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We  sampled  semi-aquatic  turtles  from  2010  to  2011  at  20  suburban  ponds.
We  used  a  hierarchical  Bayesian  model  to  estimate  species  richness  and  occupancy.
Species  richness  and  occupancy  increased  with  greater  connectance  of  greenspaces.
Richness  was  greater  at  golf  ponds  than  rural  or  urban  ponds  indicating  suitability.
In  suburban  areas,  maintaining  connectivity  of greenspaces  should  be  a priority.

a  r  t  i  c  l  e  i  n  f  o

rticle history:
eceived 10 April 2012
eceived in revised form 17 April 2013
ccepted 24 April 2013

eywords:
onnectance metric
onnectivity
errestrial and aquatic habitat
ierarchical Bayesian model
olf course
andscape composition

a  b  s  t  r  a  c  t

Within  urbanized  areas,  the importance  of  greenspaces  for wildlife  has been  widely  investigated  for
some  animal  groups,  but reptiles  have  generally  been  neglected.  To  assess  the  importance  of the  amount,
spatial  distribution,  and  configuration  of  greenspaces  (comprised  of  terrestrial  and  aquatic  areas),  we
examined  semi-aquatic  turtle  species  richness  in urbanized  areas.  In this  study,  we  sampled  turtles
from  2010  to  2011  at 20  ponds,  including  farm  (rural)  ponds,  ponds  in urbanized  environments,  and
golf  course  ponds.  We  used  a hierarchical  Bayesian  species-richness  model  to estimate  species  richness
and  species-specific  occupancy  responses  to  three  pond  types  (rural,  golf,  or urban)  and  four  landscape
measurements  of  greenspace  (i.e.,  Euclidean  nearest  neighbor,  interspersion  juxtaposition,  percent  of
landscape,  and  connectance),  generated  in  FRAGSTATS.  We  found  that  probability  of occupancy  of  four
species,  Kinosternon  subrubrum,  Trachemys  scripta,  Chelydra  serpentina,  and  Pseudemys  concinna  increased
substantially  with  an  increase  in  connectance  of greenspace  within  500  m of each  pond.  When  the  model

examining  the  configuration  of greenspaces  was  analyzed,  estimated  species  richness  was  greater  at  golf
ponds  as compared  to  either  rural  or  urban  ponds,  and richness  increased  with  increasing  connectivity  of
greenspaces.  Our  results  indicate  that  in  golf  course  ponds  can potentially  support  a greater  diversity  of
semi-aquatic  turtle  species  than rural  or urban  ponds  and  thus  may  be considered  superior  habitat  in sub-
urban  environments.  In  addition,  we suggest  that maintaining  connectivity  of  greenspaces  in  suburban

i-aq
areas  is  important  for sem

. Introduction

Protecting natural and semi-natural greenspaces is becoming
 critical component of land-use management within urbanized

reas. Greenspaces are defined as land, water and geological fea-
ures which have been naturally colonized by plants and animals
Harrison, Burgess, Millward, & Dawe, 1995) and this includes

∗ Corresponding author at: Davidson College, Department of Biology, Box 6935,
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uatic  turtles  and should  be considered  in urban  planning.
© 2013 Elsevier B.V. All rights reserved.

the continuum from intensely managed greenspace such as golf
courses to wilderness areas. Examples of greenspaces include
forests, shrublands, meadows, marshes, ponds, rivers, lakes, reser-
voirs, golf courses, suburban parks, and land alongside water-ways
with mixtures of forest and herbaceous plants.

Land managers are increasingly incorporating greenspace into
development plans for both aesthetic reasons and in an effort
to offset environmental impacts of urban expansion and inten-
sification. Greenspace can reduce demands for natural resources
(Grove, 1990; Jim & Chen, 2003; Little, 1990) via reduced cool-

ing costs, windbreak effects, and reduced urban heat island effects
(Meier, 1991; Rudie & Dewers, 1984; Simpson & McPherson, 1996;
Solecki et al., 2005), and can counteract increased carbon diox-
ide levels as greenspaces are carbon sinks (Rowntree & Nowak,
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http://www.sciencedirect.com/science/journal/01692046
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991). These areas can also mitigate the impact of urban devel-
pment by conserving water (McPherson, 1990), improving air
uality (Smith, 1981), controlling rainfall, runoff and flooding
Sanders, 1986), and lowering noise levels (Cook, 1978). In addi-
ion, greenspaces in urbanized areas can also act as refuges for
ildlife. The importance of urban greenspaces for wildlife has

een widely investigated for some groups, including birds, mam-
als, and insects (e.g., Chamberlain, Gough, Vaughan, Vickery,

 Appleton, 2007; Fabianek, Gagnon, & Delorme, 2011; Loram,
ratalos, Warren, & Gaston, 2007; McGeoch & Chown, 1997; Ong,
003; VanDruff & Rowse, 1986), but for some taxonomic groups,
uch as semi-aquatic reptiles, studies are insufficient.

Urban greenspaces often include water bodies on golf courses
nd in remnant forests among housing developments and agri-
ultural lands; these water bodies have been shown to support
urtle populations (Eskew, Price, & Dorcas, 2010; Failey, McCoy,
rice, & Dorcas, 2007; Harden, Price, & Dorcas, 2009; Price, Guzy, &
orcas, in press; Roe, Rees, & Georges, 2011; Ryan, Conner, Douthitt,
terrett, & Salsbury, 2008). More specifically, semi-aquatic turtle
pecies regularly nest within residential lawns and road side banks
Joyal, McCollough, & Hunter, 2001; Klemens, 1993; Linck, DePari,
utler, & Graham, 1989) and ponds in developed landscapes may
e more eutrophic, a condition benefiting some turtles (Marchand

 Litvaitis, 2004). However, in urbanized regions, turtles are vul-
erable to human-subsidized predators which frequently consume
urtle eggs (Marchand & Litvaitis, 2004), and also to road mortal-
ty, particularly during nesting and dispersal events (Aresco, 2005;
teen et al., 2006). Urbanized aquatic habitats are likely to suf-
er increased channelization and siltation, a reduction in aquatic
egetation, and degradation of appropriate basking sites (Spinks,
auly, Crayon, & Shaffer, 2003). Furthermore, the loss, degradation,
nd fragmentation of aquatic habitats from urban development can
esult in abnormal population structures and population declines
r extinctions in aquatic turtles (Marchand & Litvaitis, 2004). Addi-
ionally, suitable terrestrial habitat for nesting and hibernating may
e scarce or non-existent. As aquatic and terrestrial habitat is elim-

nated (or degraded), sites occupied by remaining turtles become
solated, reducing the ability of individuals to successfully disperse,

hich may  eventually result in lower genetic variability among
opulations (e.g., Marchand & Litvaitis, 2004), reducing a popula-
ion’s long-term survival.

The semi-aquatic turtle assemblage at a given pond in a sub-
rban location may  be influenced by the surrounding landscape
ontext. For example, Price et al. (in press) found that Trachemys
cripta and Chrysemys picta abundances in ponds on golf courses
ere similar to abundances in farm ponds and both species had

owest abundances in ponds surrounded by residential devel-
pment. Failey et al. (2007) found that relative abundance of
emi-aquatic turtle species, size distributions for each sex, and
ex ratios were not distinguishable between rural (farm) and golf
ourse pond types. Further, body condition indices for C. picta from
olf course ponds were higher than those from rural ponds, per-
aps because of increased food availability (Failey et al., 2007).
archand and Litvaitis (2004) found that in urban ponds, the num-

er of injured turtles per pond was associated with increasing
rban area within 100 m of ponds and suggest that semi-aquatic
urtle population structure may  be altered by human-associated
ffects (e.g., dense road networks and abundant predator popula-
ions). Finally, the amount, spatial distribution, and composition
f greenspaces (terrestrial and aquatic habitats) within urbanized
reas may  also be important for semi-aquatic turtles. For exam-
le, Roe, Brinton, and Georges (2009) found that the probability of

ovement by a freshwater turtle species decreased with increas-

ng distance between wetlands. Joyal et al. (2001) suggest that the
verall size of a wetland complex, the juxtaposition of wetlands
f different types, and wetland isolation influences habitat use
n Planning 117 (2013) 46– 56 47

and movements of semi-aquatic turtles. Other studies have found
that larger ponds often have greater semi-aquatic turtle abun-
dance (Failey et al., 2007; Lindeman, 1990; Price et al., in press)
and Cosentino, Schooley, and Phillips (2010) found that highly
connected wetlands had high probabilities of being occupied by
semi-aquatic turtles.

Given the importance of greenspaces in urbanized areas and
the potential importance of the surrounding landscape context for
semi-aquatic turtles our objectives were to examine the amount,
spatial distribution, and configuration of greenspaces within sub-
urban areas to assess their importance to semi-aquatic turtles. Our
hypotheses were: (1) species richness will be higher in golf and
rural ponds as compared to suburban ponds, (2) the probability of
occupancy will be higher in golf course and rural ponds as com-
pared to suburban ponds, and (3) the probability of occupancy
will increase with greenspaces that are closer together, more inter-
spersed (i.e., not clumped), larger, and more connected.

2. Methods

From 2010 to 2011 we  sampled 20 suburban ponds for
semi-aquatic turtles. Our study ponds were located in the
Charlotte-Metropolitan area (Mecklenburg, Cabarrus, and Iredell
counties) in North Carolina, USA (Fig. 1). This region is located in
the Piedmont of North Carolina, which consists of gently rolling
hills (elevations ∼61–457 m)  and mild climatic conditions (∼5 ◦C in
winter to ∼32 ◦C in summer). Land-cover in this area is dominated
by an urban/suburban landscape along with agriculture and pas-
ture land, and second-growth forests (Price, Dorcas, Gallant, Klaver,
& Willson, 2006). Over the past four decades the area has seen a
large reduction of forest and agricultural lands by suburban devel-
opment, and some counties within the region have lost up to 60%
of undeveloped land to urban landcover (Price et al., 2006).

We studied turtles in three pond types, as defined by their sur-
rounding landscape attributes. We  classified study ponds as rural
(n = 5) if surrounded by pastureland/forest with limited suburban
development within 500 m,  as golf if occurring on golf courses
(n = 10), or as urban (n = 5) if surrounded predominantly by sub-
urban development within 500 m.  Like the vast majority of ponds
in the Piedmont, all of our study ponds were man-made, most cre-
ated for agricultural purposes between 1930 and 1950, and others
created between 1966 and 1997 as part of golf courses. Rural pond
size averaged 0.68 hectares (range 0.15–1.54 ha), golf course ponds
averaged 1.69 hectares (range 0.45–6.13 ha), and urban ponds aver-
aged 0.65 hectares (0.4–1.0 ha).

In studying the potential importance of landscape characteris-
tics surrounding suburban ponds, we  selected a radius of 500 m
surrounding the edge of each pond to attempt to include close to
100% of expected turtle movements from ponds. This distance was
applicable for our study because outside of nesting forays, drying
ponds, and dispersal events where turtles might travel consider-
able distances (Bennett, 1972; Ernst & Lovich, 2009; McAuliffe,
1978; Obbard & Brooks, 1980), in general, semi-aquatic turtles are
associated with particular ponds or groups of ponds (e.g., Burke &
Gibbons, 1995). Previous studies (Semlitsch & Bodie, 2003; Steen
et al., 2012) examined migration data for aquatic-associated rep-
tiles and determined the overall core terrestrial habitat to be from
up to 289 m from the edge of the aquatic site, although Harden et al.
(2009) found few linear terrestrial movements by a semi-aquatic
turtle were as great as 581 m.
2.1. Turtle sampling

We sampled turtles at golf course ponds from 5 May  through 28
August, at rural ponds from 6 May  until 30 July, and at urban ponds
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ig. 1. Study area located in the western Piedmont (Iredell, Cabarrus, and Mecklenb
how  course boundaries.

rom 15 May  until 23 July each year. In each pond, we  placed 10
oop net traps baited with sardines in shallow water around the
ond perimeter. Bait (one can of sardines per trap) was  replaced
very 4 days. Traps were checked every other day for 10 days
ach year, and after capture, all turtles were identified to species,
exed using secondary sexual characters (Gibbons & Lovich, 1990)
nd individually marked by filing notches in the marginal scutes
Sexton, 1959). Turtles were released within a few hours after initial
apture.

.2. Quantification of habitat fragmentation

We  measured a series of landscape variables associated with
ach pond using a geographical information system (ARCMAP,

 10.0; ESRI, 2010), based on georeferenced 1′′:200′′ digital
rthophotos for each county (NC OneMap, 2011). We  classified

and-cover within a 500 m radius of each site into four non-
xclusive categories: greenspace, aquatic, terrestrial, and urban.
he greenspace category included all terrestrial and aquatic areas;
xamples of these are forests as well as ponds, streams, pasture,
nd golf courses (including golf greens, fairways, and the rough).
he aquatic category was restricted to only aquatic habitats (ponds,
akes, streams, and creeks), and similarly, the terrestrial category

as restricted only to terrestrial areas (forests, pastures, golf course
reens, fairways, and the rough). Finally, the urban category was

omprised of residential, recreational, commercial, and industrial
and-cover including all buildings and associated lawns, pave-

ent and roads. These four category designations allowed us to
nvestigate the influence of greenspace configuration and also to
unties) of NC, USA. Solid dots represent study ponds; those located on golf courses

separately consider aquatic and terrestrial habitats and their con-
figuration as potential influence on turtles because they use both
aquatic and terrestrial areas (Gibbons, 2003).

For each study site, landscape metrics (see below) were calcu-
lated for the greenspace and aquatic habitats categories. We  used
FRAGSTATS 3.3 (McGarigal, Cushman, Neel, & Ene, 2002) to gen-
erate four metrics to explore landscape fragmentation: Euclidean
nearest neighbor (ENN), interspersion juxtaposition index (IJI),
percent land-cover (PLAND), and connectance (CONNECT). Pre-
vious research has identified these four metrics as important to
characterizing landscape-patch configuration (Bierwagen, 2007;
Cushman, McGarigal, & Neel, 2008; Griffith, Martinko, & Price,
2000). We define a landscape as an area of land containing a mosaic
of habitat patches and define a ‘patch’ as each individual occurrence
of a particular land cover type (e.g., greenspace, aquatic habitats, or
urban areas) in the landscape. Patches were defined using the eight
neighbor rule (McGarigal et al., 2002), which takes into account
both orthogonal (i.e., cells share a side with focal cell) and diagonal
cells as neighbors.

In our study, these metrics reflect the fragmentation of
greenspace by urbanization and provide a comprehensive view of
landscape structure including greenspace isolation and proxim-
ity, contagion/interspersion, area, and connectivity. In particular,
based on turtle biology, we expect that the degree of greenspace
isolation, aggregation, size, and connectedness influences turtle

occupancy. More specifically, the ENN index has been used to quan-
tify patch isolation (e.g., Kong, Yin, Nakagoshi, & Zong, 2010; Magle,
Theobald, & Crooks, 2009; Moore, Van Niel, & Harvey, 2011) and
reports the mean distance between like patches within a specified
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adius. The IJI quantifies landscape configuration and approaches 0
hen the patches are adjacent to only like patches (i.e., clumped)

nd increases to 100 percent when patches are maximally inter-
persed throughout the specified radius (McGarigal & Marks, 1995).
he PLAND index is the percentage the landscape comprised of the
atch type. Finally CONNECT is a percentage measure of the num-
er of joinings between similar patches within a specified distance
nd assesses whether each patch is connected to any other match-
ng patch in the landscape. More specifically, CONNECT equals the
umber of joinings between all like patches divided by the total
umber of possible joinings between like patches; those mini-
ally connected have values closer to zero, and patches maximally

onnected have CONNECT values closer to 100%. Because collinea-
ity between predictor variables can confound their independent
ffects, we calculated Spearman-rank correlation coefficients using
tatistica v.7.1 (StatSoft, 2005) for all pairwise combinations of
ndependent variables (Hair, Anderson, Tatham, & Black, 1998;
napp, Matthews, Preisler, & Jellison, 2003) and verified that our
etrics were uncorrelated (i.e., all p-values >0.05).

.3. Statistical analyses

We  used hierarchical Bayesian modeling to estimate turtle
pecies richness and species-specific responses to pond type (rural,
rban, golf) and also to four site-specific covariates (Euclidean near-
st neighbor/ENN, interspersion juxtaposition index/IJI, percent
f landscape/PLAND, and connectance/CONNECT). This hierarchi-
al approach incorporated species-specific and assemblage-level
i.e., all turtle species together) attributes into the same model-
ng framework by providing separate estimates for species-specific
ccurrence and detection probabilities and reporting site-specific
pecies richness estimates (Dorazio & Royle, 2005; Zipkin, Dewan, &
oyle, 2009). Our analysis of species richness accounted for imper-

ect detection (avoids assuming all species are present at every site
r that non-detection represents species absence; Dorazio & Royle,
005; Dorazio, Royle, Soderstrom, & Glimskar, 2006; Kéry, Royle,
lattner, & Dorazio, 2009) and also improved individual parameter
stimates by considering them in the context of the larger group
Sauer & Link, 2002; Zipkin et al., 2009).

Our species richness models (see Models 1–4 below) were
imilar to Zipkin et al. (2009) and estimated species and assem-
lage responses to site covariates of ponds and greenspace at each
ite. One level of our model assumes a “true” (but only partially
bserved) presence–absence matrix zij for species i = 1, 2,. . .N at site

 = 1, 2,.  . .J  where zij = 1 if a species i occurs in site j, and zij = 0 if the
pecies does not occur. Because zij is uncertain, we  specify a model
or occurrence, with a Bernoulli distribution, where zij ∼ Bern(� ij),
nd � ij is the probability that a species i occurs in site j.

We generated species-specific observance matrices for ten
ampling occasions at each of twenty sites where detection was
epresented as 1, and non-detection was represented as 0. Thus,
he data provided a three dimensional matrix xijk for species i at
ite j for the kth sampling occasion. Another level of our model
pecified that xijk ∼ Bern(�ijk zij) where zij is the true occurrence
atrix described above, and the �ijk is the detection probability

or species i at site j for the kth sampling occasion. This fulfills the
ondition that xijk = 0 if the species i is not present at site j, because
n that case zij = 0.

Each covariate was standardized (i.e., the mean was  subtracted
rom each value and then divided by the SD) before analysis
except for pond type). We  examined the effect of pond type on
pecies-specific occupancy and species richness with the following

quation:

odel 1 (pond type) : logit(�ij) = ui + ˛1iRURALj

+ ˛2iURBANj + ˛3iGOLFj
n Planning 117 (2013) 46– 56 49

This model, investigating the influence of pond type, contained
five species-specific parameters (ui, ˛1i, ˛2i, ˛3i, vi). The param-
eters ui (species-specific mean probability of occurrence) and vi
(species-specific mean probability of detection) for Model 1 (and
Models 2–4, below) followed a joint normal distribution such that
[ui, vi |�]  ∼ N(0, �) (Dorazio et al., 2006). In this equation, �
denotes a 2 × 2 symmetric matrix with diagonal elements �2

u and �2
v

(respective variances in ui and vi) and with off-diagonal elements
�uv equal to the covariance in ui and vi (Dorazio & Royle, 2005).

We examined the effect of landscape configuration of surround-
ing aquatic habitats on turtle occupancy and species richness of our
20 ponds using the following equation:

Model 2 (aquatic habitats) : logit(�ij) = ui + ˛1iENNj

+ ˛2iIJIj + ˛3iCONNECTj + ˛4iPLANDj

We examined the effect of landscape composition of surround-
ing terrestrial habitats on turtle occupancy and species richness of
our 20 ponds with the following equation:

Model 3 (terrestrial habitats) : logit(�ij) = ui + ˛1iENNj + ˛2iIJIj

+ ˛3iCONNECTj + ˛4iPLANDj

We examined the effect of landscape composition of greenspace
(i.e., all terrestrial and aquatic habitats) on turtle occupancy and
species richness of our 20 ponds with the following equation:

Model 4 (greenspace) : logit(�ij) = ui + ˛1iENNj

+ ˛2iIJIj + ˛3iCONNECTj + ˛4iPLANDj

Finally, detection probabilities were modeled for each species,
by using the following equation included within each of the models
described above:

logit (�ijk) = vi

The second, third, and fourth models discussed above (investi-
gating the influence of aquatic, terrestrial, and greenspace habitats,
respectively), contained six species-specific parameters (ui, ˛1i,
˛2i, ˛3i, ˛4i, vi). A final hierarchical component of the model
estimated assemblage summaries (designated with �) assuming
that the species-specific parameters were random effects, each
governed by an assemblage level hyper-parameter. For example,
˛1i ∼ N (�˛1, �˛1) where �˛1 is the mean assemblage response
(across species) to the ENN covariate (˛1), and �˛1 is the standard
deviation in ˛1 across species (Kéry et al., 2009). This hierarchical
analysis allowed us to estimate species-specific parameters even
where species were rare (Zipkin et al., 2009).

Our four models used uninformative priors for the hyper-
parameters (e.g., U(0, 5) for all � parameters and U(−10 to 10) for �˛

parameters; species-specific model coefficients were truncated at
±5 from � to avoid traps). The use of vague priors is well suited to an
ecological application because it reflects a lack of prior knowledge
of a parameter’s true value (Link, Cam, Nichols, & Cooch, 2002). The
mean and standard deviation of the model coefficients were calcu-
lated, along with the 2.5 and 97.5 percentiles of the distribution,
which represent 95% Bayesian credible intervals. Species-specific
occupancy and detection estimates were derived using the log
transformation (i.e., (exp(˛)/(1 + exp ˛)).

We organized our data in program R (2.14.0) (R Development

Core Team 2010) and executed data analysis in the software
program WinBUGS (Lunn, Thomas, Best, & Spiegelhalter, 2000)
using R2WinBUGS (Sturtz, Ligges, & Gelman, 2005). The number
of Markov chain Monte Carlo (MCMC) iterations was 300 000, and
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e disregarded the first 30 000 as burn-in with a thinning rate of 3.
odels were evaluated by examining history plots and the Gelman

nd Rubin statistic (Gelman & Rubin, 1992).

. Results

During 2010 and 2011 we sampled 20 suburban ponds each
or 100 trap-days per year (total 200 trap-days per site). We
bserved the following seven semi-aquatic turtle species: snap-
ing turtle (Chelydra serpentina), painted turtle (C. picta), eastern
ud  turtle (Kinosternon subrubrum), eastern river cooter (Pseude-
ys  concinna), eastern musk turtle (Sternotherus odoratus), spiny

oftshell (Apalone spinifera), and the pond slider (T. scripta). The
piny softshell was not used in analyses because we observed it
nly once (Table 1). While our models are good for rare species
Zipkin et al., 2009), the one occurrence of the spiny softshell was
ot attributed to low detection probability, but rather, this turtle
as considered a transient from a third-order stream where they

re common residents (Ernst & Lovich, 2009). Excluding the spiny
oftshell, the proportion of sites where each species was detected
anged from 20 to 100%, the number of captures ranged from 21 to
288, and the number of individual turtles per species ranged from

 to 770 (Table 1). Ponds had between 3 and 6 turtle species.
Measured landscape variables for each pond varied (Table 2);

he average nearest greenspace (ENN) varied from 13.4 m to 40.6 m
o 87.2 m at rural, golf, and urban ponds, respectively. Rural, golf,
nd urban sites were similar in the level of interspersion (IJI) of
reenspace and averaged from 68.5, to 64.2, to 67.6%, respectively
Table 2). The percentage of area (PLAND) comprised of greenspace
within 500 m of each pond) varied by pond type and averaged 83.9,
6.7, and 50.9% for rural, golf, and urban sites, respectively. The
ercentage of area comprised of ponds (within 500 m of each pond),
owever, was very similar among pond types and averaged 1.8, 2.6,
nd 2.1 for rural, golf, and urban ponds respectively (Table 2). The
verage connectance (CONNECT) of both greenspace and aquatic
abitats among rural, golf, and urban sites was similar and ranged

rom 70.1 to 88% (Table 2).
For each model, stationary distribution appeared to be achieved

ased upon well-mixed history plots and the Gelman and Rubin
tatistic (<1.01 for all monitored parameters; Gelman & Rubin,
992). We  report the results of each of our models below with
espect to species occupancy (the estimated probability of occu-
ancy for each individual species), group occupancy (the estimated
robability of occupancy of the entire group or assemblage of
pecies), and species richness (the number of turtle species).

Results of Model 1 (investigating the influence of rural, urban, or
olf pond types) indicate no difference in turtle species occupancy
y pond type as 95% symmetric credible intervals (CI) for each
pecies and pond type contained zero. When all turtle species were
onsidered together, as an assemblage, results of Model 1 indicate
o difference in group occupancy by pond type [mean parameter
stimates: �˛1 rural 1.08 (CI −1.96 to 3.85), �˛2 urban 1.54 (CI
1.35 to 4.12), and �˛3 golf 0.78 (CI −2.11 to 3.48)]. Regarding

pecies richness, results of Model 1 indicate no difference between
ural and urban ponds regarding the mean difference in number
f species as credible intervals contained zero (Table 3). Similarly,
here was no difference between golf and rural ponds regarding
he mean difference in number of species (i.e., credible intervals
ontained zero; Table 3). Golf ponds, however, had greater species
ichness than urban ponds (mean difference of 0.62 [CI: 0.1–1.40]
pecies; posterior probability golf > urban = 0.99; Table 3).

Results of Model 2 (investigating the influence of aquatic habi-

ats) indicate no difference in individual turtle species occupancy
egarding the configuration of surrounding aquatic habitats within
00 m of each pond as 95% CI’s for each species contained zero.
hen all turtles were considered together, as an assemblage,
n Planning 117 (2013) 46– 56

results of Model 2 indicate no difference in group occupancy [mean
parameter estimates for the aquatic habitat covariates: �˛1 ENN
0.09 (CI −2.09 to 2.43), �˛2 IJI −0.25 (CI −1.74 to 1.16), �˛3 PLAND
0.01 (CI −1.16 to 1.12), and �˛4 CONNECT 0.15 (CI −1.44 to 1.83)].
Results of Model 2 indicate no difference between rural, urban, or
golf ponds regarding the mean difference in species richness as
credible intervals contained zero (Table 3).

Results of Model 3 (investigating the influence of terrestrial
habitats) indicate no difference in individual turtle species occu-
pancy regarding the configuration of surrounding aquatic habitats
within 500 m of each pond as 95% CI’s for each species contained
zero. When all turtles were considered together, as an assemblage,
results of Model 3 indicate no difference in group occupancy [mean
parameter estimates for the terrestrial habitat covariates: �˛1 ENN
0.82 (CI −0.76 to 2.61), �˛2 IJI −0.09 (CI −1.08 to 0.84), �˛3 PLAND
0.07 (CI −1.97 to 2.23), and �˛4 CONNECT 0.36 (CI −1.45 to 2.30)].
Regarding species richness, results of Model 3 indicate no difference
between rural, urban, or golf ponds regarding the mean difference
in number of species as credible intervals contained zero (Table 3).

When all turtle species were considered together, as an assem-
blage, results of Model 4 (investigating the influence greenspace
[terrestrial plus aquatic habitats]) indicate a significant response
in turtle occupancy regarding greenspace configuration. Mean
responses to all four occupancy covariates for Model 4 varied
(Table 4; greenspace mean parameter estimates [�˛1 ENN −0.78
(CI −0.48 to 2.46), �˛2 IJI −0.35 (CI −1.54 to 0.78), �˛3 PLAND, 0.08
(CI −2.04 to 1.92), and �˛4 CONNECT 0.92 (CI 0.12–2.15)] suggest-
ing that turtles occurred more frequently when greenspace patches
were closer together, less interspersed/more aggregated, larger in
area, and more physically connected (Table 4). However, three
occupancy covariates (ENN, IJI, PLAND) contained positive and neg-
ative values in the 95% credible intervals listed above, reflecting
uncertainty in the mean response of the assemblage, indepen-
dent of among-species variation. Thus, only a strong relationship
between increasing occupancy with increasing connectance of
greenspaces is inferred. When examining the absolute value of
the coefficient of variation (CV; [� ÷ |�|]) we found that across-
species standard deviation (�) for the ENN, IJI, and PLAND covariate
effects were greater than the corresponding mean (�) covariate
estimates (i.e., greater than one, Table 4; CV˛1 = 1.14, CV˛2 = 2.29,
and CV˛3 = 22.3), however, the standard deviation across species
for the CONNECT covariate effect was less than the mean estimate
(CV˛4 = 0.85). The CV ratio is used to compare standard deviations
between different means and summarizes the degree of uncer-
tainty relative to the mean. Thus, our model indicated that the
occupancy response to greenspace connectance (CONNECT) was
consistent across species, while the responses to greenspace near-
est neighbor (ENN), aggregation (IJI), and percent of landscape
(PLAND) were not. Regarding species richness, results of Model 4
indicate no difference between rural and urban ponds regarding
the mean difference in number of species as credible intervals con-
tained zero (Table 3). Golf ponds, however, had greater species
richness than rural ponds (mean difference of 0.40 [CI: 0.0–1.0]
species; posterior probability golf > urban = 0.98; Table 3). Likewise,
golf ponds had greater species richness than urban ponds (mean
difference of 0.53 [CI: 0.10–1.00] species; posterior probability
golf > urban = 0.99; Table 3).

We found that occupancy of four species (eastern mud  turtle,
pond slider, snapping turtle, and eastern river cooter) increased
substantially with greater than 40% connectance in greenspace (ter-
restrial and aquatic habitats) within 500 m of each pond (Table 4,
Fig. 2; parameter estimates: eastern mud turtle 0.88: (CI 0.22–2.02),

pond slider 0.95 (CI 0.50–2.19), snapping turtle 1.09 (CI 0.55–2.69),
and eastern river cooter 1.46: (CI 0.17–4.04). Once greenspace
connectance reaches above 80%, occupancy estimates for the
snapping turtle and pond slider are 95%, eastern mud turtle is 80%;
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Table 1
Proportion of sites where each species was  detected, total number of captures, and total number of unique turtles observed.

Proportion of sites (%) Number of captures Number of unique turtles

Snapping turtle Chelydra serpentina 0.90 84 73
Painted  turtle Chrysemys picta 1.00 1288 770
Eastern  mud  turtle Kinosternon subrubrum 0.70 66 52
Eastern  river cooter Pseudemys concinna 0.20 21 5
Eastern  musk turtle Sternotherus odoratus 0.45 85 72
Pond  slider Trachemys scripta 0.90 652 486
Spiny  softshell Apalone spinifera 0.05 1 1

Table 2
Quantification of land-cover surrounding suburban study ponds within the Piedmont of North Carolina, USA.

Pond type Landcover type Mean Metric values (range)

ENN (m)a IJI (%)b PLAND (%)c CONNECT (%)d

Rural (500 m radius) Greenspace 13.4 (0.5–23.3) 68.5 (44.7–97.8) 83.9 (68.1–98) 73.3 (0–100)
Aquatic areas 253.3 (71.6–452.6) 17.7 (0–88.6) 1.8 (0.7–4.2) 90.7 (66.7–100)

Golf  (500 m radius) Greenspace 40.6 (13–86.6) 64.2 (27.3–98.3) 56.7 (36.9–82.5) 76.2 (48.9–100)
Aquatic areas 53.4 (17.4–109.5) 48.7 (0–85.1) 2.6 (0.3–8.2) 87.7 (70.7–100)

Urban (500 m radius) Greenspace 87.2 (26.9–239.1) 67.6 (41.9–96.9) 50.9 (31.1–63.2) 88 (71.4–100)
Aquatic areas 216 (91.1–374) 65.3 (0–99.4) 2.1 (1.1–3.2) 70.1 (57.1–100)

Entire  golf course Greenspace 11.2 (0.01–25.8) 75.7 (31.6–99.2) 75.2 (45.1–98.3) 38.5 (0–100)
Aquatic areas 181.8 (10.8–470.7) 7.2 (0–33) 4.2 (0.9–8.1) 48.4 (16.7–90)

a ENN (Euclidean nearest neighbor) = mean distance (m)  to nearest neighboring patch of same type, based on shortest edge-to-edge distance.
b IJI (interspersion juxtaposition index) = quantifies landscape configuration and approaches 0 when the patches (e.g., greenspace or aquatic habitats) are adjacent to only

like  patches (i.e., clumped) and increases to 100% when patches are maximally interspersed throughout the specified radius.
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c PLAND (% land cover) = sum of class area divided by total landscape area.
d CONNECT (connectance) = a % measure that assesses how each patch is conne
atching patch types, divided by the total number of possible joinings between ma

nd eastern river cooter occupancy estimates increased from 0 to
5%. For the remaining two species (Fig. 2), 95% CI for this vari-
ble contained zero (eastern musk turtle: 0.59, 95% CI −0.45 to
.52; painted turtle: 0.54, 95% CI −1.29 to 1.71; Table 4), indi-
ating that greenspace connectance within 500 m likely has an
ncertain effect on their occupancy. Just as we observed consistent,
ositive estimates of species-specific responses to increasing con-
ectivity of greenspaces (Fig. 2), this pattern was further reflected

n model-generated estimates (i.e., Model 4) of species richness
t hypothetical sites for variable increases in percentage of con-
ectivity. Specifically, species richness estimates increased with
ncreasing percentage of connectance of greenspaces within 500 m
f ponds and varied from a mean of 2.58 species at greenspaces that
re 10% connected (95% CI 0.45–4.78) to 4.8 species at geeenspaces
hat are 100% connected (95% CI 3.25–6.0; Fig. 3).

able 3
ummary of mean difference in species richness between pond types and the posterior pro
ond  type. The mean difference in number of species is derived from calculations at eac
reater  species richness is listed first. Bold values indicate statistical significance.

Pond type Mean difference in No. of species 

Model 1: pond type
Rural vs. urban 0.30 

Golf  vs. rural 0.32 

Golf  vs. urban 0.62 

Model  2: Configuration of aquatic habitats
Rural vs. urban 0.14 

Golf  vs. rural 0.16 

Golf  vs. urban 0.30 

Model 3: Configuration of terrestrial habitats
Rural vs. urban 0.17 

Golf  vs. rural 0.27 

Golf  vs. urban 0.36 

Model 4: Configuration of greenspace habitats
Rural vs. urban 0.14 

Golf  vs. rural 0.40 

Golf  vs. urban 0.53 
to matching patches in the landscape. Based on the number of joinings between
g patch types.

4. Discussion

We identified four turtle species (eastern mud  turtle, pond
slider, snapping turtle, and eastern river cooter) which strongly
respond to increasing connectance of greenspace within a 500 m
radius of suburban ponds. We  also found estimates of species rich-
ness were greater for ponds located on golf courses as compared
to ponds in urbanized areas. When we examined the effects of
greenspace configuration, we  found that estimated species richness
was greater at golf ponds than either rural or urban ponds. Further,
these trends in species richness were driven by increasing con-

nectivity of greenspaces. Finally, we  examined the configuration
of terrestrial and aquatic habitats together, and also separately, and
found that for semi-aquatic turtles, it is important to consider both
of these habitat types collectively, as “greenspace”.

bability that the average species richness for one pond type is greater than another
h iteration of respective models. In the “Pond Type” column, the habitat with the

Credible interval Posterior probability

2.50% 97.50%

−0.20 0.80 0.85
−1.00 0.40 0.90

0.10 1.40 0.99

−0.50 0.70 0.65
−0.80 0.40 0.75
−0.20 0.80 0.91

−0.30 0.60 0.71
−0.80 0.20 0.95
−0.10 0.80 0.96

−0.30 0.50 0.71
0.00 1.00 0.98
0.10 1.00 0.99
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Table  4
Summary of Model 4 hyper-parameters for occupancy covariates for semi-aquatic turtles in suburban ponds within the Piedmont of North Carolina, USA. The symbol �
indicates a mean assemblage response (i.e., all species together) while � indicates the standard deviation in the response to the covariate across species. Bold values indicate
statistical significance. Refer to Table 2 for definitions of “Metric Type”.

Species Parameter Metric type Parameter estimate Occupancy estimate (%) Standard deviation Credible intervals

2.5% 97.5%

Chelydra serpentina

˛1 ENN 0.73 0.67 0.94 −0.88 3.01
˛2 IJI 0.01 0.50 0.73 −1.20 1.74
˛3 PLAND −0.79 0.31 0.99 −2.86 1.12
˛4 CONNECT 1.09 0.75 0.70 0.55 2.69

Chrysemys picta

˛1 ENN 0.69 0.67 0.87 −0.90 2.70
˛2 IJI −0.38 0.41 0.69 −1.82 1.04
˛3 PLAND 0.06 0.51 1.03 −1.95 2.16
˛4 CONNECT 0.54 0.63 0.73 −1.29 1.71

Kinosternon
subrubrum

˛1 ENN 0.67 0.66 0.66 −0.49 2.15
˛2 IJI −0.72 0.33 0.65 −2.25 0.35
˛3 PLAND 1.66 0.84 1.03 −0.14 3.96
˛4 CONNECT 0.88 0.71 0.53 0.22 2.02

Pseudemys
concinna

˛1 ENN 0.42 0.60 0.90 −1.45 2.31
˛2 IJI −0.78 0.31 0.84 −2.88 0.49
˛3 PLAND 0.30 0.57 1.11 −1.71 2.99
˛4 CONNECT 1.46 0.81 0.96 0.17 4.04

Sternotherus
odoratus

˛1 ENN 0.93 0.72 0.74 −0.20 2.74
˛2 IJI −0.19 0.45 0.51 −1.16 0.85
˛3 PLAND −0.38 0.41 0.59 −1.61 0.74
˛4 CONNECT 0.59 0.64 0.50 −0.45 1.52

Trachemys scripta

˛1 ENN 1.25 0.78 1.10 −0.34 4.07
˛2 IJI −0.06 0.49 0.66 −1.21 1.43
˛3 PLAND −1.34 0.21 0.97 −3.41 0.35
˛4 CONNECT 0.95 0.72 0.56 0.50 2.19

Mean  assemblage
response

�˛1 ENN −0.78 0.31 0.75 −0.48 2.46
�˛1 ENN 0.89 – 0.87 0.03 3.16
�˛2 IJI −0.35 0.41 0.59 −1.54 0.78
�˛2 IJI 0.80 – 0.76 0.03 2.74
�˛3 PLAND 0.08 0.52 0.98 −2.04 1.92

− 1.14 0.29 4.76
0.72 0.57 0.12 2.15
− 0.78 0.02 2.82
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�˛3 PLAND 1.78 

�˛4 CONNECT 0.92 

�˛4 CONNECT 0.79 

.1. Influence of pond type and greenspace connectance on
ccupancy and richness

We  found no effect of pond type (rural, urban, or golf) on tur-

le occupancy, either for individual species or when considering
he response of the turtle assemblage as a whole, perhaps indi-
ating that, although the land-use surrounding our study ponds
as different, overall, they are similarly suburbanized. However, a

ig. 2. Relationship between estimated probability of occupancy of six semi-aquatic
urtle species versus greenspace connectance (%) within a 500 m radius of 20 ponds
n  the western Piedmont of NC, USA.
Fig. 3. Estimated semi-aquatic turtle species richness at suburban ponds within
the  the Piedmont of North Carolina, USA in relation to increasing connectivity of
greenspaces within a 500 m radius. Bold line represents the posterior mean and
dashed thin lines represent a 95% credible interval of the posterior mean.



d Urba

l
l
m
d
e
o

h
u
o
a
c
a
s
C
w
2
a
r
a
p
p
a
t
b
i
i
a
f
e
t
A
t
f
s
t
f
t
e
c
l
(
h
p
r
c

e
s
o
t
t
t
c
d
l
2
g
c
y
I
c
b
a
r
d

J.C. Guzy et al. / Landscape an

arger number of sample sites, particularly rural and urban, would
ikely improve our ability to interpret any patterns. In addition, as

entioned previously, finer-scale differences in pond-type such as
ensity of roads, nutrient and food availability, or structural differ-
nce in ponds may  exist which also may  drive un-observed patterns
f turtle occupancy.

We  did, however, find that estimated species richness was
igher in ponds located on golf courses compared to those in
rbanized areas. This may  be because nearly all golf courses in
ur study had several ponds. In our study, golf courses contained
n average of 13 water bodies (range 4–25) and 6 out of ten
ontained lakes or streams in addition to ponds; one contained

 large marsh in addition to ponds and streams. Because some
emi-aquatic turtles prefer lentic water bodies, such as C. picta,
. serpentina,  T. scripta,  and K. subrubrum,  and others prefer lotic
ater bodies such as P. concinna and A. spinifera (Ernst & Lovich,

009), the tendency for golf courses to have somewhat diverse
quatic habitat types may  explain our finding of increased species
ichness at golf courses. Further, the potentially diverse array of
quatic habitats on golf courses likely also includes a range of
hysical characteristics that suit more species of turtle. For exam-
le, larger ponds may  provide turtles with more resources, such
s food and basking sites, and a reduction in aggressive interac-
ions (e.g., for C. serpentina;  Galbraith, Chandler, & Brooks, 1987)
ut small ponds are critical for semi-aquatic turtle persistence

n a landscape (Gibbs, 1993) where species, such as C. picta may
ncrease in abundance with the presence of organic substrate and
bundant shoreline vegetation (Marchand & Litvaitis, 2004). Other
actors may  include the tendency for golf courses to have large
xpanses of open-canopy habitat which is preferential for nes-
ing turtles (Bodie & Semlitsch, 2000; Congdon & Gatten, 1989).
s discussed by Price et al. (in press), urbanized areas are expected

o have high abundances of human-subsidized predators, which
requently consume turtle eggs (Marchand & Litvaitis, 2004), but
ome studies (i.e., Foley, Price, & Dorcas, 2012) found depreda-
ion rates on simulated turtle nests to be similar between golf,
arm and residential ponds and instead, they suggest a greater
hreat is road mortality incurred during nesting and dispersal
vents (Aresco, 2005; Steen et al., 2006). In addition, some golf
ourses may  be more species rich because of increased nutrient
evels from fertilizers which result in greater aquatic plant growth
a turtle food source; Gibbons, 2008; Knight & Gibbons, 1968);
owever, although we  did not measure nutrient loads, all of the
onds in our study were likely enriched through fertilization of
esidential lawns, golf course fairways, or from agriculture and
attle.

When examining the model accommodating potential differ-
nces in greenspace configuration, we found that estimates of
pecies richness were higher on golf courses than either rural
r urban ponds and that this relationship was likely driven by
he connectance of greenspaces. Galat et al. (1998) found higher
urtle species richness in connected wetlands and suggest that
hese habitats and their interaction with the Missouri River may
ontribute key processes that are important to overall turtle bio-
iversity, specifically, connectivity of habitat patches which may

ead to successful dispersal among ponds (Bowne, Bowers, & Hines,
006). Although golf courses may  provide more connectance of
reenspace, it is critical to note that development trends indi-
ate a significant proportion of golf courses constructed in recent
ears are associated with real estate projects (Mulvihill, 2001).
ndeed, several of the golf course ponds in our study had signifi-
ant amount of residential development (>30%) within the course

oundaries and Price et al. (in press) found that this negatively
ffected abundances of semi-aquatic turtles. They suggest that
esidential development within golf courses (and thus likely a
ecrease in greenspace connectance) may  significantly influence
n Planning 117 (2013) 46– 56 53

the potential a golf courses holds as wildlife habitat. In our case,
residential development in golf courses may  likely influence the
course’s potential to maintain higher levels of semi-aquatic turtle
species richness.

4.2. Importance of greenspace connectance

The reasons for the relationship between higher occupancy
probability and species richness with increasing connectance may
be due to several factors, including a fostering of metapopula-
tion dynamics, and in our study these results are likely directly
related to turtle movements through terrestrial environments.
Even though patterns of terrestrial movement are unique for each
species, the importance of terrestrial activity to the population
ecology of aquatic turtles is well documented, especially for the
eastern mud  turtle, but also for the pond slider, snapping turtle,
and painted turtle (Bennett, Gibbons, & Franson, 1970; Buhlmann,
1995; Buhlmann & Gibbons, 2001; Burke & Gibbons, 1995; Ernst
& Lovich, 2009; Gibbons, 1970, 1983; Harden & Dorcas, 2008;
Harden et al., 2009), although the eastern river cooter has also been
documented utilizing terrestrial areas (Marchand, 1942; Minton,
1972). Many turtles, including all species we observed in this study,
are equally as dependent on terrestrial habitats as they are on
the aquatic habitats surrounding or connecting wetlands. Such
terrestrial areas are critical for nesting, hibernating, aestivating, for-
aging, adult residency, and terrestrial dispersal; and while these
terrestrial activities vary from species to species, they are each
dependent on terrestrial connections between neighboring wet-
lands (Buhlmann & Gibbons, 2001; Gibbons, 2003). In our study,
greenspaces are comprised of natural/semi-natural terrestrial land-
cover linked by neighboring aquatic habitats and thus serve as
travel routes which maintain metapopulation processes by facil-
itating immigration and gene exchange among populations (e.g.,
Howeth, McGaugh, & Hendrickson, 2008); this movement between
populations is critical for species persistence across landscapes
(Bowne et al., 2006). Given the long distance some turtles travel,
these greenspaces also may  facilitate colonization, which might
otherwise be impossible without accessible terrestrial corridors
(Tuberville, Gibbons, & Greene, 1996).

Bowne et al. (2006) found that regarding turtle movement, con-
nectivity of ponds was  influenced by the quality of those ponds
which leads to active selection or avoidance of habitat by turtles.
Similarly, Cosentino et al. (2010) found that highly connected wet-
lands had high probabilities of being occupied by painted turtles,
whereas occupancy of isolated sites was likely driven by hydrope-
riod, emergent vegetation cover, and pH; thus integration of habitat
quality of wetlands was necessary to better explain patterns of
occupancy and turnover. Roe et al. (2009) investigated wetland
connectivity via movements of a freshwater turtle (Chelodina longi-
collis) and found that the probability of movement decreased with
increasing distance between wetlands and suggest that groups of
wetlands should be considered the minimum habitat units har-
boring local populations (Haig, Mehlman, & Oring, 1998; Petranka,
Smith, & Scott, 2004, Roe & Georges, 2007). Joyal et al. (2001) found
that spotted turtles (Clemmys guttata) and Blanding’s turtles (Emy-
doidea blandingii)  used several wetlands and suggest that important
features of wetland complexes include the overall size of the com-
plex, the juxtaposition of wetlands of different types, and wetland
isolation. Findings such as these underscore the importance of pond
connectivity in our study, particularly in urban areas, where road
mortality is a major threat to nesting and dispersing turtles (Aresco,
2005; Steen et al., 2006). Among our 20 study ponds, the num-

ber of other ponds within 500 m ranged between 2 and 7 and
averaged 4.6 and we have observed inter-pond movement among
this study’s marked turtles. Maintaining greenspace connectivity
between these terrestrial semi-natural areas and adjoining aquatic
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abitats is important for the various life-stages of semi-aquatic
urtles (e.g., Bowne et al., 2006).

The importance of maintaining connectivity of greenspace (i.e.,
errestrial plus aquatic areas) is perhaps greatest in terms of
arger-scale movements. We  found that increased connectance of
reenspace resulted in increased turtle occupancy probability and
ncreased species richness. Each of our 20 study ponds is man-made
nd ages of ponds average 36.7 years (range: at least 12–67 years).
he degree of connectance of greenspace surrounding each pond
ikely facilitated turtle movement, and the resultant occupancy of
hese ponds. In general, there are four categories of long-range

ovement in turtles (Gibbons, 1986) which include excursions
y females to suitable nesting sites (Gibbons, 1968; Obbard &
rooks, 1980), seasonal migrations to and from overwintering sites
Converse, Iverson, & Savidge, 2002; Steen, Sterrett, Miller, & Smith,
007), departure from an unsuitable habitat such as those experi-
ncing drought (Gibbons, Greene, & Congdon, 1983) or flooding
McAuliffe, 1978), and movements by males in search of mating
pportunities (Berry & Shine, 1980). In urban areas, where effects
f increasing human development have been shown to negatively
ffect turtles via road mortality (Steen & Gibbs, 2004), increased
redation (Baldwin, Marchand, & Litvaitis, 2004), and habitat loss
Klemens, 2000), maintaining connectivity of greenspaces is likely
o be very important, especially because semi-aquatic turtles can
e affected by alterations to either their aquatic habitats or the
urrounding landscape (Marchand & Litvaitis, 2004).

Interestingly, we did not observe any effects of greenspace con-
ectance for the eastern musk turtle or painted turtle; for the
astern musk turtle this is not particularly surprising because home
anges are generally confined to one body of water, they hiber-
ate underwater, and overland movements are likely seasonal or

orced (e.g., drought) (Ernst & Lovich, 2009; Semlitsch & Bodie,
003; Williams, 1952). Conversely, the painted turtle does use ter-
estrial areas (Baldwin et al., 2004; Ernst & Lovich, 2009), and was
bserved at every study pond on several occasions. This, in con-
unction with using occupancy data, can make distinguishing a
elationship to various land-cover patterns very difficult and prob-
bility of occupancy of this species in suburban ponds may  be
ffected by variables we did not measure. Examples of other vari-
bles that may  influence turtles include organic substrates and
bundant coverage by shoreline vegetation (Marchand & Litvaitis,
004) which is a food source (Sexton, 1959), hydroperiod, pH, and
anopy coverage (Cosentino et al., 2010), and also availability of
lentiful basking sites in deep water (Cadi & Joly, 2003). In addi-
ion, while our buffer of 500 m is likely large enough to incorporate
ll turtle movements around ponds, most movements are likely to
e less (Steen et al., 2012), and for some species a smaller buffer may
e more effective at characterizing trends in occupancy and land-
cape configuration. Alternatively, we may  not have observed any
ffects of greenspace connectance for musk turtles and painted tur-
les because of their biology (i.e., differences among terrestrial use
atterns) rather than unmeasured pond or landscape features. Both
pecies have extremely different terrestrial use patterns; musk
urtles being strongly tied to one water body and painted turtles
xhibiting an enhanced propensity and ability to travel overland
etween aquatic habitats. Compared to some turtle species in our
tudy, terrestrial migration distances by painted turtles can be quite
arge (Semlitsch & Bodie, 2003) and males have been shown to
emonstrate a remarkable ability to disperse between very dis-
ant aquatic habitats over time (Tuberville et al., 1996), perhaps
xplaining their presence at 100% of our study sites.
.3. Value of population viability analyses

Although a positive relationship between occupancy and
reenspace connectance was found within this study, viability
n Planning 117 (2013) 46– 56

analyses must be conducted to determine whether the populations
are stable and whether greenspaces actually represent a long-term
management strategy for sustaining turtle populations. Increased
connectivity of greenspaces may  allow individuals to successfully
disperse and increase a population’s long-term survival; however
occupancy is not the appropriate metric for examining long-term
population viability. For example, ponds can become sinks (Howes
et al., 2009) where turtles survive but may  not reproduce at rates
that sustain their population, and it may  take decades for this to be
evident if occupancy is the only measure. Additionally, while we
focus on the importance of greenspaces and their connectivity, we
point out that all greenspaces in our study may  not support turtles
to the same degree (e.g., a pond bordered by an undisturbed forest
vs. a woodlot fragment) and also that certain important character-
istics of urban areas are more detrimental for turtles (e.g., roads;
Aresco, 2005; Steen et al., 2006) and our general characterization
of urban landcover does not account for this.

5. Conclusions

Our study suggests that golf courses had higher estimates of
species richness than urban ponds and when considering land-
scape configuration, the trend for increased turtle richness at golf
courses surpassed both rural and urban ponds. This trend is driven
by increasing connectance of greenspaces. Our study also shows
that semi-aquatic turtle occupancy increased with increased con-
nectance of greenspaces, which, in our study, were composed of
both terrestrial and aquatic areas together. These greenspace areas
are critical in terms of nesting, hibernating, foraging, and dis-
persal which are activities dependent on terrestrial connections
with water bodies (Buhlmann & Gibbons, 2001; Gibbons, 2003).
Therefore, maintaining connectivity of greenspaces is important
for turtle persistence in urban areas and should be considered
when planning urban areas. Preserving or establishing a maximally
connected combination of forested, wetland, and other natural
habitats, along with some open areas for nesting (with limited high-
impact development; Marchand & Litvaitis, 2004) may provide the
best long term strategy for turtles in suburban landscapes.
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