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signal in other traits, geographic patterns in the distri-
bution of clades may often be related to patterns of
community structure because species of a given lineage
have similar ecological characteristics (e.g. certain die-
tary and habitat specialists may be clustered within a
particular clade, which will be restricted to a particular
geographic area because of shared environmental toler-
ances). In other words, niche conservatism can be
related to patterns of community structure both through
phylogenetic trends in the major ecological characteris-
tics of clades and in shared environmental tolerances
that limit the geographic distribution of those clades
(Webb et al. 2002).

Some disagreement exists over what patterns are evi-
dence for niche conservatism (e.g. Petersonet al. 1999;
Wiens & Graham 2005; Losos 2008a,b; Warren et al.

2008; Wiens 2008). Here, we are interested in whether
geographic patterns of community structure are related
to phylogenetic trends in traits that limit the distribu-
tion of species and clades. Such a pattern can occur
regardless of whether ecological characteristics are less
labile than expected under a Brownian motion model of
character evolution (i.e. phylogenetically conserved
sensu Losos 2008a). Showing that some ecological char-
acters have phylogenetic signal (sensu Blomberg et al.

2003; Revellet al. 2008) or that sister species have envi-
ronmental niches that are more similar than expected at
random (i.e. Warren et al. 2008) potentially supports
niche conservatism, but does not address whether niche
conservatism affects geographic patterns of community
structure. It is also necessary to show a relationship
between conserved characters and patterns in the distri-
bution of the species, and between species distributional
patterns and patterns of community structure. Similarly,
testing whether species in communities are phylogeneti-
cally ‘clustered’ or ‘even’ ( sensu Webb et al. 2008) does
not directly address the causes of large-scale patterns of
community structure, unless coupled with analyses that
explore the factors that limit species distributions (e.g.
Cavender-Bares et al. 2004a).

Relatively new Geographic Information Systems
(GIS)-based methods, particularly niche modelling, are
beginning to revolutionize our understanding of the fac-
tors that control the distribution of species over large
spatial scales (e.g. Petersonet al. 1999; Peterson & Holt
2003; Martinez-Meyer et al. 2004; Smith et al. 2005;
reviewed by Graham et al. 2004a). However, to date
these approaches have not been used to address the ori-
gins of large-scale geographic patterns of community
structure. Using GIS-based climatic data to explore the
distribution of clades assumes that the climatic distribu-
tion of species is related to phylogenetically heritable
traits that they possess (e.g. physiological tolerances).
This underlying assumption also has yet to be directly

NICHE CONSERVATISM IN TURTLES 4 66 5

� 2009 Blackwell Publishing Ltd
Webb et al. 2002; Emerson & Gillespie 2008; Vamosi
et al. 2009; see also Chazdonet al. 2003; Vitt et al. 2003;
Cavender-Bares et al. 2004a; Gillespie 2004), an impor-
tant step in bridging the gap between historical bioge-
ography and community ecology. There are now
numerous published examples of convergence in com-
munity structure due to convergent adaptive evolution
in different lineages in different regions (e.g. Winemiller
1991; Hertel 1994; Losos et al. 1998; Gillespie 2004;
Melville et al. 2006; Wiens et al. 2006a), as well as geo-
graphic patterns of community structure related to
phylogenetic trends in the geographic distribution and
ecological characteristics of lineages (e.g. Cadle &
Greene 1993; Price et al. 2000; Cavender-Bares et al.

2004a; Stephens & Wiens 2004). There is also a large lit
erature concerned with the phylogenetic relatedness of
species within communities, which is used to infer pro-
cesses such as competition (e.g. Cavender-Bareset al.

2004b; Cooper et al. 2008; Webb et al. 2008). However,
phylogenetic studies of community structure have not
generally addressed the factors that limit the dispersal
of lineages between communities (but see Tofts & Sil-
vertown 2000; Cavender-Bares et al. 2004a; Prinzing
et al. 2008). If species are able to disperse freely among
all of the communities considered, geographic patterns
of community structure that are related to phylogenetic
trends in the ecological characteristics of lineages may
be blurred or disappear entirely (e.g. Stephens & Wiens
2004). Similarly, without biogeographic isolation, there
may be little selective pressure for convergent adaptive
evolution, as any given niche may tend to be �lled by
the same species in each community (e.g. Schluter 2000;
Wiens et al. 2006a; but see Kozaket al. 2009).

Numerous abiotic and biotic factors may set the
geographic limits of species ranges, including limited
physiological tolerances to stressful environmental con-
ditions, competition with closely related species, limited
food resources, predators or some combination of
factors (Lomolino et al. 2006). One general factor that
has been hypothesized to limit the distribution of spe-
cies and clades is phylogenetic niche conservatism, the
tendency of species to retain ancestral ecological charac-
teristics (e.g. Peterson et al. 1999; Wiens & Graham
2005). This pattern can arise via several population-level
processes (e.g. stabilizing selection, limited genetic vari-
ation, gene �ow, pleiotropy) and can exist even when
character evolution is stochastic (Blomberg et al. 2003).
Niche conservatism can lead to closely related species
having similar environmental tolerances (Wiens & Gra-
ham 2005). When this occurs, closely related species
will be affected by similar dispersal barriers (Wiens
2004), which will tend to produce distinct patterns in
the geographic distribution of lineages (Wiens &
Graham 2005). In addition, because of phylogenetic



tested. However, an interesting study by Edwards &
Still (2008) did examine the climatic distribution of
introduced plants on the Hawaiian Islands, and found
that C4 grasses were con�ned to warmer areas due lar-
gely to phylogenetically inherited traits. Here, we use
GIS-based methods to test the causes of geographic pat-
terns of community structure in emydid turtles in east-
ern North America.

Emydid turtle community structure

Emydids contain 41–47 currently recognized species
(reviewed in Stephens & Wiens 2003; Bickham et al.
2007; Uetz 2009) and are geographically widespread
and ecologically diverse (Ernst & Barbour 1989). Emy-
didae is the most species-rich turtle family in North
America, and contains many familiar species such as
the painted turtle ( Chrysemys picta), red-eared slider
(Trachemys scripta) and eastern box turtle (Terrapene
carolina). In eastern North America, southern assem-
blages of emydids have a greater proportion of strictly
aquatic species than northern assemblages, whereas
northern assemblages have a greater proportion of
semi-terrestrial species (Stephens & Wiens 2004). This
pattern seems to be related to phylogenetic trends in
the ecological characteristics of the two basal emydid
clades (Deirochelyinae, Emydinae; Fig. 1), along with
patterns of endemism in those lineages (Fig. 1, see
also Stephens & Wiens 2004). Deirochelyines (Chryse-
mys, Deirochelys, Graptemys, Malaclemys, Pseudemys, Tra-
chemys) are aquatic, and in eastern North America
species either occur in both northern and southern
communities or are restricted to southern communities.
Emydines that occur in eastern North America are ter-
restrial or semi-terrestrial (i.e. habitat generalists that
utilize both aquatic and terrestrial habitats extensively),
and are either widespread in both southern and north-
ern communities ( Terrapene, Clemmys) or largely
restricted to northern communities ( Emydoidea, Glypte-
mys).

The latitudinal pattern in emydid habitat use occurs
because most aquatic deirochelyine species do not dis-
perse into northern communities and because most
semi-terrestrial emydine species do not disperse into
southern communities. It is generally accepted that the
northern range limits of most emydids are related to
freeze tolerance or lack of it and whether the potential
active season (i.e. the warm season) is long enough for
a given species to reproduce (reviewed in Ernst et al.
1994; Ultsch 2006). The failure of northern endemic spe-
cies to disperse into southern communities is more puz-
zling. There are no obvious dispersal barriers between
northern and southern communities, and the warm con-
ditions of southern communities would intuitively seem

to be more hospitable for large ectotherms than north-
ern communities.

Two factors that may be most important in setting
geographic range limits are competition and physiologi-
cal tolerances. Here we explore the factors that may
prevent northern semi-terrestrial emydines from dis-
persing into southern communities, using a GIS-based
approach to look for evidence of competitive exclusion
and niche conservatism. We also test for a correlation
between climatic conditions where species occur and a
seemingly relevant physiological variable (critical ther-
mal maximum, CTM) that has been measured in a
number of emydid species.

Methods

Testing for competitive exclusion

We predict that if competition with southern emydid
species limits the southward dispersal of northern spe-
cies, pairs of southern and northern species should be
closely abutting rather than broadly sympatric or allo-
patric. We tested for this pattern by comparing locality
data from northern semi-terrestrial emydines to locality
data from the remaining emydids. Locality data (lati-
tude ‡longitude coordinates) were obtained from Iverson
(1992). They include all museum localities and literature
records available when his survey was published, and
contain an average of 292 localities for each of the three
northern endemics. The possibility that some presence
localities were excluded cannot be ruled out. However,
such omissions are likely to be minor, given that the
geographic extent of localities reported by Iverson
(1992) are consistent with estimates of the overall geo-
graphic range of species, which have been stable for
>40 years (e.g. Conant 1958; Ernstet al. 1994; Conant &
Collins 1998).

The range of each northern species was divided into
10 bins of equal longitudinal width. Within each bin,
the southernmost locality of each northern species was
compared to the northernmost locality of each emydid
species that occurred in the same longitudinal band.
Species that occurred >100 km south or north of the
southern range limit of the focal species (averaged
across all 10 bins) were considered unlikely to be
important as agents of competitive exclusion. Species
that occurred on average >100 km north of the southern
range limit of a given species were considered broadly
sympatric, whereas those that occurred on average
>100 km south were considered allopatric. We also
repeated this analysis after pooling all locality data for
species that were not broadly sympatric, to see if the
remaining species when considered as a group might
determine the southern range limits of each northern
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Fig. 1 Ancestral character reconstruction of habitat and region of occurrence in emydids. Boxes to the right of the tree indicate
regions of occurrence for each species: black is northern endemic (in eastern North America), white is southern endemic, black and
white is widespread, and grey is outside of eastern North America. Shading on branches indicates parsimony reconstruction of habi-
tat, white is terrestrial, black is aquatic, and grey is semi-terrestrial. The area of shading in pie charts indicates the relative likelihoods
of the same three character states in a maximum likelihood reconstruction of habitat. Likelihood reconstructions where the likelihood
of ‘aquatic’ was >0.99 are not shown. Parsimony and likelihood reconstructions were performed with MESQUITE, using the phylogeny
based on combined Bayesian analysis of six nuclear genes.
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semi-terrestrial species. Ten bins was chosen somewhat
arbitrarily, but it was the greatest number of bins that
the ranges of Emydoidea and Glyptemys muhlenbergii

could be divided into without producing some bins that
contained three or fewer localities.

This method is equivalent to the ‘natural experiments’
observational approach that has often been used to infer
competitive exclusion in past studies (reviewed in Dia-
mond 1986; Lomolino et al. 2006). Showing a pattern of
range overlap consistent with competitive exclusion (i.e.
closely abutting ranges or parapatry) would not prove
� 2009 Blackwell Publishing Ltd
that such interactions occur (Diamond 1986; Morin
1999), but the absence of such a pattern would seem-
ingly preclude the importance of competition in pre-
venting semi-terrestrial emydines from dispersing into
southern communities (particularly in the case of allop-
atry). One limitation of our approach is that it cannot
detect the effects competitive interactions that change
along a gradient. For example, if the strength of compe-
tition varies along an abiotic gradient (e.g. temperature,
rainfall), the limit of a species distribution might result
from the interaction between competition and climate.



However, even in the latter case, competition is not the
sole cause of a species range limits. Potential competi-
tors besides emydids were also considered (e.g. non-
emydid turtles, omnivorous mammals). However, none
showed a pattern of range overlap consistent with our
predictions for competitive exclusion, and we do not
report these results in detail (see Discussion).

Testing correlations with environmental variables

Using BIOCLIM (Busby 1991), an extension of ArcView
GIS v3.3 (Environmental Systems Research Institute),
we determined the values of climatic variables at locali-
ties where the three northern semi-terrestrial species
occur. For these analyses we used the WorldClim biocli-
matic (Bio) variables (Hijmans et al. 2004, 2005), which
consist of 19 GIS ‘layers’ (Table 1) based on monthly
temperature and rainfall data at 2.5 s resolution
(roughly 5 km 2). Many of these variables are highly
correlated, given that they are derived from the same
underlying temperature and precipitation data. To

identify independent sets of climatic variables, all possi-
ble two-way comparisons of the 19 variables (across all
localities where the northern emydines occur) were
made using Spearman’s rank correlation (implemented
in JMP

TM v. 3.2.1). Sets of variables with | rs| > 0.70 were
considered ‘strongly correlated’. This somewhat arbi-
trary cut-off was chosen because with so many localities
(a total of 876) even correlations that would generally
be considered weak (rs < 0.08) were statistically signi�-
cant at a = 0.05.

These comparisons identi�ed two groups of variables
that were strongly correlated, one corresponding to
temperature and another to rainfall (Table 1). One
exemplar variable was chosen to represent each of these
sets for further analyses. Exemplars were chosen that
represented the same data throughout the range of spe-
cies considered (for example, mean temperature during
the driest quarter was not chosen because it might indi-
cate summer temperatures in some places and winter
temperatures in others), and that seemed likely to be
biologically meaningful in in�uencing range limits
based on previous emydid physiological literature
(reviewed in Ernst et al. 1994). We also assumed that
extreme temperatures (e.g. maximum temperature dur-
ing the warmest month) are more likely to determine
range limits than average temperatures (e.g. mean
annual temperature). Two environmental variables
(mean diurnal temperature range and mean tempera-
ture of wettest quarter) did not show strong correlations
with any other variables. Precipitation seasonality (i.e.
coef�cient of monthly variation) was also included,
even though it showed a strong correlation with annual
precipitation, because variance in precipitation was not
a component of any other variable we included. For
analyses that included all emydid species (see below),
we also considered minimum temperature of the cold-
est month, even though it is inversely correlated with
the warmest temperature of the hottest month. This var-
iable was included because it is generally believed to
determine the northern range limit of many emydid
species (Ernstet al. 1994; but see Ultsch 2006).

We used logistic regression to determine which cli-
matic variables were most strongly correlated with the
presence and absence of a given species across locali-
ties, and thus might set the southern range limits of the
three northern emydine species. Identifying the impor-
tance of speci�c variables would be more dif�cult using
the composite variables created by principal compo-
nents analysis, and so this approach was not used.
Absence localities were selected immediately south of
the southern range limits of each of the three northern
emydine species. Rather than randomly selecting
absence localities, we used localities where two other
widespread emydines have been collected (Terrapene

Table 1 Climatic variables in the WorldClim data set

Abbreviation Group Variable

Bio 1 A Annual mean temperature
Bio 2 Neither Mean diurnal range [mean of monthly

(max temp ) min temp)]

Bio 3 A Isothermality (Bio 2 ⁄ Bio 7) (·100)
Bio 4 A Temperature seasonality (standard

deviation · 100)
Bio 5 A Maximum temperature of warmest

month

Bio 6 A Minimum temperature of coldest
month

Bio 7 A Temperature annual range
(Bio 5–Bio 6)

Bio 8 Neither Mean temperature of wettest quarter

Bio 9 A Mean temperature of driest quarter
Bio 10 A Mean temperature of warmest

quarter
Bio 11 A Mean temperature of coldest

quarter
Bio 12 B Annual precipitation

Bio 13 A, B Precipitation of wettest month
Bio 14 B Precipitation of driest month
Bio 15 B Precipitation seasonality (coefficient of

variation)

Bio 16 B Precipitation of wettest quarter
Bio 17 B Precipitation of driest quarter
Bio 18 B Precipitation of warmest quarter
Bio 19 B Precipitation of coldest quarter

Variables in italics were used for analyses of species southern
range limits. Group refers to which of two sets of highly
correlated variables (see Methods) each climate variable fell
into. A quarter equals 3 months.
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northern emydines were signi�cant at a = 0.05. How-
ever, the maximum temperature of the warmest month
(Bio 5) consistently showed stronger correlations with
presence and absence along the southern range limits of
these species than the other environmental variables
(Table 3). Niche models based on this variable also had
consistently lower percentage error (averaged across
thresholds; Table 4). The multivariate model that
included all �ve environmental variables had the lowest
AIC score in all three species and explained roughly
twice as much variation in presence and absence as
bivariate analyses (Table 3). See Appendix S1 for AIC
scores, delta AIC values and r2 for all 30 models that
were assessed for each species. Multivariate niche mod-
els also had lower percentage error (averaged across all

six thresholds for ‘predicted occurrence’) than models
based on individual climate variables (Table 4).

Testing environmental variables for phylogenetic
conservatism

Three temperature variables [maximum temperature of
the warmest month (Bio 5), minimum temperature of
the coldest month (Bio 6) and mean temperature of the
wettest quarter (Bio 8)] showed higher values of k than
other environmental variables tested (Table 5), indicat-
ing greater phylogenetic signal. Logistic regression
showed that mean diurnal temperature range (Bio 2)
and maximum temperature (Bio 5) were most strongly
correlated with the southern range limits of the

Table 3 Correlations (r2) between environmental variable and presence or absence of species along southern range limit based on
logistic regression

Presence
localities ⁄
absence
localities

Mean
diurnal
temperature
range (Bio 2)

Maximum
temperature
of the warmest
month (Bio 5)

Mean
temperature
of the wettest
quarter (Bio 8)

Annual
precipitation
(Bio 12)

Precipitation
seasonality
(Bio 15)

Multivariate
model

Emydoidea blandingii 420⁄ 771 0.220 0.345 0.011 0.242 0.041 0.667
Glyptemys insculpta 331⁄ 463 0.019 0.266 0.187 0.113 0.016 0.434
Glyptemys muhlenbergii 125⁄ 327 0.089 0.299 0.053 0.034 0.177 0.441

All correlations are signi�cant at P < 0.001.

Table 4 Percentage error (see Methods) of climatic niche models, averaged across six thresholds for ‘predicted occurrence’

Mean
diurnal
temperature
range (Bio 2)

Maximum
temperature
of the warmest
month (Bio 5)

Mean
temperature
of the wettest
quarter (Bio 8)

Annual
precipitation
(Bio 12)

Precipitation
seasonality
(Bio 15)

Multivariate
model

Emydoidea blandingii 37.57 28.62 37.13 30.63 46.68 24.52
Glyptemys insculpta 41.38 39.12 42.68 63.25 52.59 36.02
Glyptemys muhlenbergii 45.92 24.52 29.83 46.52 25.37 12.90

Table 5 Values of k for the mean, maximum and minimum of six environmental variables across 37 species and subspecies of
emydids

Mean
diurnal
temperature
range (Bio 2)

Maximum
temperature
of the warmest
month (Bio 5)

Minimum
temperature
of the coldest
month (Bio 6)

Mean
temperature
of the wettest
quarter (Bio 8)

Annual
precipitation
(Bio 12)

Precipitation
seasonality
(Bio 15)

Minimum 0.116 1.00* 0.340 0.426* 0.915* 0.000
Maximum 0.452 1.00* 0.630 0.978* 0.000 0.986*
Mean 0.380 1.00* 0.688 0.745 0.000 0.620

*Values that showed statistically signi�cant phylogenetic signal (i.e. values for which the 95 % con�dence interval did not include
zero).
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