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Abstract

Urbanization has tremendous impacts on most native species. This is especially true in land snails, which are surprisingly
understudied organisms. Due to their low mobility and dispersal potential, land snails are valuable indicators of ecosystem
disturbance. For this study, land snails were collected in 54 city parks along an urban gradient to understand impacts of urban-
ization on snail communities. Sampled parks include small extensively landscaped downtown parks, neighborhood and commu-
nity parks, district parks, and large nature parks, each with variable vegetation, soil characteristics, disturbance regimes, and
human activities. Sampling recovered 12,153 individual snails, representing 20 families, 43 genera, and 95 species. Seven new
Tennessee state and 87 new county occurrences were recorded. Five non-native and one extra-limital non-native species were
found, four of which are new Tennessee state records. Results show that urbanization greatly alters land snail community structure.
Nature and district parks have significantly greater species richness, species diversity and species evenness than community,
neighborhood, and downtown parks. Degradation of parks, distance from the park to the commercial city center and percent of
coarse woody debris accounted for most of the variation between park types. Non-metric multidimensional scaling and pairwise
Jaccard indices indicate that downtown snail communities are more similar whereas snail communities in nature parks are more
distinct. This suggests that urbanization promotes homogenization among land snail communities. We also show that this
homogenization is thus far driven mainly by synanthropic, broadly adapted native species rather than non-native snail species.
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Introduction

Urbanization of previously rural or natural land has led to
dramatic changes in ecosystems all over the world. Globally,
urbanization is now documented as a major threat to our
planet’s biodiversity (Aronson et al. 2014). Total global urban
area is predicted to triple between 2000 and 2030, with an
additional 5.9 million km® of non-urban land converted to
urban land use (Seto et al. 2012).

Land snails are good subjects to study urbanization impacts
because organisms with low dispersal capabilities, like snails,
are very susceptible to anthropogenic activities (Strom et al.
2009). Microsnails (<5 mm in diameter), in particular, are
often more vulnerable to disturbance because of their very
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limited mobility and dispersal, and their strong dependence
on microhabitats (Baur and Baur 1988). For these reasons,
land snail community composition, especially where
microsnails are included, is a good indicator of the overall
health of an ecosystem (Frest and Johannes 1995; Frest 2002).
Land snails are also important for biodiversity conservation
reasons. As of 2004, 42% of the 693 documented animal
extinctions have been mollusks (Lydeard et al. 2004). As of
2015, there were 1772 gastropods listed as threatened on the
International Union for Conservation of Nature (IUCN) Red
List. Even with the critical rate of imperilment, snails receive
far less attention than their vertebrate counterparts, with rela-
tively few researchers studying them (Lydeard et al. 2004).
Much previous work on human impacts on land snails
has focused on islands and some European countries (e.g.,;
Chiba 2010; Chiba and Roy 2011; Douglas et al. 2013;
Horsak et al. 2009, 2013; Lososova et al. 2011). A review
by Yanes (2012) concludes that three main anthropogenic
factors are impacting land snails: habitat loss through ur-
ban and agricultural development, introduction of non-
native predators, and introduction of non-native snail
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species. As cities are well known “hot spots” for the intro-
duction of non-native species (Bergey and Figueroa 2016),
this implies that urban areas are strongly impacting land
snails via all three of these factors.

There are many ways to study urban impacts on biodiver-
sity (Adler and Tanner 2013) but one of the most common
methods is to compare biological communities along distur-
bance gradients, or different levels of urban disturbance. In a
review, McKinney (2008) found at least 57 urban gradient
studies on invertebrate species, but none examined land snails.
Indeed, we know of only three studies, in European cities
(Horsak et al. 2009, 2013; Lososova et al. 2011), that examine
gradations of urban impacts on land snails in a systematic way.

This study analyzes the effects of urbanization on land snail
communities in Tennessee across an urban disturbance gradient.
Our null hypothesis is that urbanization will have no effect on
land snail communities, regardless of degree of urbanized land
disturbance. Expected outcomes, based on previous gradient
studies of non-snail taxa are that communities of snails will
differ among disturbance levels, and that some degree of ho-
mogenization will be seen in communities closer to the urban
core (McKinney 2006; Horsak et al. 2013; Adler and Tanner
2013). We also expect to see a decrease in species richness and
diversity in more urbanized habitats (McKinney 2008; Horsak
et al. 2009; Lososova et al. 2011; Adler and Tanner 2013).

Methods
Study areas

Snails were investigated in three Tennessee cities (Fig. 1).
Nashville (764.6 km?; 644,014 population, settled in 1779) is
located in the Central Basin of Middle Tennessee and is the
second largest city in the state (US Census Bureau 2015).
Nashville is situated on the Cumberland River, which runs
east-west through the city. The topography of the area is rolling,
with elevation ranging from 400 to 700 ft above sea level. The
Central Basin is defined by the Hudson River and Trenton lime-
stone groups composed of Lower Ordovician limestone and

Fig. 1 Tennessee cities chosen for
sampling: Nashville, Knoxville,
and Chattanooga
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Lower Silurian, shale, and dolomite. Knoxville (255.1 kmz;
184,281 population; settled in 1792) is located in eastern
Tennessee in the Southern Appalachian Ridges and Valleys area
(US Census Bureau 2015). Knoxville is established on the
Tennessee River, which flows southwest through the city. The
topography is defined as rolling, to hilly, with steep rugged
ridges. The elevation ranges from 740 ft to 2128 ft. The bed-
rock is made of Cambrian, Ordovician, and some Silurian
limestone, dolomite, shale, and siltstone. Chattanooga,
(354.8 kmz; 173,779 population; settled in 1819) in the
southeastern part of Tennessee, lies in the Cumberland
Plateau and the Southern Appalachian Ridges and Valleys
(US Census Bureau 2015). The bedrock is made up of
Cambrian, Ordovician, Mississippian, and Pennsylvanian
rocks composed layers of sandstone, shale, limestone,
chert, dolomite, claystone, and siltstone. Chattanooga is
located on the Tennessee River, which enters the city from
the northeast. The topography is similar to Knoxville, with
rolling hills and rocky ridges. The elevation ranges from
640 ft in downtown to 2210 ft at Lookout Mountain .

All parks were chosen from parks listed on each city’s
Parks & Recreation Department website, with the exception
of Prentice Cooper State Forest in Chattanooga. Parks were
sorted into categories based on the cities’ description of the
park and using Google Earth to determine forest cover.
Categories were: nature parks (larger, mostly forested parks
with minimal man-made alterations), district parks (mid-size
parks with large open spaces with ample forested space), com-
munity parks (small mainly recreational parks with mostly
open space, pavilions and sports fields, with some forested
area), neighborhood parks (very small parks, situated in sub-
urbs for human use), and downtown parks (located directly
downtown, typically less than one acre, and very urban).

In each city, three nature parks, three district parks, three
community parks, six neighborhood parks, and three down-
town parks were chosen using a random number generator, for
a total of 54 parks. Neighborhood parks made up the majority
of every city’s park system so more neighborhood parks were
sampled. Because Chattanooga lacks nature parks in its park
directory, Prentice Cooper State Forest, was used as a proxy.
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Snail sampling

Snails (living and empty shells) were collected between May
and September, 2015 between the hours of 9 A.M. and 4 P.M.
We did not collect slugs. We did collect one species of am-
phibious snail, Pomatiopsis lapidaria, which is often included
in land snail studies (e.g., Douglas et al. 2013) as they often
inhabit moist terrestrial habitats such as wet limestone expo-
sures (Dourson 2010).

As snails are most active at night and after rainfall,
surveys only occurred following a period of 48 h with-
out rain to control for snail activity (Barker 2001). Two
standard terrestrial gastropod sampling methods were
used in this study: visual searches of plots and leaf
litter/soil collection in the same plot. Visual surveying
for land snails is very effective at locating macrosnails
(>S5 mm maximum width), but often misses microsnails
(<5 mm maximum width) (Hotopp 2002). Therefore,
litter/soil collection is recommended to account for the
microsnail population at a given site (Clergeau et al.
2011). Clergeau et al. (2011) determined that using
these two methods in urban gastropod sampling was
effective in obtaining 55%—61.5% (visual search) and
92%—-100% (litter/soil search) of snails.

The number of sampled plots per park was deter-
mined by the habitat and acreage of each park: more
area and more habitats required more plots to be sam-
ple. Habitat variety was estimated via conversations
with park officials, and visual walkthroughs when fea-
sible. If a park had one habitat type, one plot was sur-
veyed. In contrast, when a park had more than one
habitat type, one plot was surveyed in each habitat.
One plot was used for most downtown and neighbor-
hood parks because they had one habitat type (typically
non-native plant species, landscaping, or open lawn),
and an average of four acres. The minimum number
of plots sample was 1 (for small parks) and the maxi-
mum was 10 plots (for the largest and most habitat-
diverse parks).

For the visual survey, at each habitat type within a
park, two 9m? plots within 30 m of each other were sam-
pled in the same habitat type to account for microhabitat
variation (the two plots are averaged to equal one plot for
all analyses). Each plot was thoroughly searched for snails
by two people for 30 min. Microhabitat searched within
each plot included: leaf litter, under leaf litter, on vegeta-
tion, under rocks, on and under downed wood, tree crev-
ices, and moss. Every living snail and intact shell encoun-
tered were collected. When possible (i.e., species identity
was obvious), living snails were identified in the field and
released.

To remove soft bodies of live snails for identification,
snails were soaked in tap water overnight, boiled for one

minute, and extracted with forceps. Shells were then
placed in a 3% hydrogen peroxide solution for 24 h to
clean both the inside and the outside of the shell and
rinsed with water. No apparent dissolution or abrasion of
the shell occurred from this process.

Soil and litter collection and processing

After the visual survey of a plot, one half liter of leaf litter/soil
was collected to a depth of three cm in multiple locations
throughout the plot and placed in a sealed plastic bag. Each
bag was labeled and stored at room temperature until proc-
essed for microsnails. Traditional soil processing sometimes
involves allowing the soil to dry for a 2—4 week period and
then sorted using multiple soil sieves. All collected soil must
then be visually searched under magnification for
microsnails. This process can be tedious and time consuming.
Instead, we used an alternative method of processing litter
and soil that is sometimes used in paleontology to digest
organic material in sediment (Rhodes 1998).

This method used relies on hydrogen peroxide to re-
duce the volume of organic, non-mineralized materials,
without affecting the mineralized snail shells. Soil was
emptied into a container where rocks, twigs, leaves, and
other large matter was removed. Soil was then placed into
flexible plastic mesh screen with openings of 0.5 mm.
This size was chosen because the smallest known terres-
trial snail is 0.7 mm; most researchers agree that a 0.6 mm
sieve will catch all adult snails (Fontaine et al. 2007,
Vermeulen et al. 2015). Bags were secured with zip ties
and repeatedly dunked in a 3% hydrogen peroxide solu-
tion to remove soil matter that was less than 0.5 mm. The
bags were then thoroughly rinsed with tap water until the
water coming out of the bag ran clear. Bags were placed
in a sunny window where they were dried for 2-3 days.
This process significantly reduces the amount of soil mat-
ter and therefore the amount of time it takes to sort
through the remaining soil. Once dry, the soil was care-
fully examined under a stereo microscope or using a head-
mounted optical magnifier. All snails were removed and
placed into a labelled vial for later identification.

Snail identification

Nearly all specimens (95.5%) were identified to species level
based on morphological features according to Burch (1962),
Dourson (2010), and Pilsbry (1940, 1946, 1948). In addition,
some difficult specimens were identified by consultation with
snail taxonomists, Amy and Wayne Van Devender, Ron
Caldwell, Tim Pierce, Daniel Douglas, and Franciso Borreo.
Those remaining (4.5%) were identified to genus or not iden-
tified (juveniles and broken shells).
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Habitat data collection

Abiotic and biotic factors that may influence land snails were
recorded or collected at each plot. These factors included:
percent of non-native plant species and percent coarse woody
debris cover (CWD) in a plot, leaf litter depth, tree species
present, and soil samples to be tested for pH and calcium (Ca).
Before each plot was searched, dominant vegetation within
the plot was identified and calculated into a percentage of area
covered by non-native plant species. CWD, which includes
rotting wood or bark was visually estimated in each plot as
percent cover. Leaf litter depth was measured in three loca-
tions within the plot. A composite soil sample was taken from
each plot and stored in a sealed plastic bag at 4° Celsius. Those
samples were later analyzed by the Soil, Plant, and Pest Center
at the University of Tennessee, Nashville TN, to determine pH
and calcium content.

Degradation was estimated at each site using three explan-
atory variables based on similar work by Horséak et al. (2009).
These three variables are: human alteration of the habitat,
isolation of the park, and percent of non-native species present
(Table 1). The three variables were combined to produce a
degradation rank. As an example, Krutch Park is a small
downtown park in Knoxville, TN. On the degradation scale
it receives 3 out of 3 for human alteration of the habitat, be-
cause the entire park has been affected by humans through
heavy landscaping and little forest. For the second variable,
isolation of the park, Krutch Park receives a 2 of 2 for being
completely surrounded by the city. For percent of non-native
species present, Krutch Park receives a 3 of 3 because 100%
of plant species in the plot(s) were non-native. These three

parts combine to give Krutch Park a degradation rank of 8,
the highest degradation rank.

Data analysis

To account for variation in number of plots searched in each
park, plots were averaged together to determine species diver-
sity, richness, abundance, and evenness. Shannon-Weiner spe-
cies diversity and evenness indices were calculated for every
plot and an average species diversity and evenness per plot for
each park was produced based on number of plots searched.
Snail abundance and richness for each plot were also averaged
to together to produce one average number for each plot that
accounted for variation in plot numbers. Differences in species
diversity, richness, abundance, and evenness among park
types in each city and among park types irrespective of city
were tested using a factorial analysis of variance (ANOVA),
(PROC MMAOYV; Saxton 1998) in SAS ver. 9.3. Fisher’s
least significant difference (LSD) mean separation at the 5%
significance level was used to compare means.

Variable selection (PROC REG; Saxton 1998), performed
in SAS, was used to determine the best regression model for
species diversity, richness, abundance, and evenness for all
three cities combined and separately. Model variables were
chosen from: acreage, calcium, CWD, degradation, straight-
line distance to commercial city center (using Google Earth),
litter, and Best fits were chosen based on the R-squared,
Akaike’s information criterion (AIC), and Mallow’s Cp in
the following conditions: AIC measures the fit of the model,
but penalizes for the number of parameters. Models within
two AIC of each other are considered nearly equally good.

Table 1 Habitat degradation
scale; park rank based on sum A.
total of the three parts: (A) Human 0
alteration of the habitat (B)

Isolation of park (C) Average

percent of non-native plant

species

Human alteration of the habitat
mostly natural habitats, no landscaping, 90% > of land is forested

naturalized habitats modified by humans, with little management; may include
impervious surfaces, some open space, and minimal landscaping (non-native
plant removal, herbicide use); 70% > is forested

2 managed green space, used for human recreation; light to moderate landscaping
X(use of chemical inputs and non-native planting), mowed open spaces, paved
trails, and moderate forested areas (<40%)

3 heavily disturbed sites; mostly mowed open space, little or no forested area, heavy
landscaping (chemical input, and non-native planting)

B. Isolation of park

0 fully surrounded with non-built up habitat

N =

partially connected with surrounding habitats
totally connected with buildings and tarmac

C. Average percent non-native vegetation

no non-native vegetation present in sample area

<20% of vegetation is non-native in sample area

0
1
2 50% of vegetation is non-native in sample area
3

100% of vegetation is non-native in sample area

Modified from Horsék et al. (2009)
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All models chosen were within two AIC of the lowest AIC of
all the models. Mallow’s Cp is used to measure fit and predic-
tion, standard error, and bias/precision of the model. The best
Cp is lower than how many variables are in the model, plus
one.

Regressions were run in SAS (PROC REG; Saxton 1998)
based on the variable selection. Final variables in the regres-
sion models are different than what was chosen in variable
selection due to collinearity and low significance (P> 0.05)
of some variables. All simple linear regressions were first run
as a 4th degree polynomials and simplified based on the P-
values for each degree.

A synanthropic species analysis was also performed. A
synanthropic species is defined as a species that is commonly
found in close association with human activities, and that
thrives in or “exploits” urban habitats (Adler and Tanner
2013; Guette et al. 2017). This includes both native and non-
native species that are common in highly modified habitats
including gardens, lawns, and other urban areas. Here, we
designated a snail species as synanthropic if it is commonly
found in roadside habitats, residential areas, and other highly
modified urban habitats as noted by Burch (1962), Dourson
(2010), and Hotopp et al. (2013). The specific species that we
designated as “synanthropic” are denoted in the Appendix
Table 6.

Nonmetric multidimensional scaling (NMDS) (Kruskal
1964) was performed using PC ORD 6.19 to obtain a graph-
ical representation of snail community relationships among
park types. NMS is an ordination method used for non-
normal data common in ecological data sets. It is an iterative
search that finds the best position of n entities on k dimen-
sions, with the lowest stress of the A-dimensional configura-
tion. Low stress for ecological community data is considered
to be less than 15, while stress values approaching 20 are of
concern (McCune and Grace 2002). Bray-Curtis dissimilarity
was used for running the NMDS with 250 iterations. This
analysis was conducted on all parks types using park data,
on nature parks and downtown parks to determine if homog-
enization is occurring, and on degradation ranks using plot
data. Degradation ranks were rounded to the nearest whole
number to create degradation ranks 1-9.

Finally, to directly examine a possible trend toward biotic
homogenization with urbanization intensity, we measured
pairwise community similarity between intensively disturbed
urban locations (downtown parks) and compared those to
pairwise community similarity of least disturbed habitats (na-
ture parks). We chose downtown versus nature parks as these
represent two end-members of the disturbance spectrum we
studied. To measure the similarity of species composition
among localities we used the Jaccard index, which measures
the proportion of shared species across the two, combined
assemblages. There are many indices for measuring similarity
of species composition between sites but most of these

indices strongly covary (Koleff et al. 2003) and many studies
on homogenization have used the Jaccard index (Olden and
Rooney 2006).

In addition to the snail data collected herein, our analysis
included the species list from Bergey and Figueroa (2016)
which examined the snail fauna of 61 residential yards in
Norman, Oklahoma, USA. They found 32 species including
4 species of slugs. As we did not collect slugs we included
only the 28 land snails species that they found. We included
their data because it is a high quality data set of urban snails in
very disturbed habitats that provide a way to examine snail
community similarity, and potentially biotic homogenization,
with Tennessee urban habitats.

Results

Snail sampling recovered 12,153 individual snails,
representing 20 families, 43 genera, and 95 species
(Appendix Table 6). Seven new state and 87 new county oc-
currences were recorded for Davidson, Knox, Hamilton, and
Marion counties. We also found five non-native species (from
outside the USA): Cochlicopa lubricella, Cepaea nemoralis,
Oxychilus cellarius, Paralaoma servilis, and Lamellaxis
gracilis. We also found one extra-limital non-native species
(native to US but located outside its native range): Polygyra
cereolus. Four of these non-natives are new Tennessee state
records (Appendix Table 6).

The most abundant snail family encountered was
Zonitidae, which accounts for 64.0% of all snails found in this
study, followed by Polygyridae (20.0%), Pupillidae (3.6%)
and Discidae (2.1%). This was followed by: Glyphyalinia
(10.8%), Triodopsis (7.8%), Inflectarius (4.8%), Zonitoides
(3.5%) and Gastrocopta (3.0%). For species, Ventridens
demissus (Binney, 1843), represented 21.2% of all snails,
followed by Ventridens ligera (Say, 1821) (15.1%),
Triodopsis hopetonensis (Shuttleworth, 1852) (7.3%),
Ventridens percallosus (Pilsbry, 1898) (5.1%), and
Inflectarious inflectus (Say, 1821)(4.2%).

Park comparisons

Significant differences were observed in Shannon-Weiner di-
versity among park types (Fig. 2, P =0.001). Nature parks had
the highest mean species diversity and were not different from
district parks. Downtown parks had the lowest mean species
diversity and were not different from community parks or
neighborhood parks.

Cities did not differ in species richness, but differences
were observed in species richness among park types (Fig. 3).
District parks had the highest mean species richness and were
not different from nature parks. Mean species richness in com-
munity, neighborhood, and downtown parks were not
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Species diversity*Park type
F4,49=9.77
P=0.0001

14

12

1.0

Shannon-Weiner Diversity

08

06

District

Nature Community Neighborhood Downtown

Park Type

Fig. 2 Mean species diversity + SE among park type. Average species
diversity for each park was summed and averaged with standard error for
each park type with ANOVA and Fisher’s LSD for mean separation at the
5% significance level; P=0.0001, N =54

different. Community parks, neighborhood parks and down-
town parks had similar mean Shannon-Weiner species even-
ness (Fig. 4). Nature parks and district parks had greater mean
species evenness (Fig. 4).

Factors affecting snail communities

Degradation rank was the most common predictor variable
chosen across the four metrics (species diversity, species rich-
ness, species abundance, and species eveness), in each city
separate and combined, with eight models selecting with deg-
radation as the most important model variable (Table 2). Park
acreage was also a factor; it was found to be the most impor-
tant factor in five models. Calcium was a common secondary
factor in seven models, while CWD and distance were

A
Species richness*Park type
F1,19=5.96
i’ P=0.0005
@
2 6
=
=
&
»
]
]
g 5
w»
B
4
3

Nature District Community Neighborhood Downtown

Park Type

Fig. 3 Mean species richness + SE among park type. Average species
richness for each park was summed and averaged with standard error for
each park type with ANOVA and Fisher’s LSD for mean separation at the
5% significance level; P <0.0001, N=54
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Fig. 4 Mean Shannon species evenness + SE of parks. Average species
evenness for every park were summed and averaged with standard error
for each park type with ANOVA and Fisher’s LSD for mean separation at
the 5% significance level; P=0.0028, N =54

Nature

secondary factors in six models. Litter depth and pH were
the least important variables, only appearing secondarily in
four and three models respectively. The average pH for all
three cities combined was 6.83, and ranged from a maximum
of 8.11 to a minimum of 4.66.

Table 2 Variable selection results used for determining the most
important variable(s) related to snail species diversity, richness,
abundance, and evenness

Category R-square Selected variables

Species diversity
All parks 0.50 Degradation, distance, litter, Ca, CWD
Nashville 0.59 Acreage, distance, CWD
Knoxville 031 Acreage, degradation, distance

Chattanooga 0.74
Species richness

Degradation, litter, CWD

All parks 0.38 Degradation, distance, Ca, CWD
Nashville 0.43 Acreage, distance, CWD
Knoxville 0.30 Acreage, degradation, distance, Ca
Chattanooga 0.59 CWD

Snail abundance
All 0.07 pH, Ca
Nashville 0.11 Degradation, pH
Knoxville 0.37 Acreage, Ca

Chattanooga 0.53 Degradation, litter, pH, Ca

Species evenness

All 0.31 Degradation
Nashville 0.23 Degradation
Knoxville 0.38 Litter, Ca

Chattanooga 0.70 Degradation, distance, Ca

Diversity, richness, abundance, and evenness were averaged together for
every park in each city and analyzed using SAS v. 9.3 variable selection
for best R-square
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A multiple regression model of species diversity in all
parks indicated degradation, distance to commercial city cen-
ter, and CWD as major variables (Table 3). In a multiple re-
gression model of Nashville and a simple linear model for
Knoxville, both park species diversity and distance to com-
mercial city center were prominent. Nashville park species
diversity was also strongly related to acreage. CWD and deg-
radation were each related to Chattanooga park species diver-
sity (Table 3).

The best fit multiple regression model of species richness
in all parks indicated CWD, calcium, degradation, and dis-
tance to commercial city center as significant factors
(Table 4). Chattanooga parks species richness was most relat-
ed to CWD in a simple linear model. No significant correla-
tions were found for Knoxville parks species richness.

The best fit multiple regression model of species evenness
in all parks indicated degradation as the most dominant vari-
able in a simple linear model (R-square =0.31, P=0.0001).
While Chattanooga and Nashville parks species evenness was
best fit to a simple linear model with degradation (R-square =
0.57, 0.23, P=0.0003, 0.040, respectively), Knoxville parks
species evenness fit best to a simple linear model with calcium
(R-square =0.27, P <0.026).

A simple linear regression, with all parks, comparing deg-
radation to species diversity, richness, evenness, and abun-
dance, found all but abundance to be significantly related.
Species diversity and evenness were found to be most related
to degradation. Species richness was also related to degrada-
tion but to a lesser extent.

Synanthropic snail species accounted for a greater percent-
age of species in increasingly urbanized parks (Table 5).
Nature parks have the lowest percentage of synanthropic spe-
cies with downtown parks exhibiting 3 times that figure
(Table 5). District parks, community parks and neighborhood
parks were each 10-20% different in percentage of
synanthropic snail species. Nature parks also have fewer
synanthropic snail individuals as a measure of total abundance
(34%). District and downtown parks contained similar
amounts of synanthropic individuals (84%, 81%

Table 3  Best regression models for species diversity in all cities
combined and separate. Variables chosen by variable selection

Category ~ Model Variables = PR> Partial  R-square PR>F
[T|]  R-square

All parks MR Degradation 0.002 0.17 0.45 <0.0001
Distance 0.031 0.08
CWD 0.031 0.08

Nashville MR Distance 0.009 0.37 0.54 0.002
Acreage 0.027 0.28

Knoxville SLR  Distance 0.030 0.18 0.071

Chattanooga MR CWD 0.004 0.42 0.69 0.0001

Degradation 0.007 0.39

MR multiple regression, SLR simple linear regression

Table 4 Best regression models for species richness in all cities
combined and separate. Variables chosen by variable selection

Category Model Variables PR>  Partial R-square PR>F
IT| R-square
All parks MR CWD 0.005 0.14 0.38 <0.0001
Ca 0.017  0.11
Degradation 0.049  0.08
Distance 0.041  0.07
Nashville SLR  Distance 0.027 0.27 0.027
Chattanooga SLR ~ CWD 0.0002 0.59 0.0002

MR multiple regression, SLR simple linear regression, LOG log transfor-
mation. SAS v. 9.3

respectively), while neighborhood and community parks
contained 10% more snyanthropic individuals (92%, 95%,
respectively).

Nonmetric multidimensional scaling ordination

The NMDS ordination across all 54 parks indicated various
differences in species composition across the five parks types
(Fig. 5). A noticable difference in snail communities can be
seen between nature and district parks and the three smaller,
more urbanized community, neighborhood, and downtown
parks. This indicates that the snail communities found in na-
ture and district parks are more distinct from the other park
types.

The NMDS ordination was performed by plots within
parks because some degradation rank numbers are present
only once (Fig. 6). NMDS requires at least two occurrences
of'the independent variable, as it cannot ordinate data based on
one sample unit. Differences in snail communities across deg-
radation rank vary in terms of separation. Degradation rank
zero and two are grouped closely together, implying that spe-
cies are separated based on their lack of tolerance for degra-
dation. Rank three also shows some overlap with zero and
two. One side of degradation rank seven also overlaps with

Table 5 Percent of synanthropic (Syn) snails found in five park type in
all cities as a function of total species or total abundance
Park type Community metric SYN (%)
Nature Abundance 34%
Species 22%
District Abundance 84%
Species 38%
Community Abundance 95%
Species 48%
Neighborhood Abundance 92%
Species 59%
Downtown Abundance 81%
Species 67%
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Axis 1 . |
Fig. 5 NMDS ordination of proportional abundance of land snail species
separated by park types using the Bray-Curtis similarity index. Each
symbol is one park

zero, two, and three, implying some shared species among the
ranks. Degradation rank four overlaps with several other
ranks. All other degradation ranks overlap and show no no-
ticeable community patterns.

The NMDS ordination for the nine nature and nine down-
town parks indicates that downtown parks are clustered in
dimensional space relative to nature parks (Fig. 7). This im-
plies that species composition in downtown parks is more
similar to each other than to nature parks. Data points for
nature parks show relatively less overlap in species composi-
tion with each other, and much less with downtown parks
(Fig. 7).

Rank
a0
42
v3
v4
5

*8
o9

Axis 2

Axis 1
Fig. 6 NMDS ordination of proportional abundance of land snails
separated by degradation rank using the Bray-Curtis similarity index.
Each shape represents a single parks degradation rank; 0 = lowest degra-
dation, 9 = highest degradation
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Axis 2

Axis 1
Fig. 7 NMDS ordination of proportional abundance of land snail species
separated by nature and downtown parks (dwntn) in each city
(Nashville =N, Knoxville =K, Chattanooga = C) using the Bray-Curtis
similarity index. Each symbol is one park

Pairwise similarity coefficients

The results of the Jaccard index comparison of snail
community similarity were as follows (where K=
Knoxville, C=Chattanooga, N =Nashville, for species
lists of combined downtown parks vs combined nature
parks for each city): K-C downtown=0.193, K-C, na-
ture =0.159; K-N downtown=0.194, K-N nature =
0.167; C-N downtown=0.224, C-N nature =0.165.
These indicate that, for each of the three pairwise com-
parisons, downtown parks are more similar in composi-
tion than nature parks.

Comparison of all downtown parks (combined for all
three cities) with the 28 species found in the 61 resi-
dential yards in Norman, Oklahoma, USA (Bergey and
Figueroa 2016) found 10 shared species for a Jaccard
index of 0.164=10/(10+28 +23). Comparison of the
Norman, Oklahoma residential data with the combined
species list for all nature parks in our 3 cities found 14
shared species for a Jaccard index of 0.129=14/(14 +
28 + 66). This indicates that the residential snail commu-
nities of Norman are more similar to the downtown
parks of the three Tennessee cities than to the nature
parks.

Discussion

This study indicates that urbanization is affecting land
snail community composition across cities in Tennessee.
Park type correlated with acreage (Spearman correla-
tion=0.87) and degradation rank (Spearman correla-
tion=0.76). Increasing acreage was also correlated with
decreased degradation (spearman correlation =0.80).
These two factors (degradation and acreage) were the
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most commonly identified in variable selection models
as correlated to snail community metrics, and are con-
sidered to be the strongest factors affecting snail com-
munities in this study. Additional factors that partially
relate to snail community variation in a given plot in-
clude: soil pH, soil calcium, coarse woody debris pres-
ent, the depth of leaf litter, distance to commercial city
center, and percentage of non-native species. Many of
these factors are directly related to the urbanization
process.

Among the snail community indices, Shannon-Weiner
species diversity was the most clearly divergent among
park types. Nature and district parks (larger parks with
greater tree coverage) had nearly twice the diversity of
community, neighborhood and downtown parks (smaller,
intensely used urban parks (Fig. 2). Species richness
and species evenness were also found to be highly re-
lated to park type. For species richness, between 30%
and 50% more species were found in nature and district
parks compared to community, neighborhood and down-
town parks (Fig. 3). On average, nature and district
parks exhibited between 23% to 38% greater species
evenness than community, neighborhood, and downtown
parks (Fig. 4). It is apparent that decreasing size and
increasing degradation of parks reduce diversity in snail
communities. In particular, degradation of these parks
accounted for over 30% of snail species diversity and
evenness. In general, nature and district parks contain
more woody plants and mature forested landscapes.
They also tend to have less disturbance than the
smaller parks, which are in high traffic urban centers.
Lososova et al. (2011) also found that highly urbanized
plots near urban centers had reduced land snail species
richness.

The only community metric that did not align within
this trend was mean snail abundance. No clear trend
was evident and only neighborhood parks offered fewer
individual snails per plot, an average of 37. All other
park types, including downtown parks, had between 63
and 78 snails per 9 m? on average. It may be that
neighborhood parks are divergent in their habit avail-
ability for land snails as they have more open lawn
space for human recreation, and are utilized daily for
people and their companion pets.

That abundance did not decrease, and may even in-
crease, despite a diversity increase with urbanization has
been found in many studies, including invertebrates
(Faeth et al. 2011). It has been called the urban
“density-diversity paradox” because diversity typically
increases as the number of individuals increase in bio-
logical communities (Shochat et al. 2010). It has been
suggested that increased abundance and decreased rich-
ness of animal species in cities occurs because

synanthropic urban generalists increase in numbers due
to their competitive superior abilities, human subsidized
food resources, and lowered predation pressure in cities
relative to wildlands, and thus decrease community
evenness (Shochat et al. 2010).

Clear differences are apparent in terms of
synanthropic snail types present at each park type
(Table 5). Synanthropic snail species comprised increas-
ingly greater percentages in more urbanized parks, rang-
ing from 22% in nature parks to 67% in downtown
parks. Changes in synanthropic species abundance can
be seen between nature parks and all other parks types
where 34% of individuals were classified as
synanthropic in nature parks, and more than 80% of
all snails found in community and neighborhood parks
were synanthropic species. Increasing diversity and abun-
dance of synanthropic species with urbanization intensity is
a common pattern in many groups of organisms, likely driven
by increasing alteration of abiotic and biotic factors with urban
influence (Faeth et al. 2011).

The percentage of synanthropic snails in downtown
parks is related to the relatively high abundance, and
surprising appearances of two species not previously
known to the urban habitat, Rabdotus dealbatus (Say,
1821) and Triodopsis alabamensis (Pilsbry, 1902).
Rabdotus dealbatus is a calciphile that prefers
meadow-like habitat, which may be mimicked in the
open, grassy, downtown parks (Dourson 2010).
Triodopsis alabamensis is typically found in pine-oak
forests, but 50 individuals were in one downtown
Chattanooga park (Hubricht 1985). These and the sev-
eral other species found in heavily urbanized areas may
have a higher tolerance for the degraded and fragmented
habitat (which can resemble their known habitat prefer-
ences) found in city parks.

We found that local variables (calcium, pH, leaf litter
depth, and CWD) were not major factors affecting ur-
ban land snail communities. This is the opposite of
what is often seen in previous studies, where snails
(and slugs) were found to be highly dependent on mi-
crohabitat conditions (Burch 1955; Beyer and Saari
1977). This disparity in findings may occur because
these studies focused on natural habitats whereas much
of our focus was on highly to moderately disturbed
urban habitats where natural processes may be
overwhelmed or at least strongly mitigated by anthropo-
genic factors (e.g., fertilizer, irrigation, and mowing).
This displacement of natural abiotic factors by anthro-
pogenic factors is a common pattern for many groups in
urban habitats (Adler and Tanner 2013; Guette et al.
2017). For example, Coarse Woody Debris (CWD) is
known to provide important refugia to land snails, as
well as harbor uncommon species. According to
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Caldwell (1993), up to 25% of southeastern land snails
depend on CWD. But on average, downtown parks only
had CWD covering 0.003% of the plot, compared to
neighborhood parks which had 16% or nature parks
which had 23% CWD coverage. Leaving CWD in
downtown parks could provide habitat for land snails,
as well as other invertebrates.

The wide-ranging effects of anthropogenic activities
are further seen in that degradation was the most prom-
inent factor related to land snail community composition
in urban environments. Increasing degradation was sig-
nificantly correlated with decreased species diversity,
richness, and evenness. Horsak et al. 2009 and
Lososova et al. (2011) also found a decline in snail
species richness with increased degradation.
Degradation, for this study, includes many general land-
scape factors such as: amount of forest, lawn care, non-
native plant species presence, and landscaping. It is also
likely that unmeasured local variables associated with
degradation (e.g., trampling, pedestrian traffic, pets)
could be significantly affecting snail communities.

In a study analyzing land snail communities in old-
growth and second-growth forests in Kentucky, Douglas
et al. (2013) found that disturbance from human land
use can alter land snail communities for decades. Their
research was not able to determine which variables were
most affecting snail communities, but came to the con-
clusion that the traditional variables most associated
with land snails were not the most dominant. In addi-
tion, Douglas et al. (2013) found that 14 out of 18
snails identified as indicator species for old growth for-
ests were microsnails, strengthening the argument that
microsnails are more diverse in an undisturbed
environment.

Our study also indicates that homogenization of snail
communities is occurring in downtown parks, typically
located nearest the city center. This is seen in the mul-
tivariate (NMDS) analysis and more directly in the
pairwise Jaccard index which shows that, between cit-
ies, downtown parks have greater similarity than nature
parks. Homogenization by urbanization is also supported
by the greater similarity (Jaccard index) of snails com-
munities in residential yard habitats of Norman,
Oklahoma USA with snails in downtown parks than
with the nature parks in our data set.

While it is relatively well documented that urbaniza-
tion increases homogenization in birds and plants
(McKinney 2006; Kithn and Klotz 2006; Murthy et al.
2016), there are far fewer studies of how urbanization
affects community similarity among invertebrates.
However, those few also show a similar pattern as ours,
with homogenizing patterns seen in urban arthropods
(Knop 2016) and urban land snails (Horsak et al.
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2013). One potential explanation for urban homogeniza-
tion is that, as cities are mainly built for the habitat
needs of one species, humans, they produce a relatively
similar physical environment inhabitable mainly by the
relatively few species that can adapt to those urban
habitats (McKinney 2006; Adler and Tanner 2013).

Regarding exactly which species are “urban
exploiters” and “urban adapters” (McKinney 2002;
Adler and Tanner 2013), there are only six species that
occur in downtown parks of all three Tennessee cities:
Ventridens demissus, Triodopsis hopetonensis, Zonitoides
arboreus. Gastrocopta contracta, Hawaiia minuscula,
Glyphyalinia indentata. These six species are also
among the most local abundant species by far
(Appendix Table 6). Furthermore, these species (with
the exception of Gastrocopta contracta) are the five
most widespread species, being found in the highest
percentage of residential yards in Norman, Oklalahoma
(Bergey and Figueroa 2016). Given that non-native spe-
cies are often identified as urban biotic homogenizers
(McKinney 2002; Adler and Tanner 2013), it is interest-
ing that none of these species widespread species shared
among all the downtown habitats of Tennessee and the
residential yards of Oklahoma include the six non-native
species in our data set. We can only speculate but per-
haps this is an “invasion debt” (Rouget et al. 2016)
related to the slow dispersal of snails, and that given
time these non-native species will become more
widespread.

A major goal of future research on urbanization impacts on
snails will no doubt include the mechanisms by which
synanthropic snails are adapting to urban habitats. There is a
substantial literature documenting many behavioral and phys-
iological urban adaptations of birds, mammals and other well-
studied organisms, including changes in diet, life history, re-
production, and social structure (Adler and Tanner 2013). But
we know relatively little about the behavioral and physiolog-
ical mechanisms allowing specific snail species to adapt to
cities. In general, it seems clear that synanthropic urban snails
tend to be generalists adapted to a wide variety of habitats. For
example, the six species noted above (Ventridens demissus,
Triodopsis hopetonensis, Zonitoides arboreus. Gastrocopta
contracta, Hawaiia minuscula, Glyphyalinia indentata) are
geographically widespread and found in several kinds of hab-
itats (Dourson 2010). Indeed, Dourson (2010, p. 117) notes
that Zonitoides arboreus is the “most common and wide-
ranging land snail in North America”. Aside from that, little
is known about the specific mechanisms of urban adaptation,
other than a few interesting but anecdotal observations.
Triodopsis hopetonensis, for example, is a “species of waste
places, roadsides also found in and around scrap piles of con-
struction lumbers” that are a mode of anthropogenic dispersal
to new urban locations (Dourson 2010, p. 265).
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Appendix

Table 6  Snail species collected in Nashville (Davidson county), Knoxville (Knox county), and Chattanooga (Hamilton & Marion county) Tennessee in

city parks in 2015

Family
Carychiidae

Cionellidae

Discidae

Gastrodontidae
Haplotrematidae

Helicarionidae

Helicidae
Helicinidae

Helicodiscidae

Orthalicidae
Oxychilidae

Polygyridae

SPECIES

Carychium exile

(I. Lea, 1842)
Cochlicopa lubricella*t
(Porro, 1838)
Anguispira alternat a T
(Say, 1816)

Anguispira strongylodes
(Pfeiffer, 1854)

Discus patulus
(Deshayes, 1830)
Discus whitneyi T
(Newcomb, 1864)
Gastrodonta interna
(Say, 1822)

Haplotrema concavum
(Say, 1821)

Euconulus chersinus
(Say, 1821)

Euconulus trochulus
(Reinhardt, 1883)
Cepaea nemoralis* T
(Linnaeus, 1758)
Oligyra orbiculata

(Say, 1818)
Helicodiscus parallelus T
(Say, 1817)

Heliodiscus notius
Hubricht, 1962
Rabdotus dealbatus
(Say, 1821)

Oxychilus cellarius™ T
(Miiller, 1774 )
Euchemotrema fraternum
(Say, 1824)
Euchemotrema leai +
(A. Binney, 1841)
Inflectarius inflectus T
(Say, 1821)

Inflectarius rugeli T
(Shuttleworth, 1852)
Mesodon clausus T
(Say, 18210
Mesodon elevatus
(Say, 1821)
Mesodon normalis
(Pilsbry, 1900)
Mesodon thyroidus
(Say, 1816)
Mesodon zaletus

(A. Binney, 1837)
Millerelix plicata
(Say, 1821)
Millerelix troostiana
(I. Lea, 1839)

DA KN
12 10
3 25
179

5

1
41 41
6 19
9
149
6 14
19 14
26

26
1
32
201 58
43 96
2

9
59 8
33 5
118

HA MA Total

70

4

22

48

181

55

12

13

59

48

189 6

92
32

202

60

240
185
25

15

152
32
46
26

26

32

454

140

94

40

118

@ Springer



Urban Ecosyst

@ Springer

Family

Pomatiopsidae

Punctidae

Pupillidae

Neohelix albolabris
(Say, 1817)

Patera appressa §
(Say, 1821)

Patera perigrapta
(Pilsbry, 1894)
Polygyra cereolus™ 1
(Muhlfeld, 1816)
Stenotrema barbatum
(G.H. Clapp, 1904)
Stenotrema calvescens
Hubricht, 1961
Stenotrema hirsutum
(Say, 1817)
Stenotrema spinosum
(L. Lea, 1830)

Stenotrema stenotrema T

(Pfeiffer, 1842)

Stenotrema stenotrema nudum

(Rafinesque, 1815)

Species

Triodopsis alabamensis
(Pilsbry, 1902)
Triodopsis complanata
(Pilsbry, 1898)

Triodopsis hopetonensis t

(Shuttleworth, 1852)
Triodopsis tridentat a ¥
(Say, 1816)

Triodopsis vulgata
Pilsbry, 1940
Xolotrema denotatum
(Ferussac, 1821)
Xolotrema obstrictum
(Say, 1821)
Pomatiopsis lapidaria
(Say, 1817)
Paralaoma servilis*
(Shuttleworth, 1852)
Punctum minutissimum
(L. Lea, 1841)
Punctum vitreum
(H.B.Baker, 1930)
Columella simplex
(Gould, 1840)
Gastrocopta armifera T
(Say, 1821)

Gastrocopta contracta +

(Say, 1822)
Gastrocopta corticaria
(Say, 1816)
Gastrocopta pentadon
(Say, 1822)
Gastrocopta procera
(Gould, 1840)

45

63

DA

281

30

20

130

46

15

161

135

KN

26

489

24

58

12
7
6
4
87 14
HA MA
3
5
67
24 4
25
3
16
4
29
13 2
9
1

218

299

Total

31

837

28

55

20

18

183

119

29

10



Strobilopsidae

Subulinidae

Succineidae

Valloniidae

Zonitidae

Table 2. Continued.
Family

Gastrocopta tappaniana
(C.B. Adams, 1842)
Pupoides albilabris T
(C.B. Adams, 1841)
Vertigo gouldii

(A. Binney, 1843)
Vertigo milium

(Gould, 1840)

Vertigo tridentata
Wolf, 1870

Strobilops aeneus
Pilsbry, 1926
Strobilops labyrinthicus
(Say, 1817)

Lamellaxis gracilis *1
(Hutton, 1834)
Catinella oklahomarum
(Webb, 1953)
Catinella vermeta

(Say, 1829)
Novisuccinea ovalis
(Say, 1817)

Oxyloma retusum

(I. Lea, 1834)

Vallonia excentrica t
Sterki, 1893

Vallonia pulchella T
(Miiller, 1774)
Glyphyalinia caroliniensis
(Cockerell, 1890)
Glyphyalinia cryptomphala
(G.H. Clapp, 1915)
Glyphyalinia indentata 1
(Say, 1823)
Glyphyalinia praecox
(H. B. Baker, 1930)
Glyphyalinia solida
(H.B. Baker, 1930)
Glyphyalnia wheatleyi
(Bland, 1883)

Hawaiia minuscula 1
(A. Binney, 1841)
Lucilla scintilla t

(R. T. Lowe, 1852)
Lucilla singleyanus 1
(Pilsbry, 1889)
Mesomphix capnodes
(W.G. Binney, 1857)
Mesomphix cupreus
(Rafinesque, 1831)

Species

Mesomphix perlaevis
(Pilsbry, 1900)
Mesomphix vulgatus
H.B. Baker, 1933

78

40

23

28

59

103

222

17

82

11

DA

162

19

13

248

27

KN

15
18
1
2
27
6
1
71
10
435 37
14
33 57
4
20
16 1
HA MA
2 23
55

24

66

99

80

31
71
69
823
14
312
27
130

23

11

Total
25

217
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Paravitrea capsella

(Gould, 1851)

Paravitrea lamellidens

(Pilsbry, 1898)
Paravitrea petrophila
(Bland, 1883)
Striatura meridionalis

(Pilsbry & Ferriss, 1906)

Ventridens acerra
(J. Lewis, 1870)
Ventridens collisella
(Pilsbry, 1896)

Ventridens demissus 1

(A. Binney, 1843)
Ventridens intertextus
(A. Binney, 1841)
Ventridens lasmo don
(Phillips, 1841)
Ventridens lawae
(W.G. Binney, 1892)
Ventridens ligera 1
(Say, 1821)

Ventridens percallosus T

(Pilsbry, 1898)
Ventridens pilsbryi
Hubricht, 1964
Zonitoides arboreus
(Say, 1816)

Total

1159 10 80
52 52

961 893 732 2596
199 11 101
33 33

8 139 147

113 116 577 1853
3

654 654

3048 36 32 119

136 125 126 43 450

4,381 3,985 3,528 529 12,154

Species with an asterisk are non-native or extra-limital invasive. Species with a cross () are synanthropic. Numbers and species in red are county and
state records respectively according to Hubricht. DA = Davidson, KN=Knox, HA = Hamilton, MA = Marion
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