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ARTICLE INFO ABSTRACT

Invasive terrestrial plants often substantially reshape environments, yet how such invasions affect terrestrial
snail assemblages remains understudied. We investigated how snail assemblages in deciduous forest soils with
dense Berberis thunbergii (Japanese barberry), an invasive shrub in eastern North America, differ from forest
areas lacking the shrub. Leaf litter and soil samples were collected from forest patches with dense B. thunbergii
understories and adjacent control areas within two exurban forest tracts in western Pennsylvania, U.S.A. Snails
were identified to species and quantified by standard diversity metrics. Contrary to our expectations, snails were
significantly more abundant and diverse in B. thunbergii-invaded areas. Despite differences in abundance, the
snail community composition did not differ between invaded and control habitats. The terrestrial snail assem-
blage we observed, which was composed entirely of native species, appears to respond favorably to B. thunbergii
invasion and therefore may not be negatively impacted by physicochemical changes to soils typically observed in
association with the plant. Such findings could reflect the fact that B. thunbergii likely creates more favorable
habitat for snails by creating cooler, more humid, and more alkaline soil environments. However, the snail
assemblages we retrieved may consist mostly of species with high tolerance to environmental degradation due to
a legacy of land use change and acid deposition in the region.
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1. Introduction

Invasive species rank among the top causes of biodiversity decline
worldwide due to myriad direct and indirect species interactions
(McGeoch et al.,, 2010). In particular, invasive plant species often
change ecosystems by outcompeting native flora with similar ecological
attributes for limiting resources (Gioria and Osborne, 2014), which can
cause holistic environmental changes that impact entire biological
communities (Ehrenfeld, 2010). Under certain circumstances, invasive
plants can become dominant in floral assemblages (Lundgren et al.,
2004; Burton et al., 2005). Such conditions can result in significant
reductions in biodiversity and biomass of faunal assemblages in un-
derstory and soil environments (Gerber et al., 2008).

One invasive plant increasingly found in forests of the northeastern
United States that likely exerts ecological effects on fauna is Berberis
thunbergii (Japanese barberry), a shrub native to Asia. Several attributes
of B. thunbergii allow it to successfully invade deciduous forest un-
derstories, including the ability to propagate via rhizomes (DeGasperis
and Motzkin, 2007), tolerance of very low light and soil nitrogen levels
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(Cassidy et al., 2004), and resistance to browsing by herbivores such as
whitetail deer (Odocoileus virginianus; Silander and Klepeis, 1999). Soils
in forests invaded by B. thunbergii exhibit altered physicochemical
properties relative to reference conditions, including elevated pH levels
(Kourtev et al., 1998), altered microbial community composition
(Kourtev et al., 2002, 2003), and elevated nitrogen concentrations
(Ehrenfeld et al., 2001). Invertebrate communities have also been
shown to change following B. thunbergii invasion, with elevated den-
sities of non-native annelid worms (Nuzzo et al., 2009) and ticks
(Williams et al., 2009) observed in invaded plots.

Terrestrial snails represent an ecologically important invertebrate
assemblage that has not previously been investigated for compositional
changes following B. thunbergii invasion. Multiple ecosystem functions
are supported by terrestrial snails, including providing a source of
calcium for avian reproduction (Graveland, 1996; Pabian and
Brittingham, 2011) and performing leaf litter decomposition (De
Oliveira et al., 2010; Meyer et al., 2013). Although terrestrial mollusks
comprise a large proportion of biodiversity in many ecosystems, a
disproportionately large number of species within this group are
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threatened or endangered due to anthropogenic environmental stres-
sors (Régnier et al., 2009, 2015). The few studies that have investigated
how invasive plants affect snail assemblages suggest that effects may be
species-specific. Some have reported declines in the abundance and
diversity of snails following a plant invasion (Horackova et al., 2014),
while others report the opposite trend (Ruckli et al., 2013) or an in-
crease in locally rare species (Stoll et al., 2012).

Given the capacity of B. thunbergii to dominate forest understories
and to comprehensively change soil ecosystems, we sought to de-
termine how such an invasion affects terrestrial snail assemblages. We
quantitatively compared the abundance and diversity of snails collected
from control and B. thunbergii-invaded plots of exurban deciduous forest
tracts in western Pennsylvania, U.S.A. and hypothesized that unders-
tories with heavy B. thunbergii infestation would possess fewer and less
diverse assemblages of native snail species. To our knowledge, our
study represents the first to quantitatively consider the effects of an
invasive plant on terrestrial snails in North America.

2. Methods
2.1. Site selection

We executed the study in two ecologically similar forest reserves in
southwestern Pennsylvania, U.S.A.: Eden Hall campus (EHC) and Irwin
Run. Both sites are small (157 and 31 ha, respectively) protected re-
serves in regenerating deciduous forest tracts surrounded by agri-
cultural and light urban development. The two sites are separated by a
distance of 6 km, feature forests with similar species composition and
size structure, and are located about 20 km north of the Pittsburgh
metropolitan region. The region is humid temperate with a mean an-
nual precipitation of 88 cm. Prior to European settlement, forests in the
region consisted mainly of Tsuga canadensis, Pinus strobus, and Castanea
dentata but forested areas are currently dominated by Quercus spp.,
Prunus serotina, and Acer spp. due to widespread and repeated logging,
tree pathogen introductions, and land use conversion (typical of nearly
all forests in the region; Hall et al., 2002; Lovett et al., 2006).

All samples collected to quantify snail assemblages were retrieved
from locations classified as invaded by B. thunbergii or from control
forest understories. Invaded plots were identified by surveying both
properties on foot with a global positioning system and mapping the
areas of contiguous B. thunbergii understory using ArcGIS 10.3 (ESRI,
2014). Although the plant can be found in isolated patches, the majority
of B. thunbergii cover in our study sites consisted of dense, nearly im-
penetrable patches.

Once contiguous barberry patches were georeferenced, we ran-
domly selected 24 locations among both reserves to serve as replicates
(Fig. 1). Twelve sites were located 15-100 m within B. thunbergii pat-
ches. The other twelve sites, randomly chosen to serve as control re-
plicates, were located outside, but within 50 m of, the B. thunbergii
patch edges. All randomly selected locations were positioned at least
15 m apart. To assess the degree of invasion, we surveyed B. thunbergii
stem density within a 1 m? plot at the sampling location. An average B.
thunbergii stem density of 8.8 + 4.6 (mean + standard deviation) per
square meter was observed in invaded plots and the shrub was entirely
absent in all control plots. All sites were located at least 25 m away from
streams or other bodies of water.

2.2. Soil sampling and laboratory processing

Snail samples were collected using the soil and leaf litter sampling
method, which adequately recovers minute species and allows for
comparisons of relative abundance across a given habitat gradient
(Pearce and Orstan, 2006). To sample, we placed a 0.25 X 0.25m PVC
quadrat on the forest floor at the randomly selected location. The top
5cm of soil and leaf litter inside the quadrat were collected using a
garden trowel and placed into a cotton canvas bag.
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Soil and leaf litter samples were dried at 50 °C in a drying oven for
24-36 h. Once all samples were thoroughly dried, all contents were
filtered through stacked sieves with 8, 4, 2, 1.4, 1.0, and 0.7 mm mesh
to improve the detectability of snails. Sieved sample contents were
checked for snail shells under a dissecting microscope. Both fresh and
empty shells were collected from samples so that we did not omit
species likely present locally so that we could tally species even if they
were not recovered alive. Although some studies caution against in-
cluding empty shell specimens when quantifying communities since
shells can degrade at different rates (Cameron and Pokryszko, 2005),
shells of several species in similar environments have been found to
degrade at comparable rates (Pearce, 2008). Furthermore, we assumed
that the presence of B. thunbergii would be unlikely to significantly af-
fect shell decomposition rates or bias the primary study objectives. Each
individual was identified to species.

2.3. Statistical analyses

Differences in snail abundance and community composition be-
tween control and B. thunbergii plots were quantified by contrasting
control versus invaded samples. We chose to treat these as a dichot-
omous categorical independent variable., rather than use B. thunbergii
stem density or dry mass estimates as a continuous variable, due to the
observation that B. thunbergii exhibits a very patchy and sprawling
growth form. Consequently, even in heavily infested, mature B. thun-
bergii patches, a single random m? plot may not include the number of
B. thunbergii stems that accurately reflects the degree of invasion.

We assessed several metrics related to snail abundance and alpha
richness as dependent variables. Snail density was quantified by the
number of counts per sampled. Diversity was quantified in terms of
species density (number of species per sample) and Shannon-Weiner
biodiversity (H’). All abundance and diversity metrics were compared
using regular or generalized linear models (GLMs), with metrics re-
presenting counts (such as species density) modeled in a GLM assuming
a Poisson distribution. All models included the forest plot (Eden Hall
versus Irwin Run) as a randomized blocking variable to account for any
variation observed due to differences in snail assemblages between the
two forest tracts.

Snail assemblage composition among sample types was also com-
pared by ordination and indicator species analyses. We modeled snail
assemblages using non-metric multidimensional scaling (NMDS) on
Bray-Curtis dissimilarity distances of snail counts per sample.
Differences in community composition were assessed using a permu-
tational multivariate analysis of variance (PERMANOVA) model with
invasion status and location as independent variables and Bray-Curtis
dissimilarity as the distance metric. Finally, indicator species analysis
(Dufréne and Legendre, 1997) was also applied on snail counts to
identify if certain species represented significant indicators of control or
B. thunbergii-invaded plots.

All statistical analyses were performed in R (3.2.1; R Development
Core Team, 2017). NMDS coordinates were calculated using the vegan
package (Oksanen et al., 2017) and indicator species analysis was
conducted through the indicspecies package (De Caceres and Jansen,
2016).

3. Results

We retrieved 275 snail shells representing 11 species (Fig. 2), all of
which were native to the study region. One sample from a control plots
lacked snails. All individuals were identifiable to species. The three
most common species, Punctum minutissimum, Ventridens virginicus, and
Glyphyalinia wheatleyi, comprised 70.5% of all collected specimens.

Samples from B. thunbergii-invaded plots contained greater abun-
dances of snails and harbored more snail diversity relative to those from
control plots. More snails were retrieved from invaded samples relative
to control samples as standardized by sample area (Table 1, Fig. 3A).
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Fig. 1. Map of study location, plots, and contiguous B. thunbergii patches.
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Fig. 2. Mean (=1 standard error) count of snails by species per sample collected from
control and invaded plots. Counts reflect the number of snails retrieved from twelve
0.0625 m? plots per plot type.

Invaded samples harbored an average of 1.6 more species than those
from control plots, a difference that was statistically significant
(Fig. 3B). Snail Shannon-Weiner diversity was approximately 1.8 times
greater in B. thunbergii-invaded plots and the difference was statistically
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Table 1
Model parameters for linear or generalized linear models (GLMs) testing the effects of B.
thunbergii invasion on snail assemblages. GLM models are italicized and both assumed a
Poisson distribution. Coefficients are provided only if the factor was statistically sig-
nificant.

Model Factor Coefficient  z- or t- p-value
value

Snail count (n/sample)
B. thunbergii 0.24 2.4 .018
present
Location: Irwin —1.45 6.6 <.001

Species density (n/

sample)

B. thunbergii 0.50 2.1 .032
present

Diversity
B. thunbergii 0.47 2.2 .036
present

significant (Fig. 3C).

Despite the differences in species density and diversity, we detected
few community-scale differences between B. thunbergii -invaded and
control samples. Ordination coordinates largely overlapped between
treatment types (Fig. 4) and a PERMANOVA did not detect differences
in snail community composition between invaded and control sites (F-
value = 1.31, p = .230) nor the interaction between location and in-
vasion status (F-value = 1.03, p = .418), though there a difference in
community composition was detected between locations (F-
value = 2.99, p = .004). Indicator species analysis suggested that no
species were statistically significant indicators for invasion status.
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Fig. 3. Mean (+1 standard error) (A) snail count per sample, (B) species density and (C)
Shannon-Weiner diversity between control and B. thunbergii-invaded samples.

4. Discussion

In contrast to our expectation, we detected no negative effects of B.
thungbergii understory infestation on snail assemblages. In fact, forest
understories with dense B. thunbergii cover appear more likely to harbor
a greater degree of snail diversity, species density, and, by some me-
trics, greater densities of individuals relative to control areas. The
mechanisms leading to such findings were not tested and remain
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Fig. 4. Non-metric multidimensional scaling ordination coordinates of snail assemblages
delineated by site type and location. One control sample is absent because it lacked any
snails and two control samples perfectly overlap.

speculative, but shading provided by B. thunbergii, which may result in
lower temperatures, elevated soil moisture, and elevated pH relative to
control areas, may serve to create favorable conditions. In a related
study executed at the same locations, temperatures at the forest floor
were about 0.7 °C cooler on average relative to control plots due to
shading by B. thunbergii (Daugherty and Utz, in preparation). Such mi-
croclimatological effects may serve to improve conditions for snail
communities (Ruckli et al., 2013). Regardless of the mechanism, we
suggest that terrestrial snail assemblages in western Pennsylvania for-
ests may be resilient to the ecological effects induced by this invasive
plant species and, in fact, may benefit from the invasion.

Mixed effects of invasive plants on snail assemblages have been
noted outside of North America, though the response trajectory appears
to be species-specific with respect to the invader and/or snail. For ex-
ample, Horackova et al. (2014) found that snail abundance was nega-
tively affected by only one out of four species of invasive plants in
eastern European riparian forests, while snail assemblages under two of
the four invasive plant species were found to be less species-rich. Some
have found that rare species were found to be more densely populated
under invaded plots. In Switzerland, forest plots with heavy cover of the
invasive herbaceous plant Impatiens glandulifera harbored greater den-
sities of native snails, possibly due to elevated soil moisture (Ruckli
et al., 2013). Although Stoll et al. (2012) found substantially reduced
snail species density and abundances of long-lived and large species in
soils invaded by Fallopia japonica (Japanese knotweed) in Swiss forests,
a locally threatened species, Vertigo pusilla, was significantly more
abundant in invaded plots.

Unlike what was reported in other studies, we did not detect species
that were statistically significantly associated with control or invaded
plots. Although several species, including Columella simplex, those in the
genus Glyphyalinia and Striatura meridionalis, were found to be more
abundant in invaded plots, the fidelity and relative abundance of each
such species to the respective plot type (Dufréne and Legendre, 1997)
was not high enough to suggest these species significantly respond more
favorably to invasion than others. Community ordination of the samples
concurred with this finding. The lack of compositional difference cou-
pled with higher abundances of snail communities in invaded plots may
suggest that environmental conditions in invaded plots benefit the as-
semblage as a whole. Invasions of B. thunbergii can lead to cooler soil
environments due to shading (Daugherty and Utz, in preparation). Soils
under B. thunbergii typically become more alkaline due to chemical
changes associated with the leaf litter, with pH rising by up to 1.2 in
invaded understories (Ehrenfeld et al., 2001). Considering such
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environmental changes, benefits to snails might be expected.

Environmental legacy effects may have influenced the results we
observed. Acid and nitrogen deposition caused by concentrated in-
dustrialization was acutely severe in the region over the past century
and both stressors continue to shape regional forest ecosystems to date
(Driscoll et al., 2001; Aber et al., 2003). Forests throughout eastern
North America were cleared for agricultural and industrial purposes
throughout the region, in some cases multiple times over the past three
centuries (Hall et al., 2002). Invasive pathogens have also effectively
eliminated formerly dominant canopy species such as C. dentata and
Fraxinus spp. (Gandhi and Herms, 2010) and top predator extirpation
has resulted in overabundant populations of herbivores, especially
Odocoileus virginianus (white-tailed deer). Resulting trophic cascades
have led to widespread loss of understory plant biodiversity (Banta
et al., 2005; Knight et al., 2009). The cumulative effects of such stres-
sors very likely impacted populations of environmentally sensitive snail
species: more species of snails have been found in old growth forest
stands relative to recently clearcut stands (Douglas et al., 2013). Ad-
ditionally, the region-wide acidification resulting from industrialization
(Driscoll et al., 2001) typically reduces snail density and biodiversity
(Wareborn, 1992; Géardenfors et al., 1995). Therefore, the snail as-
semblages present when B. thunbergii spread into our study areas may
have already been depauperate: the 11 species we retrieved from study
sites represents a small fraction of the 129 species found within Penn-
sylvania (Pearce, 2015).

Although our findings suggest that B. thunbergii may support higher
densities and diversity of snails, the study was not designed to de-
monstrate causal mechanisms supporting such a theory. If environ-
mental conditions that favor B. thunbergii colonization also favor higher
densities or diversity of gastropods, our observational study design
would not be able to distinguish such a phenomenon from cause and
effect. However, our original hypothesis, that invading barberry should
represent degraded habitat for snail populations, appears to lack sup-
port regardless of the mechanisms supporting elevated snail densities.

The spatiotemporal scales in our work, which was limited to a small
geographic area, within a 6 km? radius and a single field season, must
be considered when interpreting our results. However, the forest
overstory and soil structure in our study was relatively homogeneous,
and including additional study areas would have likely introduced
confounding factors. For example, the leaf litter of different native trees
are known to support disparate snail assemblages and varying densities
in the region (Hotopp, 2002; Nation 2007). Geologic heterogeneity
associated with calcium content would also be expected to cause snail
assemblages to vary (Beier et al., 2012). Consequently, the limited
spatial scale of our study likely served to isolate the effects of B. thun-
bergii invasion.

5. Conclusion

Our findings contribute to a small but growing body of evidence
that suggests terrestrial snail assemblages exhibit heterogeneous and
species-specific responses to plant invasions with potential con-
sequences for ecological processes. To our knowledge, ours is the only
study in North America to consider how snails and invasive plants in-
teract. We suggest that future efforts consider how changes to snail
abundance associated with invasive plant species affects important
ecological functions, such as how passerine birds might respond to
elevated calcium availability (Graveland et al., 1994) or the effects on
leaf litter decomposition rates (Astor et al., 2015).
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