.19) 1.75 0.082
Meadow vole (4) 0.25 (0.23) 1.13 0.262
Masked shrew (7) 0.10 (0.15) 0.63 0.530
Short-tailed shrew (10) —0.08 (0.13) —0.61 0.542
Deer mouse (7) —0.05 (0.14) -0.38 0.702
Red-backed vole (8) —0.30 (0.13) -2.36 0.020

3.3. Comparison 3: long-term effects of clearcutting

10-20 years after clearcutting, the abundance of deer mice and
meadow voles was no longer higher than in undisturbed forest
(Table 2). For both of these species, the short-term and the long-
term responses to clearcutting were marginally different (deer
mouse: ti1103=1.80, p=0.074; meadow vole: t;q1103=1.86,
p=0.066). There was some indication that at this stage the
abundance of woodland jumping mice may be higher in clearcuts
than in undisturbed forest, but the evidence was inconclusive
(Table 2). The short- and long-term responses of this species did
not differ significantly (t11,103=-1.52, p=0.131). Red-backed
voles were negatively affected by clearcutting even in the long-
term (Table 2). There was no difference between the short-term
and long-term response of this species (t11,103 = —0.35, p = 0.725).
Shrews did not show significant long-term response to clearcutting
(Table 2) nor any difference between short-and long-term effects
(short-tailed shrew: ty71,103=0.03, p=0.976; masked shrew:
t11103 = 0.09, p= 0926)

3.4. Effects of clearcutting in deciduous forest on the abundance of
deer mice and red-backed voles

Due to the small number of studies conducted in deciduous
forest (six for each species), only the short-term effects of
clearcutting on deer mice and red-backed voles could be analyzed
statistically. In contrast to coniferous and mixed forests, clearcut-
ting in deciduous forests did not affect the abundance of these
species relative to undisturbed areas (deer mouse: RAI=—-0.02,
SE =0.12, p = 0.88; red-backed vole: RAI = 0.15, SE = 0.21, p = 0.49).
The differences between responses in deciduous versus coniferous/
mixed forests were marginally significant (deer mouse: t,3 = 1.84,
p = 0.078; red-backed vole: t;g=—2.06, p = 0.054).

4. Discussion

4.1. Emulating wildfire with clearcuts: insights from small mammal
responses

The current study indicates that the effects of clearcutting are
milder than those of stand-replacement wildfires, at least for the
two most common small mammals: red-backed voles, which
tended to decline in abundance after disturbances, and deer mice,
which tended to increase. These responses are consistent with
habitat associations of these species. Disturbed stands are more
xeric and offer less cover than intact forest. Open, xeric
microhabitats are preferred by deer mice (Pearson et al., 2001;
Fuller et al., 2004; Kaminski et al., 2007; Zwolak, 2008), but
avoided by red-backed voles (Yahner, 1986; Pearson, 1994; Morris,
1996).

So far, emulation of natural stand-replacing disturbances with
clearcuts focused mainly on imitating the shape and size
distribution of fires (Hunter, 1993). However, if there are intrinsic
differences in local habitat quality between wildfire-burned and
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clearcut stands (as suggested by the response of small mammals),
adjusting the shape and size of clearcuts is unlikely to be successful
in mimicking the effects of fires. Therefore, emulation of stand-
replacing natural disturbance through clearcutting may be
problematic.

Contrary to stand-replacement wildfires, clearcutting does not
remove herbs and shrubs. In order to produce early seral forest
floor conditions, foresters sometimes combine clearcutting with
slash burning (Kimmins, 2004). In the case of red-backed voles, the
effects of clearcutting followed by burning did not differ from those
of wildfire. For deer mice, the effects of these two disturbances
were marginally different. Thus, although the small number of
available studies on clearcutting followed by burning precludes
firm conclusions, it appears that the severity of this disturbance is
similar or slightly lower than that of stand-replacing wildfire.
However, the popularity of this practice has declined since 1970s
(Agee, 1997), in part because public perceives it as a too severe
disturbance (Kimmins, 2004). Finally, mimicking the severity of
stand-replacement fires may not be considered practical by
foresters. For example, severe disturbances cause strong increases
in deer mouse abundance, often resulting in intense seed predation
and potentially slower reestablishment of commercially valuable
stand (Gashwiler, 1967; Sullivan, 1979; Sullivan and Sullivan,
1982; Zwolak, 2008).

Harvest that retains residual structures such as snags and logs,
also included in the broad concept of emulation forestry (Franklin
etal., 1997; Beese et al., 2003), is unlikely to increase the similarity
between the effects of wildfire and forest harvest because effects of
the former on small mammals appear to be more, not less severe.
The management implications of this analysis are profound:
managers need to pay more attention to managing for the
maintenance of naturally disturbed (burned) forest conditions
because acceptable forms of artificial disturbance are not a good
substitute.

Studies on other taxa yield similar results. Buddle et al. (2005)
found considerable differences between clearcutting and wildfire
in the succession rate of arthropod communities. They concluded
that the effects of wildfire were more severe than those of
clearcutting. Bird communities also differ between stands
disturbed by wildfire and forest harvest (Schieck and Song,
2006). These differences are very pronounced during the first 10
years after disturbance, tapering off afterwards. However, in
contrast to arthropods or birds, there are no fire-dependent species
among small mammals in North American forests.

4.2. Responses of small mammals to clearcutting and partial harvest

Most small mammal species analyzed either did not show a
consistent response to clearcutting of coniferous and mixed forest
(masked and short-tailed shrews, woodland jumping mouse) or
increased in abundance relative to undisturbed stands (non-forest
species: meadow and long-tailed vole and generalist species:
yellow-pine chipmunk, and deer mouse). Only the abundance of
red-backed voles significantly declined after clearcutting. Inter-
estingly, an earlier analysis of published studies concluded that
red-backed voles tend to increase after clearcutting in coniferous
forest (Kirkland, 1990). However, this conclusion was based on the
vote-counting method (comparing the number of significant and
non-significant results), which currently is considered unreliable
and prone to bias (Hunter and Schmidt, 1990; Osenberg et al.,
1999).

As expected, the effects of partial harvest tended to be less
pronounced than those of clearcutting. However, the response to
these two harvest practices was significantly different only for the
red-backed vole, while in the meadow vole the difference
approached significance. While this result indicates that leaving

green trees does not provide major gains for most small mammal
species, conservationists and practitioners are concerned mainly
about clearcutting-sensitive species. The response of red-backed
voles suggests that green tree retention represents an efficient
strategy to mitigate the impact of forest harvest on species that
tend to decline in abundance after stand-replacement distur-
bances.

The value of green tree retention is particularly important
given that the negative effects of clearcutting on red-backed voles
are long-lasting. The red-backed vole was the only analyzed
species that expressed a significant long-term response to forest
harvest. This result corroborates findings of recent field studies:
St-Laurent et al. (2008) concluded that stands of 3 m in height (i.e.
14-17 years after harvest), considered “regenerated” under the
legislation of some Canadian provinces, do not maintain
abundance of red-backed voles similar to those of unharvested
mature forest.

Red-backed voles have been proposed as an indicator of mature
forest (Nordyke and Burskirk, 1988; McLaren et al., 1998; see also
Pearce and Venier, 2005 for critical evaluation). This analysis
shows that this role may be played in coniferous and mixed forests
only. In deciduous forests, the abundance of red-backed voles
tended to be similar between clearcuts and mature forests. This
pattern of red-backed vole responses could be caused by the
difference in microclimate: deciduous forests often grow in more
humid regions than coniferous forests (Holdridge, 1967). Clearcuts
are dryer than intact stands (Tappeiner et al., 2007), thus many
conifer clearcuts may be too dry for red-backed voles (D.E. Pearson,
personal communication), which are known for their high moisture
requirements (Getz, 1962). Alternatively, the different effects of
clearcutting on red-backed voles in deciduous and coniferous
forest may be related to the intensity of postharvest treatments.
Red-backed voles strongly prefer structurally complex micro-
habitats (Pearson, 1994). In deciduous clearcuts, where the risk of
fires is lower, dense logging slash is often left on site. In coniferous
clearcuts, slash is usually removed or piled, thus they lack
structural complexity (D.E. Pearson, personal communication).

Competition with red-backed voles could explain why deer
mice increase in abundance in coniferous but not deciduous
clearcuts (Crowell and Pimm, 1976; Schulte-Hostedde and Brooks,
1997; although Morris, 1983, 1996; Wolff and Dueser, 1986 did not
find evidence of competition between these two species). In
addition, deer mice prefer open microhabitats (Pearson et al., 2001;
Fuller et al., 2004; Kaminski et al., 2007; Zwolak, 2008; but see
Goodwin and Hungerford, 1979; Morris, 2005), which are created
in greater abundance by clearcutting in coniferous forest than in
deciduous forest, as discussed above. Unfortunately, not enough
studies reported information on postharvest conditions to test this
hypothesis statistically.

Alternatively, the patterns of red-backed vole and deer mouse
response to forest harvest could be caused by changes in predatory
pressure. Little is known about the effects of forest disturbances on
the numbers and activity of predators (Fisher and Wilkinson,
2005), but if predation was driving disturbance-related changes in
rodent abundance, it would almost certainly do it through changes
in survival. However, most studies conclude that the survival of
red-backed voles (Von Trebra et al., 1998; Sullivan and Sullivan,
2001; Hadley and Wilson, 2004) and deer mice (Von Trebra et al.,
1998; Zwolak, 2008; Zwolak and Foresman, 2008; but see Tallmon
et al., 2003) does not differ between disturbed and undisturbed
stands. Moreover, even though these two species share their most
important predators (such as weasels and owls: Merritt, 1981;
Kaufman and Kaufman, 1989), their responses to disturbances in
coniferous forest are very different. Thus, predation is unlikely to
explain the impact of harvest and other forest disturbances on red-
backed voles and deer mice.
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For other investigated species forest type did not influence the
effects of forest harvest in any perceptible way. This is in
agreement with the statement that when assessing the effects
of forest harvest, for many species of small mammals “it is
apparently not necessary to make a major distinction between
coniferous and deciduous forests” (Kirkland, 1990), at least until
more studies are conducted and higher resolution can be achieved.
Not surprisingly, Microtus species, associated with grassy habitats
and rarely caught in closed forest, increased after forest harvest.
The increase also occurred in yellow-pine chipmunk, a generalist
species found mostly in open, dry areas and brushy habitats
(Foresman, 2001). In the long-term, woodland jumping mice also
appeared to be positively affected by clearcutting, perhaps because
of their association with abundant herbaceous cover that develops
after canopy is removed (Miller and Getz, 1977; Kaminski et al.,
2007). Masked and short-tailed shrews did not respond to forest
harvest, possibly because these generalist insectivores, as second-
ary consumers, are not directly affected by changes in plant
communities and vegetation structure (Kirkland, 1977). Still, our
understanding of ecological mechanisms that determine shrew
and other small mammal responses to forest harvest is rudimen-
tary (Ford et al., 2000).

4.3. Limits of the study

I analyzed the effects of forest harvest on common species with
high reproductive rates and “fast” life histories. As a caveat, rare,
less resilient forest species that are of primary management
concern may respond differently to forest harvest. On the other
hand, it is common species that determine ecosystem functions
(Gaston and Fuller, 2007), thus even relatively small changes in
small mammal abundance and species composition might
influence important ecological processes in forest ecosystems.
For example, small mammals influence the abundance of trees and
other forest plants through consumption of seeds and seedlings
(Ostfeld et al., 1997; Tallmon et al., 2003; Zwolak, 2008), contribute
to the regulation of insect populations (Andersen and Folk, 1993;
Jones et al., 1998), and serve as prey for endangered species of
forest vertebrates (Forsman et al., 2004).

Because of the relatively small number of analyzed studies, |
treated uniform partial harvest as a single management approach
and evaluated the overall strategy of retaining green trees. Still, it
could be revealing to compare the effects of different types of
partial harvest on small mammals. Such an analysis will certainly
be possible in the future, when more field studies are conducted on
this subject.

Finally, the majority of studies retrieved in my search were
conducted in western and northern montane and boreal commu-
nities, and in eastern temperate/Apppalachian systems
(Appendix 1). Therefore, my results are more representative for
these regions, and less for e.g. pine-dominated forests in the South.

5. Conclusions

The results of this study demonstrate that the qualitative
responses of small mammals to disturbance are species-specific,
but relatively consistent across fires and different cutting regimes.
However, the type of disturbance strongly influences the
magnitude of that response. According to their effects on small
mammals, disturbances can be ranked from mild (partial harvest),
through moderate (clearcutting) to severe (stand-replacement
wildfire). As found with other taxa, the effects of forest harvest on
small mammals are not equivalent to those of wildfire, thus,
mimicking natural disturbances with anthropogenic ones (the
premise of emulation forestry) appears problematic. On the other
hand, green tree retention seems to provide an efficient method of

minimizing post-logging changes in small mammal communities.
Given that we do not know which aspects of natural disturbance
regimes are important for maintaining biodiversity (Simberloff,
2001), mitigating the impacts of forest harvest through legacy
retention (Franklin et al., 1997) and allowing the occurrence of
natural disturbances (Hutto, 2009) may represent a better strategy
of biodiversity protection than trying to mimic the extent and
severity of wildfires.

Acknowledgements

I would like to thank K.L. Cockle, E.C. Cole, M. C6té, ]. Pearce, and
T.P. Sullivan, who provided me with additional data for their
published studies. E.E. Crone, R.L. Hutto, K.S. McKelvey, L.S. Mills,
and three anonymous reviewers read the first version of the
manuscript, considerably improving its quality, and D. Patterson
provided statistical advice.

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in
the online version, at doi:10.1016/j.foreco.2009.05.033.

References

Agee, ].K,, 1997. Fire management for the 21st century. In: Kohm, K.A., Franklin, J.F.
(Eds.), Creating a Forestry for the 21st Century: The Science of Ecosystem
Management. Island Press, Washington, DC, pp. 191-201.

Andersen, D.C., Folk, M.L., 1993. Blarina brevicauda and Peromyscus leucopus reduce
overwinter survivorship of acorn weevils in an Indiana hardwood forest. Journal
of Mammalogy 74, 656-664.

Arnqvist, G., Wooster, D., 1995. Meta-analysis: synthesizing research findings in
ecology and evolution. Trends in Ecology and Evolution 10, 236-240.

Attiwill, P.M., 1994. The disturbance of forest ecosystems: the ecological basis for
conservative management. Forest Ecology and Management 63, 247-300.

Beese, W.J., Dunsworth, B.G., Zielke, K., Bancroft, B., 2003. Maintaining attributes of
old-growth forest in coastal B.C. through variable retention. Forestry Chronicle
79, 570-578.

Bergeron, Y., Drapeau, P., Gauthier, S., Lecomte, N., 2007. Using knowledge of natural
disturbances to support sustainable forest management in the northern Clay
Belt. Forestry Chronicle 83, 326-337.

Buddle, C.M., Langor, D.W., Pohl, G.R., Spence, J.R., 2005. Arthropod responses to
harvesting and wildfire: implications for emulation of natural disturbance in
forest management. Biological Conservation 128, 346-357.

Bunnell, F.L., 1995. Forest-dwelling vertebrate faunas and natural fire regimes in
British Columbia: patterns and implications for conservation. Conservation
Biology 9, 636-644.

Carey, A.B., Harrington, C.A., 2001. Small mammals in young forests: implications
for management for sustainability. Forest Ecology and Management 154, 289-
309.

Crowell, K.L., Pimm, S.L., 1976. Competition and niche shifts of mice introduced onto
small islands. Oikos 35, 131-138.

Drever, C.R., Peterson, G., Messier, C., Bergeron, Y., Flannigan, M., 2006. Can forest
management based on natural disturbances maintain ecological resilience?
Canadian Journal of Forest Research 36, 2285-2299.

Ehnes, J., Keenan, V., 2002. Implementing wildfire-based timber harvest guidelines
in southeastern Manitoba. Forestry Chronicle 78, 680-685.

Elliot, A.G., Root, B.G., 2006. Small mammal responses to silvicultural and pre-
cipitation-related disturbances in northeastern Missouri riparian forests. Wild-
life Society Bulletin 34, 485-499.

Englund, G., Sarnelle, O., Cooper, S.D., 1999. The importance of data-selection
criteria: meta-analyses of stream predation experiments. Ecology 80, 1132-
1141.

Fisher, ].T., Wilkinson, L., 2005. The response of mammals to forest fire and timber
harvest in the North American boreal forest. Mammal Review 35, 51-81.
Ford, W.M., Menzel, M.A., McCay, T.S., Gassett, ].W., Laerm, J., 2000. Woodland
salamander and small mammal responses to alternative silvicultural practices
in the southern Appalachians of North Carolina. In: Proc. Annu. Conf. Southeast.

Assoc. Fish and Wildl. Agencies, vol.54. pp. 241-250.

Ford, W.M., Rodrigue, J.L., 2001. Soricid abundance in partial overstory removal
harvests and riparian areas in an industrial forest landscape of the central
Appalachians. Forest Ecology and Management 152, 159-168.

Foresman, K.R., 2001. The wild mammals of Montana. Spec. Publ. #12. The American
Society of Mammalogists.

Forsman, E.D., Anthony, R.G., Meslow, E.C., Zabel, CJ., 2004. Diet and foraging
behavior of northern spotted owl in Oregon. Journal of Raptor Research 38,
214-230.



R. Zwolak / Forest Ecology and Management 258 (2009) 539-545 545

Franklin, J.F., Berg, D.R., Thornburgh, D.A., Tappeiner, J.C., 1997. Alternative
silvicultural approaches to timber harvesting: variable retention harvest
systems. In: Kohm, K.A., Franklin, J.F. (Eds.), Creating a Forestry for the
21st Century: The Science of Ecosystem Management. Island Press, Washing-
ton, DC, pp. 111-139.

Fuller, AK. Harrison, D.J., Lachowski, H.J., 2004. Stand scale effects of partial
harvesting and clearcutting on small mammals and forest structure. Forest
Ecology and Management 191, 373-386.

Gashwiler, J.S., 1967. Conifer seed survival in a western Oregon clearcut. Ecology 48,
431-438.

Gaston, KJ., Fuller, R.A., 2007. Commonness, population depletion and conservation
biology. Trends in Ecology and Evolution 23, 14-19.

Getz, L.L., 1962. Notes on the water balance of the red-backed vole. Ecology 43, 565-
566.

Goodwin Jr., J.G., Hungerford, C.R,, 1979. Rodent population densities and food
habits in Arizona ponderosa pine forest. USDA Forest Service and Research
Paper RM-214.

Hadley, G.L., Wilson, K.R., 2004. Patterns of small mammal density and survival
following ski-run development. Journal of Mammalogy 85, 97-104.

Hansson, L., 1992. Landscape ecology of boreal forest. Trends in Ecology and
Evolution 7, 299-302.

Hébert, R., 2003. Are clearcuts appropriate for the mixed forest of Quebec? Forestry
Chronicle 79, 664-671.

Holdridge, L.R., 1967. Life Zone Ecology. Tropical Science Center, San Jose, Costa
Rica.

Hunter, J.F., Schmidt, F.L., 1990. Methods of Meta-analysis: Correcting Error and Bias
in Research Findings. Sage Publications, Inc., Newbury Park, CA.

Hunter Jr., M.L,, 1993. Natural fire regimes as spatial models for managing boreal
forests. Biological Conservation 65, 115-120.

Hutto, R.L., 2009. The ecological importance of severe wildfires: some like it hot.
Ecological Applications 18, 1827-1834.

Thaka, R., Gentleman, R., 1996. R: a language for data analysis and graphics. Journal
of Computational and Graphical Statistics 5, 299-314.

Jones, C.G., Ostfeld, R.S., Richard, M.P., Schauber, E.M., Wolff, J.0., 1998. Chain
reactions linking acorns to gypsy moth outbreaks and Lyme disease risk.
Science 279, 1023-1026.

Kaminski, ].A., Davis, M.L., Kelly, M., Keyser, P.D., 2007. Disturbance effects on small
mammal species in a managed Appalachian Forest. American Midland Natur-
alist 157, 385-397.

Kaufman, D.W., Kaufman, G.A., 1989. Population biology. In: Kirkland, Jr., G.L.,Layne,
J.N. (Eds.), Advances in the Study of Peromyscus (Rodentia). Texas Tech Uni-
versity Press, Lubbock, pp.233-270.

Kimmins, J.P., 2004. Emulating natural forest disturbance: what does this mean? In:
Perera, A.H., Buse, L., Weber, M.G. (Eds.), Emulating Natural Forest Landscape
Disturbances: Concepts and Applications. Columbia University Press, New York,
pp. 8-28.

Kirkland Jr., G.L., 1977. Responses of small mammals to the clearcutting of northern
Appalachian forests. Journal of Mammalogy 58, 600-6009.

Kirkland Jr., G.L., 1990. Patterns of initial small mammal community change after
clearcutting of temperate North American forests. Oikos 59, 313-320.

Klenner, W., Sullivan, T.P., 2003. Partial and clear-cut harvesting of high-elevation
spruce-fir forests: implications for small mammal communities. Canadian
Journal of Forest Research 33, 2283-2296.

Kohm, K.A., Franklin, ].F., 1997. Creating a Forestry for the 21st Century: The Science
of Ecosystem Management. Island Press, Washington, DC.

Maser, C., Trappe, .M., Nussbaum, R.A., 1978. Fungal-small mammal interrelation-
ships with emphasis on Oregon coniferous forests. Ecology 59, 799-809.
McLaren, M.A., Thompson, L.D., Barker, J.A., 1998. Selection of vertebrate wildlife
indicators for monitoring sustainable forest management in Ontario. Forestry

Chronicle 74, 241-248.

McRae, DJ., Duchesne, L.C., Freedman, B., Lynham, T.J., Woodley, S., 2001. Compar-
isons between wildfire and forest harvesting and their implications in forest
management. Environmental Review 9, 223-260.

Merritt, J.F., 1981. Clethrionomys gapperi. Mammalian Species 146, 1-9.

Miller, D.H., Getz, L.L., 1977. Factors influencing local distribution and species
diversity of forest small mammals in New England. Canadian Journal of Zoology
55, 806-814.

Monamy, V., Fox, B.J., 2000. Small mammal succession is determined by vegetation
density rather than time elapsed since disturbance. Austral Ecology 25, 580-
587.

Morris, D.W., 1983. Field tests of competitive interference for space among tem-
perate zone rodents. Canadian Journal of Zoology 61, 1517-1523.

Morris, D.W., 1996. Coexistence of specialist and generalist rodents via habitat
selection. Ecology 77, 2352-2364.

Morris, D.W., 2005. Paradoxical avoidance of enriched habitats: have we failed to
appreciate omnivores? Ecology 86, 2568-2577.

Nordyke, KA., Burskirk, S.W., 1988. Evaluation of small mammals as ecological
indicators of old-growth conditions. In: Szaro, R.C., Severson, K.E., Patton, D.R.
(Eds.), Management of Amphibians, Reptiles, and Small Mammals in North
America. U.S. For. Serv. Gen. Tech. Rep. RM-166, pp. 353-358.

Nyland, R.D., 2002. Silviculture: Concepts and Applications, 2nd edn. McGraw-Hill,
New York.

Osenberg, C.W., Orlando, S., Cooper, S.D., Holt, RD., 1999. Resolving ecological
questions through meta-analysis: goals, metrics, and models. Ecology 80, 1105-
1117.

Ostfeld, R.S., Jones, C.G., Wolff, ].0., 1996. Of mice and mast: ecological connections
in eastern deciduous forest. Bioscience 46, 323-330.

Ostfeld, R.S., Manson, R.H., Canham, C.D., 1997. Effects of rodents on survival of tree
seeds and seedlings invading old fields. Ecology 78, 1531-1542.

Pearce, J., Venier, L., 2005. Small mammals as bioindicators of sustainable boreal
forest management. Forest Ecology and Management 208, 153-175.

Pearson, D.E., 1994. Habitat use by the southern red-backed vole (Clethrionomys
gapperi): response of an old-growth associated species to succession. Master’s
Thesis, University of Montana, Missoula, Montana.

Pearson, D.E., Ortega, Y.K.,, McKelvey, K.S., Ruggiero, L.F., 2001. Small mammal
communities and habitat selection in Northern Rocky Mountain bunchgrass:
implications for exotic plant invasions. Northwest Science 75, 107-117.

Perera, A.H., Buse, L], Weber, M.G., Crow, T.R., 2004. Emulating natural forest
landscape disturbances: a synthesis. In: Perera, A.H., Buse, L.J., Weber, M.G.
(Eds.), Emulating Natural Forest Landscape Disturbances: Concepts and Appli-
cations. Columbia University Press, New York, pp. 265-274.

Rosenberg, M.S., Adams, D.C., Gurevitch, ]., 2000. MetaWin: Statistical Software for
Meta-analysis. Version 2. Sinauer Associates, Sunderland, MA.

Schieck, J., Song, S.J., 2006. Changes in bird communities throughout succession
following fire and harvest in boreal forests of western North America: literature
review and meta-analyses. Canadian Journal of Forest Research 36, 1299-1318.

Schulte, LA., Mitchell, RJ., Hunter Jr., M.L,, Franklin, J.F., McIntyre, RK., Palik, BJ.,
2006. Evaluating the conceptual tools for forest biodiversity conservation and
their implementation in the U.S. Forest Ecology and Management 232, 1-11.

Schulte-Hostedde, A.L, Brooks, R.J., 1997. An experimental test of habitat selection
by rodents of Algonquin Park. Canadian Journal of Zoology 75, 1989-1993.

Simberloff, D., 1999. The role of science in the preservation of forest biodiversity.
Forest Ecology and Management 115, 101-111.

Simberloff, D., 2001. Management of boreal forest biodiversity—a view from the
outside. Scandinavian Journal of Forest Research 16, 105-118.

Songer, M.A., Lomolino, M.V., Perault, D.R., 1997. Niche dynamics of deer mice in a
fragmented, old-growth-forest landscape. Journal of Mammalogy 78, 1027-
1039.

Sullivan, T.P., 1979. Repopulation of clear-cut habitat and conifer seed predation by
deer mice. Journal of Wildlife Management 43, 861-871.

Sullivan, T.P., Sullivan, D.S., 1982. The use of alternative foods to reduce lodgepole
pine seed predation by small mammals. Journal of Applied Ecology 19, 33-45.

Sullivan, T.P., Sullivan, D.S., 2001. Influence of variable retention harvest on forest
ecosystems. II. Diversity and population dynamics of small mammals. Journal of
Applied Ecology 38, 1234-1252.

St-Laurent, M.-H., Ferron, J., Haché, S., Gagnon, R., 2008. Planning timber harvest of
residual forest stands without compromising bird and small mammal com-
munities in boreal landscapes. Forest Ecology and Management 254, 261-275.

Tallmon, D., Jules, E.S., Radke, N.J., Mills, L.S., 2003. Of mice and men and trillium:
cascading effects of forest fragmentation. Ecological Applications 13, 1193-
1203.

Tappeiner, ].C., Maguire, D.A., Harrington, T.B., 2007. Silviculture and Ecology of
Western U.S. Forests. Oregon State University Press, Corvallis, OR.

Thiffault, E., Bélanger, N., Paré, D., Munson, A.D., 2007. How do forest harvesting
methods compare with wildfire? A case study of soil chemistry and tree
nutrition in the boreal forest. Canadian Journal of Forest Research 37, 1658-
1668.

Toman, M.A., Ashton, P.M.S., 1996. Sustainable forest ecosystems and management:
a review article. Forest Science 42, 366-377.

Vanderwel, M.C., Malcolm, J.R., Mills, S.C., 2007. A meta-analysis of bird responses to
uniform partial harvesting across North America. Conservation Biology 21,
1230-1240.

Von Trebra, C., Lavender, D.P., Sullivan, T.P., 1998. Relations of small mammal
populations to even-aged shelterwood systems in sub-boreal spruce forest.
Journal of Wildlife Management 62, 630-642.

Waters, J.R., Zabel, CJ., 1998. Abundances of small mammals in fir forests in
northeastern California. Journal of Mammalogy 79, 1244-1253.

Wolff, ].0., Dueser, R.D., 1986. Noncompetitive coexistence between Peromyscus sp.
and Clethrionomys gapperi. Canadian Field-Naturalist 100, 186-191.

Work, T.T., Spence, J.R., Volney, W.J.A., Morgantini, L.E., Innes, J.L., 2003. Integrating
biodiversity and forestry practices in western Canada. Forestry Chronicle 79,
906-915.

Yahner, R.H., 1986. Microhabitat use by small mammals in even-aged forest stands.
American Midland Naturalist 115, 174-180.

Zwolak, R., 2008. Causes and consequences of the postfire increase in deer mouse
(Peromyscus maniculatus) abundance. Ph.D. Dissertation. University of Montana,
Missoula, MT, p. 116.

Zwolak, R., Foresman, K.R., 2008. Deer mouse demography in burned and unburned
forest: no evidence for source-sink dynamics. Canadian Journal of Zoology 86,
83-91.



