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Abstract

We evaluated the abundance of riparian gastropod communities along headwater streams and their response to logging in
southwestern Washington State. Terrestrial mollusks near logged streams with ~15 m fixed-width buffers were compared
to logged streams with no buffers and to unlogged controls. Mollusk communities varied among sites relative to vegetative
composition, the amount of understory cover and presence of seeps or small wetland features in the riparian areas. After
logging, slug and snail abundance were significantly different between streams with no buffers compared to fixed-width
buffers and control streams, however the effect size was relatively small suggesting site variability may override the ef-
fects of logging. Our findings illustrate that site variability can affect mollusk community structure and influence taxa

resiliency to disturbances such as logging.
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Introduction

Riparian areas along headwater streams can make
up 75-80% of the total area of a given watershed
(Gomi et al. 2002) and thus constitute a significant
portion of the forested land-base in the Pacific
Northwest. Natural disturbance processes affect-
ing these areas are typically low-frequency events
such as floods, landslides and forest fires (Benda
et al. 2004). However, given the large amount of
forested land these riparian areas represent, logging
is typically a common disturbance mechanism.
Protection standards for riparian areas have been
adopted by state, federal, and provincial govern-
ments in the region, and most regulations require
that a “buffer” (unharvested corridor of trees and
vegetation) be left along the stream channel during
timber harvest (Richardson et al. 2012). A bufferis
typically required along small headwater streams
on federal lands (USDA, USDI 2001), however
it is usually not required on non-fish-bearing
perennial and ephemeral headwater streams on
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state and private lands in western Washington
(WADNR 2006). Headwater streams, typically first
and second-order channels, are characterized by
both physical and biological processes requiring
special consideration in forest management (Olson
et al. 2007, Richardson and Danehy 2007). For
example, headwater riparian areas have unique
vegetative communities (Sheridan and Spies 2005),
and provide habitats for endemic and sometimes
rare terrestrial mollusks.

Terrestrial mollusks are a relatively unstudied
group of potential biological indicators for use in
evaluating on-site logging effects. For instance,
mollusks have little dispersal capacity, with many
species having a range of just a few square meters
(Baur 1986, Giokas and Mylonas 2004); however,
passive dispersal systems over long distances by
birds, for example, have been documented (Baur
and Baur 1995, Gittenberger 2012). Several fac-
tors can influence mollusks locally, including
physical site characteristics such as aspect, veg-
etation and proximity of surface waters such as
streams, seeps, and small wetlands. For example,
southwest-facing oak [Quercus spp.] forests in
central Europe have lower mollusk abundance and
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taxa richness than northeast-facing beech [Fagus
spp.] forests (Kappes et al. 2006). The distance
from a stream related to microclimate gradients
influenced the abundance of three common snail
species in the Cascade Range of western Oregon
(Rykken et al. 2007b). At larger spatial scales,
landscape patterns such as the juxtaposition of
forest and agricultural land can influence mollusk
abundance and richness, and thus populations
are not only dependent on site and microhabitat
factors (Gotmark et al. 2008).

In summary, little is known about the biology,
distribution and habitat requirements of endemic
mollusks in the Pacific Northwest. Additionally,
local and regional mollusk species identification
guides provide morphological characteristics for
identification purposes and also describe preferred
habitats (Kelley et al. 1999, Forsyth 2004, Burke
2013), although habitat accounts are often anec-
dotal or based on the modest amount of research
done on related taxa, some of which do not oc-
cur in the Pacific Northwest. This is problematic
because several species with unknown distribu-
tions, populations and tolerances to disturbance
are being considered for protection under the
federal Endangered Species Act (USFWS 2011).

In the few studies that specifically tested ter-
restrial mollusk response to logging, some sug-
gested that mollusk communities were responsive
to change, while others were not conclusive. For
example, in variable-retention forest management
plots in British Columbia, some taxa were sup-
pressed after timber harvest, but others showed
little difference compared to pre-harvest condi-
tions (Ovaska and Sopuck 2010). Herbicide and
mechanical conifer release effects on mollusks in
spruce plantations in Ontario, Canada showed that
immediately after treatments, mollusk densities
remained unchanged or increased (Hawkins et al.
1997) but decreased 50-60% two and three years
after treatments (Prezio et al. 1999). The difference
cited may have been a result of decreased deciduous
litterfall and changes in microclimate due to loss
of vegetative ground cover in the treated areas.
Reduced mollusk density and species richness
after clear-cutting, forest fires and agricultural
practices were short-lived in New Hampshire
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and Maine forests related to the rapid recovery
of the vegetation (Strayer et al. 1986). In boreal
forests of Sweden, streamside buffers reduced
effects of clear-cut logging on snails compared
to sites with no buffers, and where soil moisture
levels were high, land snails were not affected by
clear-cutting (Hylander et al. 2004). In comparing
burned areas to clear-cuts in Sweden, the burned
areas had depleted mollusk fauna, while clear-
cuts showed no difference from adjacent forests
(Hylander 2011). Finally, in German broadleaf
forests, there was a direct relationship between
downed wood accumulation, stand age, and slug
density (Kappes 2006). The study suggested that
slug communities were relatively unaffected by
forest management with longer rotation periods,
and when unmanaged patches or islands that
enhance habitat heterogeneity were retained. A
common theme amongst forestry effect studies was
that site characteristics had a strong influence on
mollusk communities thus influencing the effects
of forest management disturbances.

Little is known about endemic mollusks in the
Pacific Northwest, but because they are strongly
associated with moist environments and may be
sensitive to environmental change associated with
tree harvest, we investigated the effects of logging
on mollusk abundance in headwater riparian areas.
We first identified the various mollusks that were
present and investigated how these communities
differed across our study sites. Second, we ad-
dressed three questions that helped us understand
the factors that may have influenced the mollusk
communities: (1) was there a difference between
fall and spring abundance of the mollusks? We
chose to investigate seasonality based on mol-
lusk affinities to humid conditions that can vary
widely between seasons, plus we could find
very little information about seasonality in the
literature. (2) How did environmental conditions
influence the mollusk communities; and lastly,
(3) what were the impacts of forest management
on mollusk abundance? This exploratory analysis
highlights possible relationships between mollusk
abundance, local environmental conditions and
logging disturbance.
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Figure 1. Study site locations in southwest Washington State, USA; adapted from Foster and Claeson (2011).

Methods
Study Area

The research was conducted at three sites (Tags,
Split and Ells) in southwest Washington (Figure
1). All sites were in managed forests adminis-
tered by the Washington Department of Natural
Resources and were part of a larger integrated
study that examined both physical and biological
aspects of different riparian buffer configurations
along headwater streams from 2002 through 2006
(Bisson et al. 2013). The experiment compared
riparian mollusks in three different experimental
conditions including (1) a continuous, fixed-width
buffer approximately 15 m wide on each side of
the stream; (2) a clear-cut with no buffers, but
with heavy equipment exclusion 15 m from the
channels, and (3) unlogged controls that were
at least 30 m from adjacent logging (Figure 2).

The Tags site was located in the Black Hills of
Thurston County (46.99°N, 123.10°W, NAD 1983),

approximately 15 km west of the city of Olympia,
Washington. The other two sites, Split (46.58°N,
123.69°W) and Ells (46.64°N, 123.71°W) were
located in the Willapa Hills of Pacific County
about 17 km from the Pacific coastline. All sites
share a maritime climate where the average annual
precipitation is approximately 125 cm, reaching
its peak in November and low in August.

Study streams at the Tags site were parallel to
each other on a northeasterly aspect with stream
gradients averaging 40%. The riparian forests were
second-growth, mixed-conifer stands of Douglas-
fir [Pseudotsuga menziesii] and western hemlock
[Tsuga heterophylla]. The overstory tree age was
about 50 years old. The dense understory was
composed of deciduous tree species including red
alder [Alnus rubra], black cottonwood [Populus
trichocarpal), and vine maple [Acer circinatum].
The woody shrub devil’s club [Oplopanax hor-
ridus] and swordfern [ Polystichum munitum] were
the dominant ground covers.
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Figure 2. Typical site layout after logging showing buffer configurations on headwater streams. Catchments ranged from 3 to 6
ha in size. Courtesy of Randy Wilk.

The Split site was located on undulating topog-
raphy with a stream gradient of 6-10%. Forests
were even-aged, 45 year-old western hemlock.
There was little understory vegetation in the
riparian areas. In contrast, streams at the Ells
study site were somewhat parallel to each other
on a southwesterly aspect, with stream gradient
averaging 5%. The dominant trees were 60 year-old
Douglas-fir intermixed with western hemlock and
Sitka spruce [Picea sitchensis]. A much younger
understory tree layer was comprised of western
hemlock with sporadic patches of swordfern as
the dominate ground cover.

Overall, the watersheds were very small (range
3-6 ha) so that timber sales covered the entire area of
a site, and control watersheds were always located
adjacent to the site (Figure 2). All study streams
were first-order (Strahler 1952), and although most
had perennial flow, some would cease surface flow
for short periods in late summer. Buffered or unbuf-
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fered streams were randomly assigned and logged
simultaneously. None of the sites where mollusks
were sampled received any post-logging slash or
understory brush removal treatments.

We measured various environmental factors
as potential explanatory variables for mollusk
abundance and community composition (Table
1). Air and soil temperatures (°C) were measured
with a pocket thermometer for each stream at 1
m above and 15 cm below ground, respectively,
at the start and end of each day’s survey. We
acquired precipitation data from the National
Climate Data Center weather stations closest
to each sample site (‘Hoquiam’ ~40 km from
the Split and Ells sites, ‘Olympia’ ~16 km from
Tags) to calculate the precipitation totals for 7
days prior to each survey day (NCDC 2012). The
data are thus specific to sample times and sites,
but not to individual streams. Once per stream,
we measured the percent area occupied by small



TABLE 1. Environmental variables describing site characteristics. The ranges of values, minimum-maximum, are from the streams
within each site. For variables that change over time (temperatures, precipitation, canopy and downed wood), individual
stream values were averaged over the study period; please see the methods section for additional information.

Environmental variable Split Ells Tags
Elevation (m) 222-342 45-76 239-279
Slope (%) 21-27 14-18 3846
Precipitation (cm, 7-days) 1.5-1.9 1.7-2.3 1.9-3.0
Aspect NE SW NE
Wetland (% area) 0-10 0-2 13-30
Canopy (% cover) 7.7-76.2 0.2-76.2 4.6-76.8
Hardwood (% cover) 0-14 0.1-2.4 12.6-31.6
Fern (% cover) 6.0-16.9 22.5-33.3 22.8-79.7
Downed wood (m?/ha) 246-390 125-776 207-313
Shrub (% cover) 2.8-6.2 3.3-225 5.3-24.2
Herb (% cover) 12.6-33.0 3.1-28.3 5.5-31.0
Lithology sandstone sandstone basalt

wetland features (% wetland) within a 10 m band
on each side of the stream channel by surveying
hydrophytic and wetland-obligate plant species
along with soils and surface hydrology using a
locally adapted method for small, forested wetland
delineation (Janisch et al. 2011). For each stream,
once per year during the summer, we measured
understory vegetation cover, overstory canopy
cover and downed wood volume within 12 m
on each side of the channel (Ricklefs 2009). We
estimated understory vegetation cover (%) from
24 plots (3 x 3 m each) per stream with species
grouped into five categories: 1) herbs, 2) ferns,
3) woody shrubs, 4) small hardwoods <10 cm
diameter, and 5) small conifers <10 cm diameter.
Overstory canopy cover (%) was estimated from
hemispherical photographs with a 20% filter
around the periphery of the aperture to block out
topographical variation. Downed wood volume
(m’/ha) was estimated using three L-shaped
transects, with each leg of the L being 10 m
long. Wood pieces measured had a diameter 210
cm and a length > 0.3 m, and wood volume was
calculated using the Van Wagner (1968) method.

Mollusk Sampling

Pre-treatment sampling of the Tags and Split sites
commenced in fall 2002; logging took place in

spring of 2004. The Ells site was first sampled
in spring 2004, one year before it was logged,
thus before and after logging replicates differed
amongst sites. All study sites were sampled until
fall 2006. Sampling was limited to spring and
fall, because snow sometimes hindered access to
sites in winter, and because mollusks were usually
less active during the summer aestivation period
(Forsyth 2004). Two sub-season surveys were
conducted within each season, one month apart,
to address possible effects attributed to atypical
weather patterns. Sampling took place at fixed
sampling stations established prior to initiation of
the study. Two transects were established parallel
to stream channels, each with five sample stations
lettered consecutively. The five stations were
spaced 25 m apart on each side of the channel. To
adjust for micro-habitat differences in the riparian
area, stations were alternately placed 2 m and 5
m from the stream’s edge. Each sampling station
consisted of four artificial cover objects (Boag
1982) placed about 1 m from each other. A cover
object was a 30 cm x 30 cm square consisting of
two corrugated cardboard sheets, stapled to a flat
piece of cardboard for rigidity, and held to the
ground with a small wooden stake. In addition to
mollusks, the cardboard provided a good sample
medium for other forest floor organisms such as
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millipedes which were evaluated in a separate
analysis (Foster and Claeson 2011).

The artificial cover objects were placed ap-
proximately one month before being sampled, so
they could become thoroughly moist and mollusks
would occupy spaces within the corrugations and
underneath the cover object. When sampled, the
layers of cardboard were peeled back in situ and
the mollusks viewed under magnification with a
flashlight to reduce misidentifications. Sampling
was done primarily during the day in low-light
conditions under closed forest canopies when the
weather, especially in the fall, was mostly overcast
and raining. During the first survey of each sea-
son, the mollusks were removed from the cover
objects after being tallied by brushing them to
the ground away from where the cover object had
been placed. The cleaned cover objects were then
repositioned in the same location on the ground to
be reoccupied prior to the second survey 30 days
hence. Voucher specimens were collected early
in the study to confirm identifications.

Cardboard cover objects can be an efficient
means of collecting small terrestrial mollusks and
this method often detects species that samples of
forest soil and litter frequently miss (Strayer et al.
1986; Hawkins et al. 1997; Ovaska and Sopuck
2010); however artificial habitats are known to
exhibit sampling bias (Boag 1982, 1990; McCoy
1999). To evaluate whether the cardboard was
providing a fair example of the snail community,
we collected 73 forest floor samples (one liter
loosely packed) at random cardboard sample
stations across all three sites. The forest floor
samples were air dried, sieved and sorted, and
snail identities were determined from snail shell
features. We then compared the findings to the
cardboard sample stations where the forest floor
samples were collected.

Statistical Analyses

Mollusk species were assembled into family or
sub-family groups because many of the minute
snails were difficult to identify accurately to
lower taxonomic levels in the field under low-
light conditions. Slugs however could be readily
identified to species, but were grouped by sub-
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family for analysis consistency across all mollusk
groups. Rare species were also put into their ap-
propriate groups. We combined the minute and
morphologically similar snail families Punctidae
and Valloniidae to minimize misidentifications
between them. The two sub-season surveys of 40
cardboard sample stations each were combined
for an average abundance count per season con-
sisting of 80 cardboard sample stations per buffer
treatment observation.

Environmental covariates and community
aspects were evaluated using nonmetric mul-
tidimensional scaling (NMS) with a Sorenson
(Bray-Curtis) distance measure due to the het-
erogeneity of our data (McCune and Grace 2002;
PC-ORD® v.5.21). Asymmetry amongst species
group mean abundances was first standardized
using a log, (x+1) transformation (Legendre
and Birks 2012) to form a matrix of ten species
groups and 77 sample points (77 stream riparian
area observations over 5 years); a second matrix
consisting of the environmental variables was
constructed for the ordination. Two hundred fifty
runs were performed for the ordination, and the
run with the lowest stress (14.0) and a stability
criterion of (0.000001) was selected. In addition,
differences in mollusk abundance were compared
using multi-response permutation procedures
(MRPP) to test the hypothesis of no difference
before vs. after logging between buffer treatments
(McCune and Grace 2002). Like the ordination,
a Sorenson measure was used and the chosen P-
value (0.05) was Bonferroni corrected (o0 =0.02)
for the three pairwise buffer comparisons made
in the before and after logging periods.

Results
Mollusk Communities—Site Differences

Over the entire study, we counted 6221 mollusks
categorized into ten species groups (Table 2).
Overall, snails made up 93% of the total detec-
tions, while slugs were only 7% of the mollusk
community. In general, snails were more abundant
in the fall than spring, while slugs tended to be
more plentiful in the spring. For the slugs [Zacoleus
leonardi] was the only species of the Zacoleinae
group and was common at all sites in both fall



TABLE 2. Mollusk species group abundance by site and season. Species listed in each group were confirmed by voucher iden-

tification. Common names are in parenthesis.

Species Group Site Fall Spring
Slugs
Anadeninae—Prophysaon foliolatum, P. dubium, P. vanattae, P. coeruleum, P. andersoni Tags 23 18
(taildropper slugs) Split 21 29
Ells 4 3
Ariolimacinae—Ariolimax columbianus Tags 0 16
(bananaslugs) Split 18 48
Ells 4 35
Zacoleinae—Zacoleus leonardi Tags 7 7
Split 2 6
Ells 7 4
Binneyinae—Hemphillia glandulosa/burringtoni, H. malonei, H. dromedarius Tags 50 61
(jumping-slugs) Split 16 7
Ells 11 12
Subtotal: All Slugs 163 246
Snails
Ellobiidae—Carychium occidentale Tags 108 124
(minute thorn snails) Split 1 0
Ells 0 0
Haplotrematidae—Haplotrema vancouverense, Ancotrema sportella Tags 87 92
(lancetooth snails) Split 34 20
Ells 16 8
Polygyridae—Vespericola columbianus, Cryptomastix germana Tags 223 142
(hesperian and Oregonian snails) Split 351 121
Ells 183 69
Pristilomatidae—Pristiloma sternsi, P. langsingi, P. arcticum Tags 525 175
(tightcoil snails) Split 1339 561
Ells 463 157
Valloniidae & Punctidae—Planogyra clappi, Punctum sp. Tags 14 27
(minute flatwhorl and spot snails) Split 0 4
Ells 0 1
Vertiginidae—Columella edentula, Vertigo columbiana Tags 574 322
(column and vertigo snails) Split 15 27
Ells 12 17
Subtotal: All Snails 3945 1867
Total: All Mollusks 4108 2113

and spring. Anadeninae (taildropper) slugs were
also common at all sites in both seasons. The Pa-
cific bananaslug [Ariolimax columbianus] of the
Ariolimacinae group was found primarily at the
Split and Ells sites and was more abundant in the
spring. In contrast, the Binneyinae (jumping-slug)
species group was found both fall and spring, but
was most abundant at the Tags site.

The snail groups Ellobiidae, Valloniidae/Punc-
tidae and Vertiginidae were found almost exclu-
sively at the Tags site (Table 2). Pristilomatidae
was the most abundant snail and mollusk group
occurring at all three sites primarily in the fall,
and drove the difference between fall and spring
abundances, while the other snail groups except
Polygyridae tended to have similar numbers in
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TABLE 3. Snail species group comparison between forest floor samples (one liter) and adjacent cardboard sample stations. Total,
mean and SD for all samples (n = 73) by species group.

Cardboard Forest Floor

Species Group Tot. % Mean SD Tot. % Mean SD
Vertiginidae 371 51.2 5.08 10.34 673 61.1 3.07 6.59
Pristilomatidae 160 22.1 0.55 1.48 130 11.8 0.45 1.75
Ellobiidae 53 7.3 0.73 1.79 105 9.5 1.44 2.56
Vespericola sp. 45 6.2 0.31 0.81 1 0.1 0.01 0.08
Cryptomastix sp. 36 4.9 0.16 0.76 9 0.8 0.04 0.22
Haplotrematidae 34 4.7 0.09 0.37 102 9.2 0.28 1.77
Valloniidae/Punctidae 25 34 0.17 0.71 81 73 0.55 1.62
All Mollusks 724 100 1101 100

both seasons. Pristilomatidae was also found most
often at the Split site. The Haplotrematidae group
was common at all three sites but less abundant
at the Ells site. The Polygyridae group was com-
mon at all three sites and like Pristilomatidae,
was more abundant in the fall. We encountered
no non-native slug or snail taxa.

We found that species groupings greatly mini-
mized observer misidentifications. Surveyed air
temperature had an optimal range for peak mollusk
abundance and richness between 4 °C and 7 °C.
In comparing forest floor sampling to cardboard
habitats, the sifted forest floor samples tended to
contain proportionately more small snails, whereas
the cardboard attracted more large snails, in addi-
tion to slugs, that would not be counted by forest
floor sampling alone (Table 3).

The NMS ordination recommended a 2-dimen-
sional solution explaining 87% of the variability. Of
this total, axis 1 explained 75% and axis 2 explained
12% of the variation. The remaining 13% of the
variation was due to factors not included in the
study or to factors that were measured in the study
but at insufficient resolution. Mollusk communities
showed site differences, along with relationships
to some environmental variables (Table 4). Com-
munities in the Ells and Split sites were similar
but the Tags site was distinctly different (Figure
3). Of the environmental variables included in the
ordination, presence of hardwood vegetation had
the greatest influence on the mollusk community
composition (r=0.730), along with total understory
cover (r=0.644), fern cover (r = 0.629), and woody
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TABLE 4. Mollusk species group with environmental
variables and their correlation (Pearson’s r) with
axis 1 and 2 in the nonmetric multidimensional
scaling (NMS) ordination of 77 sample points
over 5 years (see Figure 3).

Variable Codef Axis 1 Axis 2

Species Group
Anadeninae ANAD 0.326 -0.324
Ariolimacinae ARIO -0.333 -0.143
Zacoleinae ZACO 0.313 0.048
Binneyinae BINN 0.670 0.021
Haplotrematidae =~ HAPLO 0.797 0.209
Ellobiidae ELLO 0.702 -0.219
Polygyridae POLY 0.280 0.826
Pristilomatidae PRIST 0.149 0.661
Valloniidae &

Punctidae VAL/PUNC  0.815 -0.233

Vertiginidae VERT 0.827 -0.165

Environmental
Air Temp -0.272 -0.221
Soil Temp -0.301 -0.302
Precip 7 day -0.046 0.271
Overstory Canopy 0.089 0.210
Wetland % 0.573 -0.458
Ferns 0.629 -0.071
Herbs -0.188 0.491
Conifers -0.168 0.197
Hardwoods 0.730 -0.250
Woody Shrubs 0.534 -0.043
Understory Cover 0.644 0.016
Down Wood 0.011 0.141

‘+Abbreviation used in Figure 3.

shrub (r=0.534). All of these were positively and
strongly (r 2 0.500) correlated with axis 1, while
herb cover was moderately correlated to axis 2
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Figure 3. Nonmetric multidimensional scaling (NMS) ordination of ten mollusk species groups for 77 sample points at 3 sites

(77 stream riparian area observations in 3 riparian buffer treatments at 3 sites over 5 years). The 2D solution explained
87% of the variability. Axis 1 (r = 0.754) indicates moist conditions and increasing vegetative cover; axis 2 (r = 0.119)
is correlated to increasing herb cover. Vectors indicate the strength (r = 0.500) and direction of correlations between
environmental variables and axis scores. Species group names are abbreviated.

(r = 0.491). Wetlands were strongly correlated
with axis 1 (r = 0.573) but negatively correlated
to axis 2 (r = -0.458). Correlations were weak
(r £ ~0.300) for air and soil temperature, 7-day
precipitation, overstory cover, and downed wood.
Season and buffer were not found to be correlated
with either axis in the NMS ordination. Species
groups strongly correlated with axis 1 included Bin-
neyinae (r = 0.670), Haplotrematidae (r=0.797),
Ellobiidae (r = 0.702), Vertiginidae (r = 0.827),
Valloniidae & Punctidae (r = 0.815). Polygridae
had a strong correlation to axis 2 (r = 0.826),
as did Pristilomatidae (r = 0.661). Slug groups

Anadeninae, Ariolimacinae and Zacoleinae were
weakly correlated to both axes 1 and 2.

Logging Effects

Before logging, when all buffer treatment streams
had undisturbed riparian forest, mollusk abundance
in the buffer treatments was similar with corrected
alpha P <0.02 (Table 5). After logging, mollusk
abundance was significantly different between
streams with no buffers compared to fixed-width
buffers and control streams, but while the buf-
fer treatments were different from each other
more than by chance alone, the magnitude of the
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TABLE 5. Buffer treatment differences for mollusk abun-
dance using multi-response permutation proce-
dure (MRPP) analysis. Sample points for before
(n = 30) and after logging (n = 47) showing
P-value and A-value statistics. Significant differ-
ences (P <0.02) are shown with asterisk.

A-value P-value

Before logging

Control vs. Clear-cut 0.0418 0.0624

Control vs. Fixed-width -0.0172 0.6060

Clear-cut vs. Fixed-width 0.0444 0.0467
After logging

Control vs. Clear-cut 0.0522 0.0021*

Control vs. Fixed-width 0.0100 0.2114

Clear-cut vs. Fixed-width 0.0375 0.0147*

differences or effect size was relatively small
indicated by A-values less than 0.10.

Discussion

Mollusk Communities

Slug and snail species groups varied in the strength
of their relationships to environmental variables
that affect moisture conditions, habitats and for-
age availability such as the composition of the
understory, hardwoods, and wetlands (Table 4).
For example, the large bananaslug (Ariolimacinae)
had weak associations to both axes of the NMS
ordination suggesting it may be a habitat generalist.
Bananaslugs consume a variety of plant species
including several woody shrub and herb species,
as well as fruits from some of these (Richter
1976; Hamilton and Wellington 1981), yet we
found the slugs less often at the Tags site where
understory forage density was higher (Figure 3).
In contrast, the jumping-slugs (Binneyinae) were
strongly associated with NMS axis 1 indicating
a preference for moist conditions and/or dense
vegetative cover, yet we found them in a variety
of forest age classes including the clear-cuts in
our study; like the findings of others, we found
that moist conditions rather than age class are an
important factor for their occurrence (COSEWIC
2003; Wainwright and Duncan 2005). We could
find very little published information about the
Zacoleinae slug group. This group was weakly
associated to both NMS axes most likely due to
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their low capture numbers thus the ordination
was not informative about preferred habitats. The
taildropper slug group (Anadeninae) was weakly
associated with both NMS axes, and like the
bananaslug, may also be somewhat of a habitat
generalist. We found the Anadeninae group in a
wide variety of habitats documented by others
(Burke and Duncan 1999; Leonard et al. 2003),
however we also found them less often at Ells,
the site with the most variability in temperature
and humidity.

We found the snail species group Pristiloma-
tidae the most common mollusk occurring at all
the sites in all the treatments both before and
after logging. Surprisingly, the group was most
abundant at the Split site and strongly associated
with NMS axis 2 where understory vegetation
was sparse contrary to preferred habitats in other
accounts (Forsyth 2004). Polygridae was the next
most abundant snail group comprised of the spe-
cies [Vespericola columbianus] and [Cryptomastix
germana) (Table 2). This group had a strong as-
sociation with axis 2 of the ordination suggesting
a preference for habitats with increased herb and
less understory vegetation. However, in looking
at species separately, C. germana and a closely
related species not encountered in the study [Cry-
tomastix devia] are both found in lowland forests
with a developed understory always including
swordfern and hardwood species such as big-leaf
maple [Acer macrophyllum] (Burke 1999; BCIRT
2008) while [Vespericola columbianus] can be
found in open sites (Forsyth 2004). Given that the
Split site had a higher abundance of Polygridae
than Tags, combining both species into the same
group despite being of the same family, may have
confounded our results. The snail species group
Haplotrematidae was strongly associated with axis
1 of the NMS ordination (moist and dense under-
story conditions) having a position very close to the
slug group Binneyinae (Figure 3). Members of the
Haplotrematidae group are omnivorous (Forsyth
2004), and unlike work done with [Haplotrema
concavum] in the eastern United States (Pearce and
Gaertner 1996), trophic relationships in mollusk
community structure in the Pacific Northwest are
unknown and merit exploration. The remaining
three snail groups, Ellobiidae, Vertiginidae, and



Valloniidae-Punctidae were all strongly associated
with moist and dense understory conditions and
primarily found at the Tags site. As with other
accounts, these three snail groups have also been
found in sites similar to Tags—those having deep
humus and dense understories (Forsyth 2004;
Burke 2013).

We found the cardboard sample method both
cost and time efficient compared to litter sampling.
Repeat sampling could be done at the same loca-
tions without depleting taxa or habitat substrates
that would have happened with repeated litter
sampling. However, we found the method un-
derestimated abundance and diversity as in other
comparisons (Boag 1982, 1990; McCoy 1999).
When coupled with species groupings, our results
portray a somewhat coarse representation of the
actual mollusk communities, yet we found the
method satisfactory for our study objective of
evaluating logging effects.

In summary, mollusk communities were similar
at the Ells and Split sites in comparison to Tags.
Site differences, mostly those regarding vegetation,
were substantial and had an effect on the mollusk
communities. The sites were also unique in terms
of aspect, wetland features and lithology that prob-
ably affected the communities as well. All these
attributes can affect moisture and temperature
regimes in the riparian areas and may be factors
that, to varying degrees, influence the effects of
disturbances such as logging.

Logging Effects

We found differences in mollusk populations
between buffer treatments after logging, but the
magnitude of the treatment effects were small
(Table 5). This may have been a function of
climatic conditions making logging effects hard
to detect, heterogeneity of the sites, or because
it was simply too soon to see large differences
caused by timber harvest.

Logging effects are often attributable to a
change in site microclimate due to partial or com-
plete overstory removal. Microclimate parameters
show distinct gradients from headwater streams
through the riparian zone into adjacent upland
forest stands (Chen et al. 1993, Brosofske et al.

1997). For example, Rykken et al. (2007a) found
that microclimate in uncut buffers ~30 m wide
along headwater streams tended to counterbalance
the edge effect from adjacent clear-cuts in Oregon
forests. However, continuous, fixed-width buffers
with a total width of 30 m such as ours likely had
somewhat altered microclimate gradients that dif-
fered from unlogged controls and may have been a
contributor in part to the small size of the logging
effect. We were also constrained with different
before/after replicate observations to determine if
individual buffers were more effective at one site
compared to another. Nevertheless, species group
associations relative to environmental variables
in the NMS ordination provide some insight for
applicable buffer or protective forest management
prescriptions. For example, although we found
differences across all sites between clear-cut vs.
fixed-width buffers and controls after logging,
sites with dense riparian vegetation were probably
less sensitive to logging.

Predicting short as well as long-term effects of
logging would be most useful for species viability
and conservation. Our results agree with those of
Hylander et al. (2004) that mollusk populations
declined after clear-cutting at least short term,
but were less affected in moister locations and
along buffered streams. In addition, Rykken et al.
(2007b) had similar results for mollusks where
riparian buffers ~30 m wide were comparable to
controls but were significantly different than clear-
cuts in Oregon forests. Regional climate models
project rates of warming in the Pacific Northwest
of 0.1 °C to 0.6 °C per decade with rainfall tend-
ing toward wetter autumns and winters with drier
summers (Mote and Salathe 2010) which may
affect mollusk species in unanticipated ways.
Variable density logging practices can moderate
ground-level microclimate variation and could be
considered for sites on southerly aspects prone to
wide variations of temperature and humidity like
our Ells site. For example, studies that evaluate
thinning effects on mollusks in western Oregon
and in western Washington showed that thinning
had little effect on mollusks (McDade 2002,
Schowalter et al. 2003, Wessell 2005). Retention
patches 0.8—1.2 ha in size and 30% dispersed
retention treatment sites were more effective than
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clear-cutting in maintaining sensitive mollusks
in coastal British Columbia forests (Ovaska and
Sopuck 2010), however, as we also found, the
communities and responses of the mollusks varied
among the sample sites, most likely related to
local environmental factors.

Unexpectedly, we found weak associations
between mollusk abundance and recent rainfall and
temperature in the NMS ordination. The rainfall
data we used were from weather stations many
kilometers from the mollusk sample sites, plus
temperature was only spot recorded at the time of
survey thus local variability likely played a role
in our observations. Changes in mollusk density
caused by forest management can be large, but
changes mediated by variation in local weather
patterns can be of similar magnitude (Prezio et
al. 1999). Regardless, mollusk relationships to
microclimate change could be more precisely
understood by installing on-site weather stations
in future studies. Additionally, although we found
only weak associations for downed wood in the
NMS ordination, micro-habitats for mollusks
created by downed wood may be an important
consideration in timber harvest designs (Kappes
2006, Kappes et al. 2006). Concerning the dura-
tion of logging effects, short-term declines after
clear-cutting were transient for most species in
Swedish forests, and within a few decades mollusk
populations increased as the second-growth forest
re-emerged (Strom et al. 2009). Continued moni-
toring of our study sites may uncover important
relationships between short and long term effects
of forest succession on the mollusk communities.

Conclusions

Although the treatment effects were small, we
found that riparian-associated mollusks were
sensitive to disturbances from clear-cut logging
without riparian buffers and were relatively un-
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