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Abstract

Retention forestry is a common practice for biodiversity conservation in forests managed for
wood production. Retention forestry often leaves unharvested patches of trees that vary in
size and spatial pattern but experiments evaluating the effects of different retention patch
configurations at a constant level of retention are lacking for many regions and taxonomic
groups. We implemented an experimental study in clearcut conifer stands with retention
across the U.S. Pacific Northwest region. The study consisted of five stand-level (11-55 ha)
experimental treatments each replicated 10 times within a randomized complete block
design, resulting in 50 treated stands. Retained tree density was comparable across treat-
ments but size, number, and location (upland or riparian) of patches within stands varied
among the five treatments. Within experimental treatments, we measured small mammal
(<1kg) species and functional trait (i.e., body size, diet, activity stratum) richness in retention
patches, surrounding harvested portions of stands, and nearby unharvested stands. We
evaluated species and functional trait richness by treatment using generalized linear mixed-
effects models and species-specific responses to retention placement using a community
occupancy model. We obtained repeat captures of 21 species of small mammals but found
limited evidence of a treatment effect on species richness, and no differences in functional
trait richness. Species richness was highest where all retained trees were aggregated into
one patch placed adjacent to a forested riparian buffer (mean = 6.6 species, 95% Cl =5.7—
7.5), and lowest in the treatment containing one retention patch in the upland portion of a
harvested stand (mean = 4.7 species, 95% Cl = 3.8-5.6). Furthermore, estimates of species
richness within retention patches of harvested stands (i.e., not considering species in har-
vested areas) did not differ among treatments, indicating that the slightly elevated species
richness in riparian-associated retention results from 1-2 species in these patches that do
not occur in adjacent harvested portions of each treated stand. Patch occupancy of several
species was higher in riparian patches than harvested portions of the treated stands, and
fewer species had higher occupancy in upland patches compared to harvested portions of
treated stands. Our results indicated that at retention densities currently required in Oregon
and Washington, the location of retention patches had a small influence on stand-scale
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measures of small mammal diversity, but local increases in species richness may be
obtained by retaining trees adjacent to riparian buffers.

Introduction

Society is increasingly reliant on intensively managed, even-aged rotations of forest plantations
to meet demand for wood and other forest products [1, 2]. Consequently, the area of these
plantation forests is increasing despite decreases in global forest cover [1], creating opportuni-
ties for forest species conservation. However, wildlife habitat structure in tree plantations is
simplified compared to less intensively managed forests [3], and early seral conditions follow-
ing forest harvest are less diverse compared to forests resulting from natural, stand-replacing
disturbances [4]. Retention forestry aims to increase biodiversity value of plantation forests by
leaving behind a proportion of trees and downed and standing dead wood (i.e., snags) during
forest harvesting [5], as dead wood is a critical resource for many forests species that is lacking
in managed forests. Retention forestry typically increases species richness of wildlife commu-
nities within harvested forests compared to older forest interiors and harvested forests without
retention [6-9]. However, in the context of harvested stands containing aggregated retention,
where retained trees and snags are grouped in distinct patches, effects of retention patch size
and location on wildlife communities are less clear [8].

Whether conserving a single-large or several-small (SLOSS) patches of habitat conserves
more species at similar amounts of habitat has been debated for decades [10-12]. However,
effects of patch size and number at a constant level of retention have received little attention in
experimental retention forestry studies. Species richness patterns are often driven by environ-
mental heterogeneity [13] and grouping trees in several small patches may increase environ-
mental heterogeneity by encompassing different microhabitats across the harvested stand.
Alternatively, aggregating retention trees into a single large patch may maintain conditions
necessary for forest interior species, whose persistence following forest harvest would influence
species richness at the scale of the entire harvested area [14, 15]. Available evidence suggests
that retention patch size and number do not influence species richness and abundance within
harvested forests [16, 17]. However, these studies were limited in geographic scope and poten-
tial effects of retention patch size and number on biodiversity have not been evaluated in
many important timber producing regions (e.g., North American conifer forests). Thus, fur-
thering the taxonomic and geographic breadth for effects of different aggregated retention
strategies can support informed decisions regarding retention placement to meet biodiversity
conservation objectives in managed forests.

Measuring species-specific responses to retention practices provides inference regarding
the contribution of species-level responses to community level patterns and which species gain
or lose from a given retention strategy. Furthermore, species traits can influence their response
to forest patch size [18]. Hence, functional richness, or the diversity of traits species in a com-
munity possess, can complement species richness when quantifying the effect of patch size and
fragmentation on a community [19, 20]. Stronger or consistent responses of functional rich-
ness when compared with species richness to variation in patch size suggests that changes in
patch size disproportionately affects certain functional groups [21]. This pattern is important
because traits that species possess within a community are more strongly related to a commu-
nity’s contribution to ecosystem function than species richness [22, 23]. In contrast, greater
changes in species richness compared to functional richness suggest that variation in patch
size only reduces levels of functional redundancy within a community [24].
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Fig 1. Location of ten experimental blocks with five structural retention treatments in each block (left panel) and
aerial view of one experimental block showing each of the five experimental retention stands with the location of
retained structures in each stand depicted by blue triangles (right panel), Oregon and Washington, U.S.A. Half of the
retained structures in the SS and DS treatments consisted of created snags, shown in Fig 2. RA = Riparian Aggregated,
UA = Upland Aggregated. S = Split; SS = Split with Snags; and DS = Dispersed with Snags.

https://doi.org/10.1371/journal.pone.0273630.g001

We implemented an experimental study to test how the size, number, and location of reten-
tion patches influences species and functional richness of non-volant small mammals (<1 kg)
within clearcut conifer forests with retention in the Pacific Northwest, U.S.A. The study
included five retention treatments, each containing different patch sizes and combinations of
upland retention and/or retention connected to forested riparian buffers (Fig 1). Treated
stands contained a comparable density of tree retention relative to total harvested area, but the
size, number, and location of retention patches differed, creating an opportunity for inference
on small mammal community responses to patch fragmentation (i.e., SLOSS) in addition to
stand scale retention forestry effects. Two of the five treatments also contained created snags,
consisting of the lower ~10m of trees with crowns harvested, within patches. We predicted
that harvested stands containing aggregated retention would provide habitat for forest interior
species, in addition to species and functional groups present in harvested portions of the
stand, thereby resulting in small mammal communities with high species and functional rich-
ness at the scale of the entire treated stand. We further predicted that the positive effect of
aggregating retention would be strongest in the treatment containing aggregated riparian-
associated retention due to connectivity with forested riparian buffers. Alternatively, small
mammal species richness in harvested stands may be higher in several small patches if multiple
patches encompass higher habitat diversity or allow competing species to coexist [25]. How-
ever, under this pattern, functional richness would be similar across treatments because com-
peting species are functionally similar [26]. In addition to providing information on effects of
forest harvesting practices on small mammal diversity in the Pacific Northwest, our results
provide inference on the effects of forest patch pattern and connectivity on forest small mam-
mal communities.
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Methods
Study design

We conducted this study in the mesic conifer forests of northwest Oregon and southwest
Washington, U.S.A., in the Coastal and Cascade Mountain Ranges (Fig 1). Forest practices
rules in both states set maximum clearcut harvest size to ~55 ha, require unharvested forested
stream buffers, and require retention of ~5 green trees or snags/ha of the harvested area [27,
28]. Oregon does not provide rules on retention tree placement [28], whereas Washington
requires that all locations within a clearcut harvest area are <244m from retention [27].
Within retention forestry systems, two distinct strategies of retention forestry are practiced,
dispersed retention where trees are retained individually throughout the clearcut area, and
aggregated retention where trees are retained grouped together in patches [8]. Our study
focused on aggregated retention and different patch configurations with this retention system.
In the context of this experiment, we refer to a stand as a continuous clearcut area (~11-55 ha)
with retention and a patch as a tree group of variable size embedded in the stand. Our experi-
mental design included 5 retention treatments that manipulated patch size and location within
stands, as well as the presence of created snags (Fig 2), with complete replication in 10 blocks
(Fig 1). The treatments included:

1. Riparian Aggregated Treatment (RA): All retention trees grouped together in one patch
connected to an unharvested riparian protection zone (Fig 2B)

2. Upland Aggregated Treatment (UA): All retention trees grouped together in an upslope
portion of the clearcut stand, sometimes on the edge adjacent to <15-year-old forest
(Fig 2C)

3. Split Treatment (S): Half of the retained trees grouped in a patch connected to an unhar-
vested riparian zone and half grouped in an upslope portion of the clearcut stand (Fig 2D)

Fig 2. Examples of retention patches within clearcuts from the five experimental treatments and an unharvested rotation-aged stand
(). (b) a riparian-aggregated patch with riparian buffer zone in lower left, (c) an upland-aggregated patch in the center of a clearcut,
(d) an upland patch from a split retention treatment adjacent to a regenerating stand, (e) a riparian patch from a split retention
treatment with created snags and riparian buffer zone in lower left, and (F) a patch from the dispersed with snags treatment with a
second patch within stand visible in background, northwest Oregon and southwest Washington, USA, 2017-2019.

https://doi.org/10.1371/journal.pone.0273630.9002
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4. Split with Snags Treatment (SS): Identical to the Split treatment but half of the retained
trees were mechanically topped and turned into snags (Fig 2E)

5. Dispersed with Snags Treatment (DS): Retention trees grouped into at least 4 small
patches (at least 15 trees) dispersed throughout the clearcut stand, with snags mechanically
created within these patches (Fig 2F)

Aside from these treatment criteria, all other operational restrictions applied, including
protection of waterbodies, threatened or endangered species locations, and special ecological
or cultural sites, avoidance of unstable slopes, and soil conservation [27, 28]. Hence, our exper-
imental design reflects typical site- and landowner-specific variability in clearcut harvesting
practices in the region and makes the results applicable to managed forests across the region.
At the commencement of sampling in 2017, time since harvest for each stand varied from 2 to
5 years. Consistent with typical forest regeneration practices in the PNW, following harvest
each treatment stand received an herbicide application to control competing vegetation fol-
lowed by planting of desirable native conifer seedlings, primarily Douglas fir (Pseudotsuga
menziesii). Western hemlock (Tsuga heterophylla) was more common in mesic stands and
occasionally planted, as was noble fir (Abies procera) in higher elevation stands (>900 m). A
minor deciduous component of bigleaf maple (Acer macrophyllum) and red alder (Alnus
rubrum) was also present in certain stands.

Mean distance between stands within an experimental block was 5.9 km compared to a
mean distance of 125 km between stands among the different blocks. The size of treated stands
varied from 11.4 to 55 ha (mean = 33.6, SD = 10.6 ha) and number of retained structures (i.e.,
green trees and created snags) per stand across all treatments ranged from 51 to 227
(mean = 82, SD = 35). Despite variation in patch size within treatments due to differences in
the size of treated stands, large differences in patch size were apparent among treatments, par-
ticularly between the two aggregated and the dispersed treatment (Fig 3). In addition to sam-
pling treatment stands, we sampled one rotation-aged forest (~50 years old) in nine of 10
blocks to compare small mammal communities occurring in managed, unharvested forests to
those found in treatment areas (Fig 2A).

Field methods

Within treatment stands, we paired live-trap grids of consistent size (48 trap sites) in retention
patches and in adjacent harvested portion of stands (hereafter called clearcut), for a total of 96
trap sites per stand with 5m spacing between traps. In RA and UA treatments, we set two grids
with 48 traps each: one within the retention and one within the clearcut. In S and SS, we set
four grids of 24 traps: one in each patch and one in the clearcut in the vicinity of each patch.
For DS, we set eight, 12-trap grids: four in retention patches and four in clearcut areas proxi-
mate to each patch (S1 Fig). Variation in retention patch sizes among the same treatment types
resulted in minor variations in grid sizes, and considerable variation in grid configuration due
to retention patch shape. We established trapping grids in clearcuts by following a random
compass bearing and distance from the center of a sampled retention patch (S1 Fig). These dis-
tances varied from 12 to 213 m (average = 49.50, SD = 27.50). We sampled rotation-aged,
unharvested stands with a 48-trap grid, consistent with effort in retention patches of experi-
mental treatment stands.

We live-trapped each treatment for three consecutive summers (2017-2019) between late
May and early September using a combination of Sherman (Model LFA, 7.6 x 8.9 x 22.9 cm;
H. B. Sherman Traps, Inc., Tallahassee, Florida) and Tomahawk (Model 202, 48.3 x 15.2 x 15.2
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Fig 3. Box and whisker plots depicting variation in patch size among the five retention treatments, northwest
Oregon and southwest Washington, USA, 2017-2019. In the box plots horizontal lines indicate the median, boxes
represent interquartile range (IQR), and vertical lines represent 1.5 * IQR of patch sizes from each treatment type.
Black points are outliers. Treatments were fully replicated in each of 10 experimental blocks (n = 50). Abbreviations are
RA, Riparian Aggregated; UA, Upland Aggregated; S, Split; SS, Split with Snags; and DS, Dispersed with Snags. Stands
with the S, SS, and the DS treatments contained multiple patches per stand; each RA and UA treatment stands only
contained a single patch.

https://doi.org/10.1371/journal.pone.0273630.9003
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cm, Tomahawk Live Trap Co., Tomahawk, Wisconsin) traps. Stands were only sampled once
each year and to account for phenological changes in small mammal communities we rotated
the date of sampling for each stand among the three years. Furthermore, we sampled stands
from the same block within two weeks of one another each year, to remove consistent bias in
the timing of sampling each treatment that could affect estimated treatment effects. Due to
logistical constraints, we were unable to trap one UA treatment in 2019, and one Split treat-
ment was sampled for only three nights in 2019. We trapped seven of nine rotation-aged
stands in 2019 because two of the areas were logged between 2018 and 2019 as part of forest
harvesting schedules. We placed Sherman traps at every trap site (5m spacing), whereas Toma-
hawk traps were placed at every-other trap site (10 m spacing), with trap locations consistent
across years. We baited Sherman traps with a combination of black oil sunflower seeds, whole
oats, and fresh apple. For Tomahawk traps, we baited with peanut butter, rolled oats, and
apple. We also placed polyester batting in each trap to help captured animals thermoregulate.
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We opened traps in the morning or afternoon and then checked the following morning or
early afternoon for four consecutive days. During each trap check we identified captured ani-
mals to species, recorded weight, and tagged each ear with unique ear tags (National Band and
Tag Company, Style 1005-1, Monel). For recaptures, we only recorded tag numbers and loca-
tion of capture. For shrews, we collected morphological measurements to aid in species identi-
fication but did not tag them; we considered all captured shrews to be new individuals. As we
did not bait traps to attract shrews, and >60% of shrews we captured died, we think this
assumption is reasonable. We collected dead shrews for identification in the lab with the
exception of the most common and easily identified species, Trowbridge’s shrew, (Sorex trow-
bridgii). Shrews with a tail length < 42 mm were classified as vagrant shrew (Sorex vagrans), a
species more characteristic of open habitats compared to the other shrew species in the region
[29]. Trowbridge’s and vagrant shrews comprised 68% of total shrew captures. We classified
all other shrews as Sorex species. These included individuals of Baird’s shrew (Sorex bairdii),
montane shrew (Sorex monticolus), Pacific shrew (Sorex pacificus), and fog shrew (Sorex sono-
mae) that cannot be differentiated in the field and have largely allopatric distributions in west-
ern Oregon [29]. We differentiated between the two species of deer mice (Peromyscus spp) in
the three Washington blocks by measuring tail length. Individuals with tail lengths >95mm
were classified as Keene’s mouse (Peromyscus keeni), and those <95mm were classified as
American deer mouse (Permomyscus maniculatus), which separates adults of each species with
94% accuracy [30]. Animal capture, handling and tagging procedures were approved by the
Institutional Animal Care and Use Committee at Michigan State University (AUF 04-16-040).
All necessary research permits were acquired from landowners, for field sampling and collec-
tion permits were obtains from Oregon Department of Fish and Wildlife and the Washington
Department of Fish and Wildlife.

To explore how habitat heterogeneity differed across retention treatments, we used data
collected on ground vegetation within treatment stands. During the summer of 2018, botany
field crews surveyed ground vegetation in each treatment between May and September, in
retention patches and adjacent clearcuts collocated with small mammal grids. Within 1m?
plots spaced every 7 m along 21-48 m long transects oriented in cardinal directions from a
center location, crews classified the area of each herbaceous species into seven cover classes
with midpoints of 0.5, 3, 15, 37.5, 62.5, 85, 97.5 percent. We grouped all fern, forb, and grass
species each into separate functional groups, for a total of three herbaceous functional groups.
Proportion of shrub cover on each transect was quantified as the proportion of transect length
that was intercepted by shrubs >1m tall.

Data analysis

We considered mammal species captured >1 time, except for non-native Virginia opossum
(Didelphis didelphis; two captures) in the richness analyses. We excluded four species captured
once because our trapping protocol did not reliably detect these widespread species (Mephitis
mephitis, Sylvalagus bachmanii, Aplodontia rufa, Microtus richardsoni). Observed species rich-
ness of a location is usually lower than true richness and to account for potential under-sam-
pling we used the Chao 1 species richness estimator [31, 32]. The Chaol estimator adjusts
observed species richness at a location upwards based on number of species represented by 1
or 2 individuals, under the assumption that rare species contain most of the information about
the number of undetected species. We estimated species richness at two scales: treatment
stand (i.e., stand-scale) and for retention patch and clearcut separately within a treatment
stand (i.e., cover type-scale). Comparing estimates at these scales evaluates if redundancy
between retention patch and clearcut communities exists and varies by treatment. For
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example, if species richness estimates for stand and cover type extents are similar, we can infer
that most species are redundant between retention patches and clearcuts. We calculated the
Chaol estimator in R package vegan [33].

We estimated functional richness using a dendrogram constructed from mean body mass
(grams), diet guild, and activity stratum (arboreal, semi arboreal, ground dwelling, or fossorial)
using Gower’s distance and the unweighted pair group method with arithmetic mean cluster-
ing algorithm (S3 Fig) [34]. We calculated mean body mass for all individuals captured of a
particular species, including juveniles. For species that we did not weigh in the field (i.e., carni-
vores), we sourced body mass from a regional mammal guide [35]. We grouped species into
diet guilds based on whether they are primarily carnivorous (3 species), insectivorous (4 spe-
cies), or granivorous/mycophagous (14 species). This functional trait was also phylogenetic at
the order level as we grouped carnivores, insectivores, and rodents. Although we do not assert
that these 3 traits entirely represent functional niches of these species in forest ecosystems,
body size determines a large part of a species ecology within guilds [36]. Using the dendrogram
constructed from these three traits, we quantified functional richness for treatment areas as
the total branch length of a tree linking all species captured in a treatment stand during a given
sampling session [37]. Although a Chaol correction is available for functional richness, we
only modeled observed functional richness because of the highly variable estimates of func-
tional richness produced by this method. We performed functional richness calculations in R
package BAT [38].

We used species and functional richness estimates for each treatment area as response vari-
ables in linear mixed effects models to quantify how retention pattern influenced mammalian
diversity in and adjacent to retention patches. We used models with a Gaussian response for
both stand-scale species and functional richness because both variables were approximately
normally distributed. Species richness estimates for cover types within stands were left-skewed
so we fit this variable as a Poisson distributed response, after rounding the Chaol estimates to
the nearest integer.

We structured our models using Helmert contrasts with the RA Treatment estimated as the
intercept, and coefficients for remaining treatments representing deviations in richness from
that treatment. We also included sampling year as a numeric covariate to account for potential
changes in small mammal richness throughout the study time period. We fit a second model
for each response variable that included an interaction between retention treatment and sam-
pling year to test whether the effect of retention treatment on species and functional richness
changed over the course of sampling. To account for seasonal changes in the small mammal
community, we included week of sampling as a numeric covariate. Our data included sam-
pling from the same sites across multiple years, so for each model we included a stand-level
random effect to account for dependency among observations from the same stand in addition
to a block level random effect. The treatment by year interaction model did not converge with
a block-level random effect so we did not include variation at this level in the model. We
related the four vegetation variables—shrub, forb, grass, and fern cover-to retention treatment
and cover type (patch or clearcut) using a Gaussian mixed-effects models with a block level
random effect. We used R package Ime4 to fit mixed effects models [38]. We assessed regres-
sion assumptions of all mixed-effects models using residual plots from the R package
DHARMa [39].

Species-specific responses

To explore how species-specific occurrence patterns contributed to stand-scale richness pat-
terns in response to retention treatment, we developed a community occupancy model [40].
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Occupancy models are hierarchical, logistic regression models that use repeat surveys of sites
to estimate species occupancy and detection probabilities, conditional on occupancy, in rela-
tion to environmental and survey-specific covariates [41]. Community occupancy models esti-
mate occurrence and detection for multiple species by assuming species-specific parameters
follow a common distribution defined by a mean and standard deviation [40]. Using this
approach, estimation of occupancy relationships even for rare species in a community with
few detections is possible. For species detected infrequently, estimated occupancy will be simi-
lar to the community mean. An important assumption of occupancy models is that unmodeled
heterogeneity in species detection probabilities does not exist and all relevant factors associated
with detection are included in the model [41]. As differences in local species abundance can
influence detection probability, we chose a model formulation that allowed for abundance-
induced heterogeneity in species detection probability [42, 43].

We fit the community occupancy model to species detection data at trapping grids within
stands, a total of 604 subplots. We included grid location as a categorical covariate on occu-
pancy, indicating whether the grid occurred in clearcut, upland retention, riparian retention,
or rotation-age forest. In addition to allowing abundance-induced detection heterogeneity, we
also fit sampling week as a numeric detection covariate. Stand was included as a random inter-
cept on occupancy to account for repeated measures across years. To assess consistency
between our models, we used posterior predictive checks and did not find any evidence for
lack of model fit (S1 Appendix). The priors we used in the analysis are included with the R
code for the model in S1 Appendix.

Results

We captured 5,150 individual mammals of 24 species and, as typical for small mammal studies,
the distribution of abundances skewed heavily towards a few common species (S2 Fig). Four
species accounted for over 85% of all captures: Peromyscus maniculatus (2,065 individuals),
Neotamias townsendii (1,434 individuals), Microtus oregoni (656 individuals), and Sorex trow-
bridgii (252 individuals). Number of individual animals captured over four-day trapping ses-
sions ranged from 3 to 123 (median = 29). Observed species richness at the stand-scale ranged
from 1 to 9 species (median = 5), Chaol estimates ranged from 1 to 14 species (median = 5)
and stand scale functional richness (dendrogram length) ranged from 0.62 to 2.09

(median = 1.25). Observed cover type-scale mammal species richness ranged from 1 to 8 spe-
cies (median = 4), and Chaol estimates for this scale ranged from 1 to 13 species (median = 4).
Estimated random effects did not indicate any strong spatial structuring of small mammal spe-
cies or functional richness at either the block or stand scale, although one block did have sig-
nificantly lower functional richness (54 Fig).

We did not find statistical support for year by treatment interactions on species or func-
tional richness (S1 Table), so we based inference on the treatment main effects model. Further-
more, we found no evidence for an effect of temporal timing of sampling on stand-scale
species richness (B = -0.01, 95% CI = -0.09-0.07) or functional richness (§ = -0.07, 95% CI =
-0.11-0.04), thus did not retain this variable in final models. Coefficient estimates for the effect
of retention treatment on species richness at the stand scale were negative relative to RA
(Table 1), but effect sizes were small. Species richness for the two treatments with only upland
retention (UA and DS) were significantly lower than RA (Table 1). On average, UA and DS
treatments had 1.8 and 1.4 fewer small mammal species, respectively, than the RA treatment
(Fig 4A). Median species richness across all sites was low (5), and loss of 1-2 species in the UA
treatment represented a ~25% reduction in species richness. Rotation-aged, unharvested forest
also had significantly lower species richness relative to RA (Table 1), but sampling effort in this
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Table 1. Coefficient estimates and 95% confidence intervals from linear mixed-effects models (Gaussian response) predicting stand-scale small mammal species
and functional richness by structural retention treatment, northwest Oregon and southwest Washington, USA, 2017-2019.

Model
Treatment Stand Species Richness Stand Functional Richness Cover type Species Richness
Upland Aggregate (UA) -1.84, -3.08 --0.59 -0.22, -0.51-0.07 -0.12, -0.38-0.14
Split (S) -0.41, -1.64-0.82 -0.13, -0.42-0.16 0.06, -0.19-0.31
Split with Snags (SS) -0.74, -1.96-0.50 -0.15,-0.44-0.14 0.01, -0.26-0.24
Dispersed with Snags (DS) -1.46, -2.66 —-0.19 -0.18, -0.48-0.11 -0.10, -0.36-0.15
Rotation-aged -3.41,-4.70 —-2.13 -0.74, -1.04 —-0.43

Also, coefficient estimates and 95% confidence intervals for a linear mixed-effects model (Poisson response) predicting small mammal species richness by cover type
(retention patch or clearcut) within structural retention treatment stands. Reference treatment for all models is Riparian Aggregate (RA). Bold values indicate significant

effects with 95% confidence intervals that do not overlap zero.

https://doi.org/10.1371/journal.pone.0273630.t001

treatment was half the effort of other treatments. Functional richness did not differ among
treatments, however functional richness was also significantly lower in rotation-aged forests
(Fig 4B). We did not find a significant difference in species richness within each cover type
(i.e., retention patch and clearcut) among treatments (Table 1), indicating the higher stand
scale species richness in the RA treatment likely resulted from less redundancy in species com-
position between patches and clearcuts, not more species in the RA patches compared to
patches in other treatments. Aside from lower ground cover of ferns in the dispersed treatment
we did not find significant differences in coarse measures of ground vegetation among treat-
ments (Table 2). Shrub cover was significantly higher in patches than clearcuts (Table 2).

Results from the community occupancy model indicated that occupancy was significantly
higher for 7 species in riparian patches and significantly lower for only one species relative to
harvested areas (Fig 5A). Species with significantly higher occupancy in riparian patches
included both arboreal species, each of which had higher occupancy than rotation-aged forests
(Fig 5C). In contrast, occupancy of only two species was significantly higher in upland reten-
tion compared to clearcuts (Fig 5B), including an uncommon species the bushy-tailed woodrat
(Neotoma cinerea). The occupancy of two common species was significantly lower in upland
patches compared to harvested areas (Fig 5B).

Discussion

Using a manipulative experiment, we investigated how the pattern and location of unharvested
forest patches influenced small mammal community diversity. Species richness typically
increases with environmental heterogeneity [13] and at a constant amount of habitat, more
small patches often support higher species richness than fewer large patches [12, 44, 45]. In
contrast, we found that both the dispersed treatment with multiple patches and aggregated
upland treatment with one patch had low species richness compared to riparian aggregated
patches. This finding indicates that rather than patch size and number, the location of patches,
in this case whether upland or riparian, may be more consequential for community species
richness. Our findings may contrast with results from other studies because the small (~15
tree) dispersed patches we studied were below a potential threshold size required to provide
sufficient habitat for additional species not present in clearcut forests. Furthermore, additional
forest habitat provided by riparian buffers likely contributed to the higher species richness
observed in riparian patches compared to upland patches, consistent with connectivity to adja-
cent forest having a strong effect on community composition within retention areas [17].
Because aggregated patches not connected to riparian corridors had the lowest species

PLOS ONE | https://doi.org/10.1371/journal.pone.0273630 August 31, 2022 10/18


https://doi.org/10.1371/journal.pone.0273630.t001
https://doi.org/10.1371/journal.pone.0273630

PLOS ONE

Small mammal diversity and retention forestry

Estimated species richness
>

6.6

47 ﬁ > ﬁ 5.1

® Stand
A Retention
6.1 X Clearcut

RA

UA S SS DS RotAge
Retention treatment

—
(o)}

—
~

Estimated functional richness
(dendrogram length)
5 &

o
e

1.4@

140 1 136

RA

UA S SS DS RotAge
Retention treatment

Fig 4. (a) Species richness estimates at the stand-scale (black circles), within retention (white triangles) and within clearcuts (Xs), and (b) stand-scale
functional richness estimates, for each structural retention treatment, northwest Oregon and southwest Washington, USA, 2017-2019. Estimates represent
unconditional predictions from mixed-effects models for 2018. RA = Riparian Aggregated, UA = Upland Aggregated, S = Split, SS, Split with Snags, and
DS = Dispersed with Snags.

https://doi.org/10.1371/journal.pone.0273630.9004
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Table 2. Coefficient estimates and 95% confidence intervals from linear mixed-effects models (Gaussian response) relating percent cover of four vegetation groups
to retention treatment and cover type (patch or clearcut), northwest Oregon and southwest Washington, USA, 2017-2019.

Treatment
Upland Aggregate (UA)
Split (S)
Split, Created Snags
Dispersed (DS)
Cover Type

Percent Fern Percent Forb Percent Grass Percent Shrub
-5.8,-10.9 --0.6 -3.3,-9.8-3.2 3.3,-0.5-7.1 -0.4,-1.2-4.5
-3.5,-8.72-1.7 -3.2,-9.7-3.3 0.8, -3.0-4.5 0.3,-0.5-1.1
-6.6, -2.1-5.5 3.7,-2.8-10.3 1.7,-2.1-5.5 -0.50, -1.3-0.3
-11.0,-16.3 --5.8 -5.1,-11.0-1.4 3.0,-0.7-6.8 0.5,-0.3-1.3
0.18,-3.1-3.5 -6.8,-11.0 --2.7 -1.9, -4.3-0.5 3.8,3.3-4.3

Shrub cover was square root transformed. Reference treatment for all models is Riparian Aggregate (RA). Bold values indicate significant effects with 95% confidence

intervals that do not overlap zero.

https://doi.org/10.1371/journal.pone.0273630.t002

richness, our primary prediction that aggregated retention would increase small mammal
diversity compared to more dispersed retention patterns was not supported. However, our sec-
ondary prediction that connectivity to riparian zones will increase species richness was
supported.

Environmental heterogeneity is an important factor [13] driving species richness patterns,
with increased heterogeneity providing more resources [46] or stabilizing predator-prey and
competitive interactions between species [47]. The species-area relationship predicts that sam-
pling a larger area increases the likelihood of encountering more species [48], likely because
more heterogeneity in habitat is intersected as sampling area increases [49]. Despite likely sam-
pling a larger area in the dispersed treatment, multiple patches across this treatment had lower
total species richness than the riparian-aggregated treatment. This pattern suggests that the
environment across upland portions of clearcuts is relatively homogenous and only riparian
zones create sufficient levels of habitat heterogeneity to increase small mammal species
richness.

Data collected on vegetation in treatment stands provides some support for this conclusion.
We did not observe many consistent changes in coarse measures of vegetation composition

Neurotrichus gibbsii B
Mustela frenata

Microtus townsendii
Myodes californicus
Microtus longicaudus
Lepus americanus
Spilogale gracilis
Glaucomys oregonensis
Tamiasciurus douglasii
Sorex vagrans

Neotoma cinerea

Mustela erminea

Zapus trinotatus

Sorex species
Otospermophilus beecheyi
Callospermophilus lateralis
Peromyscus keeni

Sorex trowbridgii

Microtus oregoni
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Peromyscus maniculatus 3 L 2
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Fig 5. Coefficient estimates (points) and 95% Bayesian credible intervals (horizontal lines) for effects of three subplot types, (a)
riparian patches, (b) upland patches, and (c) rotation-aged forests, on occupancy of 21 small mammal species compared to
clearcut subplots. 95% credible intervals that do not include zero (black line) are indicated in blue. Estimates are from a
community occupancy model with a sample size of 59 stands and 209 subplots within stands, sampled over three years, 2017-
2019, northwest Oregon and southwest Washington, USA.

https://doi.org/10.1371/journal.pone.0273630.9g005

T
R

PLOS ONE | https://doi.org/10.1371/journal.pone.0273630 August 31, 2022 12/18


https://doi.org/10.1371/journal.pone.0273630.t002
https://doi.org/10.1371/journal.pone.0273630.g005
https://doi.org/10.1371/journal.pone.0273630

PLOS ONE

Small mammal diversity and retention forestry

among treatments, with the exception of lower fern cover in the dispersed treatment and to a
lesser degree in the upland aggregated treatment compared to treatments with riparian reten-
tion (Table 2). Ferns do not directly provide important resources for small mammals but this
difference in vegetation composition between riparian and upland patches suggests that ripar-
ian retention supports different environmental conditions compared to clearcut upland areas.
This heterogeneity created by riparian areas, in turn increases stand-scale small mammal spe-
cies richness. However, increased small mammal richness in riparian patches could also be
related to differences in species composition of vegetation in riparian zones, for example more
berry producing shrubs, that our coarse measures of vegetation composition did not capture.

In addition to unique characteristics of riparian zones, the connectivity of riparian patches
to additional forested habitat in riparian zones likely contributed to higher species richness
between these areas and upland patches. Forest small mammal occurrence is sensitive to the
amount of forest in the landscape surrounding sites [50, 51] and the movement of arboreal
small mammals such as flying squirrels (Glaucomys spp.) is influenced by forest connectivity in
managed forest landscapes [52]. We found higher occupancy of the arboreal species in the
community, Humboldt’s flying squirrel (Glaucomys oregonensis) and Douglas’ squirrel
(Tamiasciurus hudsonius), in riparian patches and except for rotation-aged stands, we never
encountered flying squirrels outside of riparian patches. Hence, higher species richness in the
riparian-aggregated treatment is likely related to the heterogeneity and connectivity provided
by forested riparian buffers. These findings build on previous research demonstrating the
importance of forested riparian buffers for conserving small mammal diversity in harvested
forests [53, 54]. As shown with other taxonomic groups [55], connecting retention trees with
these forested corridors may be the most effective way to implement retention to conserve
unique species not found in clearcut forests.

In contrast to species richness in our study, functional richness (quantified by body size,
broad diet guilds, and activity strata) did not vary consistently by treatment, suggesting that
lower species richness in aggregated upland patches was due to loss of functionally similar and
not unique species [24]. Hence, while green tree retention patterns do not consistently alter
the small mammal functional groups present in clearcut stands, upland aggregates likely have
less functional redundancy. This is important because communities with lower functional
redundancy may have lower stability and resiliency to future disturbance [56]. Although we
used only limited trait information to define functional identity of species, the inclusion of
more traits leads functional richness estimates to converge on species richness [57], and our
dendrogram was successful at separating broad categories of species (e.g., rodents vs insecti-
vores). Furthermore, the community occupancy model revealed that detection probabilities
for many rare species, including arboreal species, were sufficient to estimate species-specific
occupancy relationships, suggesting imperfect detection did not strongly bias functional rich-
ness estimates [58]. For example, daily baseline detection for flying squirrels was 0.35 (S1
Appendix), indicating that over a 4-day trapping session, we can be 85% confident we
observed the true occupancy state for this species (i.e., detected them if present, S1 Appendix).

Our findings are consistent with previous studies in the Pacific Northwest that targeted
smaller-bodied species, which found small mammal species richness was higher in riparian
zones with only one species occurring at higher abundances in upland forests [59, 60]. The
only species more common in upland forests, western red-backed vole (Myodes californicus),
responds negatively to forest harvesting [61] and was rare in our data (4 individuals). The scar-
city of this species on intensively managed forest landscapes may in part explain why upland
patches did not contribute to small mammal species richness. M. californicus (and M. gapperi
in WA) is a dominant component of old growth small mammal communities in the region
[62] and its absence at our sites may reflect a lack of structural complexity in intensively
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managed forests, or isolation from source populations. Whether green tree retention rules in
the Pacific Northwest can increase structural complexity in production forests to the point
where late seral species benefit [63, 64] is an important question for management and research
consideration. Similar to our findings, previous studies of small mammal abundance in other
regions found limited differences in small mammal occurrence between large and small reten-
tion patches [17]. However, studies in deciduous forests of eastern North America found
higher small mammal diversity in clearcut stands with aggregated retention than those without
retention [65]. We did not include stands lacking retention, but our results suggest the benefits
of aggregated retention may be conferred only when those patches are connected to riparian
zones under current silvicultural practices in the Pacific Northwest.

Conclusions

Across the range of clearcut sizes we evaluated, increases in small mammal richness were asso-
ciated with retaining groups of trees connected to unharvested riparian corridors. In addition,
only one species had higher occupancy in upland patches that did not also have higher occu-
pancy in riparian patches compared to clearcuts, further emphasizing the value of riparian
patches to small mammal diversity in recently harvested conifer plantations. For stands with-
out riparian zones, grouping retention trees into a single patch or several small patches will
result in similar species richness of small mammals. However, previous studies suggest that
changes in abundance of common species in response to retention pattern should also be con-
sidered when making decisions on retention placement [66]. Retention pattern had minimal
effect on functional richness of the small mammal community, but may influence levels of
functional redundancy, and hence, resiliency of the community. In the early-seral stage, reten-
tion placement decisions are more consequential for small mammal species richness than the
presence of functional groups.
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models (Gaussian response) predicting small mammal species and functional richness by
structural retention treatment with a treatment by sampling year interaction, northwest
Oregon and southwest Washington, USA, 2017-2019. Reference treatment for all models is
Riparian Aggregate (RA).

(DOCX)

S1 Fig. Aerial photos depicting the arrangements of live-trapping grids (white crosses) within
the different treatment types: (a) Upland Aggregated, (b) Riparian Aggregated, (c) Split, and
(d) Dispersed with snags, northwest Oregon and southwest Washington, USA, 2017-2019.
Sampling in the Split with Snags treatment was identical to sampling in the Split treatment.
Minor differences in the configuration of grids placed in retention patches due to patch shape
is apparent in panels (c) and (d).

(DOCX)

$2 Fig. Number of individuals captured for each of 21 small mammal species captured >1
time in 50 clearcut treatment stands with retention and nine rotation-aged forests, north-
west Oregon and southwest Washington, USA, 2017-2019.

(DOCX)

$3 Fig. Functional dendrogram for 21 small mammal species used to calculate functional
richness within 50 clearcut treatment stands and nine rotation-aged forests, northwest
Oregon and southwest Washington, USA, 2017-2019. Dendrogram was constructed using

PLOS ONE | https://doi.org/10.1371/journal.pone.0273630 August 31, 2022 14/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273630.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273630.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273630.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273630.s004
https://doi.org/10.1371/journal.pone.0273630

PLOS ONE

Small mammal diversity and retention forestry

Gower’s distance and the UPGMA clustering algorithm. The functional traits used were body
size, diet, and activity stratum.
(DOCX)

$4 Fig. Effect size (dots) and 95% confidence intervals (horizontal lines) for random intercepts
estimated for each experimental treatment stand (a and c¢) and experimental block (b and d)
for species richness (a and b) and functional richness (b and d) from the stand-scale models,
northwest Oregon and southwest Washington, USA, 2017-2019.

(DOCX)

S1 Appendix. Code used to fit community occupancy model in JAGS to small mammal
detection data and create Fig 4. Results of goodness-of-fit test and plot of percent confidence
in species detection.

(DOCX)

Acknowledgments

The hard work of field technicians J. Ellgren, E. Donoso, C. Burden, M. Holland, A. Archer, A.
Sage, D. Tange, J. Ruiz, T. Mojzuk, C. Hudak, E. Giselle, S. Courtney, D. Jacobsma, S. Griffin,
and J.P. Ortiz.made this research possible. We thank Laura Six for organizing the data collec-
tion of plant communities within treatment stands.

Author Contributions

Conceptualization: Sean M. Sultaire, Andrew J. Kroll, Jake Verschuyl, Gary J. Roloff.
Data curation: Sean M. Sultaire.

Formal analysis: Sean M. Sultaire.

Funding acquisition: Andrew ]. Kroll, Gary J. Roloff.

Investigation: Sean M. Sultaire, Andrew J. Kroll, Jake Verschuyl, Gary J. Roloff.
Methodology: Sean M. Sultaire, Andrew J. Kroll, Jake Verschuyl, Gary J. Roloft.

Project administration: Andrew J. Kroll, Jake Verschuyl, Gary J. Roloft.

Resources: Andrew J. Kroll, Jake Verschuyl, Gary J. Roloff.

Supervision: Andrew J. Kroll.

Visualization: Sean M. Sultaire.

Writing - original draft: Sean M. Sultaire, Andrew J. Kroll, Jake Verschuyl, Gary J. Roloff.
Writing - review & editing: Sean M. Sultaire, Andrew J. Kroll, Jake Verschuyl, Gary J. Roloff.

References

1. Brockerhoff EG, Jactel H, Parrotta JA, Quine CP, Sayer J. Plantation forests and biodiversity: Oxymo-
ron or opportunity? Biodiversity and Conservation. 2008; 17: 925-951. https://doi.org/10.1007/s10531-
008-9380-x

2. Demarais S, Verschuyl JP, Roloff GJ, Miller DA, Wigley TB. Forest Ecology and Management Tamm
review: Terrestrial vertebrate biodiversity and intensive forest management in the U. S. Forest Ecology
and Management. 2017; 385: 308—330. https://doi.org/10.1016/j.foreco.2016.10.006

3. Stephens SS, Wagner MR. Forest plantations and biodiversity: A fresh perspective. Journal of Forestry.
2007; 105: 307-313. https://doi.org/10.1093/jof/105.6.307

PLOS ONE | https://doi.org/10.1371/journal.pone.0273630 August 31, 2022 15/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273630.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0273630.s006
https://doi.org/10.1007/s10531-008-9380-x
https://doi.org/10.1007/s10531-008-9380-x
https://doi.org/10.1016/j.foreco.2016.10.006
https://doi.org/10.1093/jof/105.6.307
https://doi.org/10.1371/journal.pone.0273630

PLOS ONE

Small mammal diversity and retention forestry

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21,

22,

23.

Swanson ME, Franklin JF, Beschta RL, Crisafulli CM, DellaSala DA, Hutto RL, et al. The forgotten
stage of forest succession: Early-successional ecosystems on forest sites. Frontiers in Ecology and the
Environment. 2011; 9: 117-125. https://doi.org/10.1890/090157

Lindenmayer DB, Franklin JF, L6hmus A., Baker SC, Bauhus J, Beese W, et al. A major shift to the
retention approach for forestry can help resolve some global forest sustainability issues. Conservation
Letters. 2012; 5: 421—-431. https://doi.org/10.1111/j.1755-263X.2012.00257 .x

Aubry KB, Halpern CB, Peterson CE. Variable-retention harvests in the Pacific Northwest: A review of
short-term findings from the DEMO study. Forest Ecology and Management. 2009; 258: 398—408.
https://doi.org/10.1016/j.foreco.2009.03.013

Linden DW, Roloff GJ, Kroll AJ. Conserving avian richness through structure retention in managed for-
ests of the Pacific Northwest, USA. Forest Ecology and Management. 2012; 284: 174—184. https://doi.
org/10.1016/j.foreco.2012.08.002

Fedrowitz K, Koricheva J, Baker SC, Lindenmayer DB, Palik B, Rosenvald R, et al. Can retention for-
estry help conserve biodiversity? A meta-analysis. Journal of Applied Ecology. 2014; 1669-1679.
https://doi.org/10.1111/1365-2664.12289 PMID: 25552747

Mori AS, Kitagawa R. Retention forestry as a major paradigm for safeguarding forest biodiversity in pro-
ductive landscapes: A global meta-analysis. Biological Conservation. 2014; 175: 65-73. https://doi.org/
10.1016/j.biocon.2014.04.016

Diamond JM. The island dilemma: Lessons of modern biogeographic studies for the design of natural
reserves. Biological Conservation. 1975; 7: 129—-146.

Simberloff DS, Abele L.G. Island biogeography theory and conservation practice. Science. 1976; 191:
285-286.

Fahrig L. Why do several small patches hold more species than few large patches? Global Ecology and
Biogeography. 2020; 29: 615-628. https://doi.org/10.1111/geb.13059

Stein A, Gerstner K, Kreft H. Environmental heterogeneity as a universal driver of species richness
across taxa, biomes and spatial scales. Ecology Letters. 2014; 17: 866—880. https://doi.org/10.1111/
ele.12277 PMID: 24751205

Franklin CMA, Macdonald SE, Nielsen SE. Combining aggregated and dispersed tree retention har-
vesting for conservation of vascular plant communities. Ecological Applications. 2018; 28: 1830—1840.
https://doi.org/10.1002/eap.1774 PMID: 29992697

Lee S Il Spence JR, Langor DW. Combinations of aggregated and dispersed retention improve conser-
vation of saproxylic beetles in boreal white spruce stands. Forest Ecology and Management. 2017; 385:
116—-126. https://doi.org/10.1016/j.foreco.2016.11.032

Lindenmayer DB, Wood J, McBurney L, Blair D, Banks SC. Single large versus several small: The
SLOSS debate in the context of bird responses to a variable retention logging experiment. Forest Ecol-
ogy and Management. 2015; 339: 1-10. https://doi.org/10.1016/j.foreco.2014.11.027

Lindenmayer DB, Knight E, McBurney L, Michael D, Banks SC. Small mammals and retention islands:
An experimental study of animal response to alternative logging practices. Forest Ecology and Manage-
ment. 2010; 260: 2070-2078. https://doi.org/10.1016/j.foreco.2010.08.047

Valente JJ, Betts MG. Response to fragmentation by avian communities is mediated by species traits.
Diversity and Distributions. 2019; 25: 48—60. https://doi.org/10.1111/ddi.12837

McGill BJ, Enquist BJ, Weiher E, Westoby M. Rebuilding community ecology from functional traits.
Trends in Ecology and Evolution. 2006; 21: 178—185. https://doi.org/10.1016/j.tree.2006.02.002 PMID:
16701083

Ding Z, Feeley KJ, Wang Y, Pakeman RJ, Ding P. Patterns of bird functional diversity on land-bridge
island fragments. Journal of Animal Ecology. 2013; 82: 781-790. https://doi.org/10.1111/1365-2656.
12046 PMID: 23506201

Flynn DFB, Gogol-Prokurat M, Nogeire T, Molinari N, Richers BT, Lin BB, et al. Loss of functional diver-
sity under land use intensification across multiple taxa. Ecology Letters. 2009; 12: 22—-33. https://doi.
org/10.1111/j.1461-0248.2008.01255.x PMID: 19087109

Hooper DU, Chapin Il FS, Ewel JJ, Hector A, Inchausti P, Lavorel S, et al. Effects of biodiversity on eco-
system functioning: A consensus of current knowledge. Ecological Monographs. 2005; 75: 3-35.
https://doi.org/10.1890/04-0922

Gagic V, Bartomeus |, Jonsson T, Taylor A, Winqvist C, Fischer C, et al. Functional identity and diversity
of animals predict ecosystem functioning better than species-based indices. Proceedings of the Royal
Society B: Biological Sciences. 2015; 282: 20142620-20142620. https://doi.org/10.1098/rspb.2014.
2620 PMID: 25567651

PLOS ONE | https://doi.org/10.1371/journal.pone.0273630 August 31, 2022 16/18


https://doi.org/10.1890/090157
https://doi.org/10.1111/j.1755-263X.2012.00257.x
https://doi.org/10.1016/j.foreco.2009.03.013
https://doi.org/10.1016/j.foreco.2012.08.002
https://doi.org/10.1016/j.foreco.2012.08.002
https://doi.org/10.1111/1365-2664.12289
http://www.ncbi.nlm.nih.gov/pubmed/25552747
https://doi.org/10.1016/j.biocon.2014.04.016
https://doi.org/10.1016/j.biocon.2014.04.016
https://doi.org/10.1111/geb.13059
https://doi.org/10.1111/ele.12277
https://doi.org/10.1111/ele.12277
http://www.ncbi.nlm.nih.gov/pubmed/24751205
https://doi.org/10.1002/eap.1774
http://www.ncbi.nlm.nih.gov/pubmed/29992697
https://doi.org/10.1016/j.foreco.2016.11.032
https://doi.org/10.1016/j.foreco.2014.11.027
https://doi.org/10.1016/j.foreco.2010.08.047
https://doi.org/10.1111/ddi.12837
https://doi.org/10.1016/j.tree.2006.02.002
http://www.ncbi.nlm.nih.gov/pubmed/16701083
https://doi.org/10.1111/1365-2656.12046
https://doi.org/10.1111/1365-2656.12046
http://www.ncbi.nlm.nih.gov/pubmed/23506201
https://doi.org/10.1111/j.1461-0248.2008.01255.x
https://doi.org/10.1111/j.1461-0248.2008.01255.x
http://www.ncbi.nlm.nih.gov/pubmed/19087109
https://doi.org/10.1890/04-0922
https://doi.org/10.1098/rspb.2014.2620
https://doi.org/10.1098/rspb.2014.2620
http://www.ncbi.nlm.nih.gov/pubmed/25567651
https://doi.org/10.1371/journal.pone.0273630

PLOS ONE

Small mammal diversity and retention forestry

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.
36.

37.

38.

39.
40.

41.

42,

43.

44,

45.

46.

47.

48.

Farneda FZ, Grelle CEV., Rocha R, Ferreira DF, Lépez-Baucells A, Meyer CFJ. Predicting biodiversity
loss in island and countryside ecosystems through the lens of taxonomic and functional biogeography.
Ecography. 2019; 1-10. https://doi.org/10.1111/ecog.04507

Fahrig L. Ecological responses to habitat fragmentation per se. Annual Review of Ecology, Evolution,
and Systematics. 2017;48: annurev-ecolsys-110316-022612. https://doi.org/10.1146/annurev-ecolsys-
110316-022612

Smith AB, Sandel B, Kraft NJB, Susan C. Characterizing scale-dependent community assembly using
the functional-diversity—area relationship. Ecology. 2013;94. https://doi.org/10.1890/12-2109.1 PMID:
24400491

Washington Forest Practices Board. Forest Practices Rules. Title 222 WAC Washington State Depart-
ment of Natural Resources. 2002; Olympia, WA USA.

Oregon Department of Forestry. Oregon Forest Practices Act. Oregon revised statutes: ORS 527.610—
992. Oregon Department of Forestry, 2018; Salem, OR USA.

Verts BJ, Carraway LN. Land mammals of Oregon. Berkely, CA: University of California Press; 1998.

Zheng X, Arbogast BS, Kenagy GJ. Historical demography and genetic structure of sister species:
Deermice (Peromyscus) in the North American temperate rain forest. Molecular Ecology. 2003; 12:
711-724. https://doi.org/10.1046/j.1365-294x.2003.01770.x PMID: 12675826

Chao A. Estimating the population size for capture-recapture data with unequal catchability. Biometrics.
1987; 43: 783—791. https://doi.org/10.4081/cp.2017.979 PMID: 3427163

GotelliNJ, Chao A. Measuring and estimating species richness, species diversity, and biotic similarity
from sampling data. Encyclopedia of Biodiversity: Second Edition. Elsevier Ltd.; 2013. https://doi.org/
10.1016/B978-0-12-384719-5.00424-X

Oksanen J, Blanchet FG, Friendly M, Kindt R, Legendre P, McGlinn D, et al. vegan: Community ecology
package. R package version 2.5-6. 2019.

Laliberte E, Legendre P. A distance-based framework for measuring functional diversity from multiple
traits. Ecology. 2010; 91: 299-305. https://doi.org/10.1890/08-2244.1 PMID: 20380219

Peters RH. The ecological implications of body size. Cambridge University Press; 1986.

Petchey OL, Gaston KJ. Functional diversity (FD), species richness and community composition. Ecol-
ogy Letters. 2002; 5: 402—411. https://doi.org/10.1046/j.1461-0248.2002.00339.x

Cardoso P, Rigal F, Carvalho JC. BAT—Biodiversity Assessment Tools, an R package for the measure-
ment and estimation of alpha and beta taxon, phylogenetic and functional diversity. Methods in Ecology
and Evolution. 2015; 6: 232-236. https://doi.org/10.1111/2041-210X.12310

Bates D, Mé&chler M, Bolker BM, Walker SC. Fitting linear mixed-effects models using Ime4. Journal of
Statistical Software. 2015;67. https://doi.org/10.18637/jss.v067.i01

Hartig F. DHARMa: Residual diagnostics for hierarchical (multi-level /mixed) regression models. 2019.

Royle JA, Dorazio RM. Models of Community Composition and Dynamics. Hierarchical Modeling and
Inference in Ecology. 2009; 379—-400. https://doi.org/10.1016/B978-0-12-374097-7.00014—4

MacKenzie DI, Nichols JD, Royle JA, Pollock KH, Bailey L, Hines JE. Occupancy estimation and model-
ing: inferring patterns from species occurrence. Elsevier; 2017.

Royle JA, Nichols JD. Estimating abundance from repeated presence—absence data or point counts.
Ecology. 2003; 84: 777-790.

Tobler MW, Zufiga Hartley A, Carrillo-Percastegui SE, Powell GVN. Spatiotemporal hierarchical
modelling of species richness and occupancy using camera trap data. Journal of Applied Ecology.
2015; 52: 413-421. https://doi.org/10.1111/1365-2664.12399

Seibold S, Bassler C, Brandl R, Fahrig L, Forster B, Heurich M, et al. An experimental test of the habi-
tat-amount hypothesis for saproxylic beetles in a forested region. Ecology. 2017. 98: 1613-1622.
https://doi.org/10.1002/ecy.1819 PMID: 28317111

Deane DC, Nozohourmehrabad P, Boyce SSD, He F. Quantifying factors for understanding why sev-
eral small patches host more species than a single large patch. Biological Conservation. 2020; 249:
108711. https://doi.org/10.1016/j.biocon.2020.108711

Tews J, Brose U, Grimm V, Tielborger K, Wichmann MC, Schwager M, et al. Animal species diversity
driven by habitat heterogeneity/diversity: The importance of keystone structures. Journal of Biogeogra-
phy. 2004; 31: 79-92. https://doi.org/10.1046/j.0305-0270.2003.00994.x

Kotler BP, Brown JS. Environmental heterogeneity and the coexistence of desert rodents. Annual
Review of Ecology and Systematics. 2007; 19: 281-307.

Preston FW. Time and space and the variation of species. Ecology. 1960; 41: 612-627.

PLOS ONE | https://doi.org/10.1371/journal.pone.0273630 August 31, 2022 17/18


https://doi.org/10.1111/ecog.04507
https://doi.org/10.1146/annurev-ecolsys-110316-022612
https://doi.org/10.1146/annurev-ecolsys-110316-022612
https://doi.org/10.1890/12-2109.1
http://www.ncbi.nlm.nih.gov/pubmed/24400491
https://doi.org/10.1046/j.1365-294x.2003.01770.x
http://www.ncbi.nlm.nih.gov/pubmed/12675826
https://doi.org/10.4081/cp.2017.979
http://www.ncbi.nlm.nih.gov/pubmed/3427163
https://doi.org/10.1016/B978-0-12-384719-5.00424-X
https://doi.org/10.1016/B978-0-12-384719-5.00424-X
https://doi.org/10.1890/08-2244.1
http://www.ncbi.nlm.nih.gov/pubmed/20380219
https://doi.org/10.1046/j.1461-0248.2002.00339.x
https://doi.org/10.1111/2041-210X.12310
https://doi.org/10.18637/jss.v067.i01
https://doi.org/10.1016/B978-0-12-374097-7.00014%26%23x2013%3B4
https://doi.org/10.1111/1365-2664.12399
https://doi.org/10.1002/ecy.1819
http://www.ncbi.nlm.nih.gov/pubmed/28317111
https://doi.org/10.1016/j.biocon.2020.108711
https://doi.org/10.1046/j.0305-0270.2003.00994.x
https://doi.org/10.1371/journal.pone.0273630

PLOS ONE

Small mammal diversity and retention forestry

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Kallimanis AS, Mazaris AD, Tzanopoulos J, Halley JM, Pantis JD, Sgardelis SP. How does habitat
diversity affect the species-area relationship? Global Ecology and Biogeography. 2008; 17: 532-538.
https://doi.org/10.1111/j.1466-8238.2008.00393.x

Holloway GL, Smith WP, Halpern CB, Gitzen RA, Maguire CC, West SD. Influence of forest structure
and experimental green-tree retention on northern flying squirrel (Glaucomys sabrinus) abundance.
Forest Ecology and Management. 2012; 285: 187—194. https://doi.org/10.1016/j.foreco.2012.08.025

Ritchie LE, Betts MG, Forbes G, Vernes K. Effects of landscape composition and configuration on
northern flying squirrels in a forest mosaic. Forest Ecology and Management. 2009; 257: 1920-1929.
https://doi.org/10.1016/j.foreco.2009.01.028

Smith MJ, Betts MG, Forbes GJ, Kehler DG, Bourgeois MC, Flemming SP. Independent effects of con-
nectivity predict homing success by northern flying squirrel in a forest mosaic. Landscape Ecology.
2011; 26: 709-721. https://doi.org/10.1007/s10980-011-9595-1

Cockle KL, Richardson JS. Do riparian buffer strips mitigate the impacts of clearcutting on small mam-
mals? Biological Conservation. 2003; 113: 133—-140. https://doi.org/10.1016/S0006-3207(02)00357-9

Darveau M, Labbé P, Beauchesne P, Bélanger L, Huot J. The use of riparian forest strips by small mam-
mals in a boreal balsam fir forest. Forest Ecology and Management. 2001; 143: 95—-104. https://doi.org/
10.1016/S0378-1127(00)00509-0

Blanchet FG, Bergeron JAC, Spence JR, He F. Landscape effects of disturbance, habitat heterogeneity
and spatial autocorrelation for a ground beetle (Carabidae) assemblage in mature boreal forest. Ecogra-
phy. 2013; 36: 636—647. https://doi.org/10.1111/j.1600-0587.2012.07762.x

Biggs CR, Yeager LA, Bolser DG, Bonsell C, Dichiera AM, Hou Z, et al. Does functional redundancy
affect ecological stability and resilience? A review and meta-analysis. Ecosphere. 2020; 11: p.e03184.
https://doi.org/10.1002/ecs2.3184

Nock CA, Vogt RJ, Beisner BE. Functional Traits. eLS. 2016;1-8. https://doi.org/10.1002/
9780470015902.a0026282

Roth T, Allan E, Pearman PB, Amrhein V. Functional ecology and imperfect detection of species. Meth-
ods in Ecology and Evolution. 2018; 9: 917-928. https://doi.org/10.1111/2041-210X.12950

Lehmkuhl JF, Peffer RD, O’Connell MA. Riparian and upland small mammals on the east slope of the
Cascade Range, Washington. Northwest Science. 2008; 82: 94—107. https://doi.org/10.3955/0029-
344X-82.2.94

Gomez DM, Anthony RG. Small mammal abundance in riparian and upland areas of five seral stages in
western Oregon. Northwest Science. 1998; 72: 293-302.

Gitzen RA, West SD, Maguire CC, Manning T, Halpern CB. Response of terrestrial small mammals to
varying amounts and patterns of green-tree retention in Pacific Northwest forests. Forest Ecology and
Management. 2007; 251: 142—155. https://doi.org/10.1016/j.foreco.2007.05.028

Carey AB, Johnson ML. Small mammals in managed, naturally young, and old-growth forests. Ecologi-
cal Applications. 1995; 5: 336—352.

Tallmon D, Mills LS. Use of logs within home ranges of California red-backed voles on a remnant of for-
est. Journal of Mammalogy. 1994; 75: 97-101.

Sullivan TP, Sullivan DS. Green-tree retention and recovery of an old-forest specialist, the southern
red-backed vole (Myodes gapperi), 20 years after harvest. Wildlife Research. 2017; 44: 669-680.
https://doi.org/10.1071/WR17065

Grinde AR, Slesak RA, D’Amato AW, Palik BP. Effects of tree retention and woody biomass removal on
bird and small mammal communities. Forest Ecology and Management. 2020;465. https://doi.org/10.
1016/j.foreco.2020.118090

Sultaire SM, Kroll AJ, Verschuyl J, Roloff GJ. Stand-scale responses of forest-floor small mammal pop-
ulations to varying size, number, and location of retention tree patches. Forest Ecology and Manage-
ment. 2021; 482: 118837. https://doi.org/10.1016/j.foreco.2020.118837

PLOS ONE | https://doi.org/10.1371/journal.pone.0273630 August 31, 2022 18/18


https://doi.org/10.1111/j.1466-8238.2008.00393.x
https://doi.org/10.1016/j.foreco.2012.08.025
https://doi.org/10.1016/j.foreco.2009.01.028
https://doi.org/10.1007/s10980-011-9595-1
https://doi.org/10.1016/S0006-3207%2802%2900357-9
https://doi.org/10.1016/S0378-1127%2800%2900509-0
https://doi.org/10.1016/S0378-1127%2800%2900509-0
https://doi.org/10.1111/j.1600-0587.2012.07762.x
https://doi.org/10.1002/ecs2.3184
https://doi.org/10.1002/9780470015902.a0026282
https://doi.org/10.1002/9780470015902.a0026282
https://doi.org/10.1111/2041-210X.12950
https://doi.org/10.3955/0029-344X-82.2.94
https://doi.org/10.3955/0029-344X-82.2.94
https://doi.org/10.1016/j.foreco.2007.05.028
https://doi.org/10.1071/WR17065
https://doi.org/10.1016/j.foreco.2020.118090
https://doi.org/10.1016/j.foreco.2020.118090
https://doi.org/10.1016/j.foreco.2020.118837
https://doi.org/10.1371/journal.pone.0273630

