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Phenotypic variation within a species can be associated with genetic differentiation and varying environmental
conditions among populations and their habitats. The relationship between environmental conditions and phenotype
expression can influence evolutionary potential, possibly affecting rates of speciation or ecological character
displacement. Here, we use a geometric morphometric approach to investigate if shell-shape morphology variation is
influenced by the location within the drainage basin (cumulative drainage area) in a freshwater turtle, Graptemys
nigrinoda. Drainage area is used due to its hierarchical controls on hydrology, channel morphology, and thus instream
hydraulics that comprise the physical habitat hypothesized to drive differences in shell morphology. In addition, we
investigate the extent to which salinity may drive similar morphological variation in coastal range extents. We use
spatial regression models to assess how geographic variation in carapace length and shell height is influenced by
cumulative drainage area and marsh habitat type (i.e., freshwater or brackish marsh). We found that carapace length,
shell height, and carapace shape variation covaried with cumulative drainage area in both sexes. Shells become larger
and more domed with larger cumulative drainage areas. Additionally, turtles from larger cumulative drainage areas are
characterized by distal shifts in costal and marginal scute orientation and medial shifts in costal scutes. The
morphological response to hydrogeomorphic controls on physical habitat (e.g., channel morphology and hydrody-
namics) as represented through drainage area is predictable and reported in several turtle species. Although others
have invoked a predator response hypothesis for larger, more domed shell phenotype (i.e., stronger shell to resist
crushing), we propose an alternative hypothesis that there is a potential locomotive advantage of a domed shell
phenotype in lentic habitats likely related to buoyancy (i.e., greater volume to mass ratio), which needs further
research. Furthermore, increased body size could likely be a selective advantage for inhabiting resource-rich brackish
water habitats with increasing dietary diversity. Because these phenotypes (flattened shell and large body size) are
associated with locomotion efficiency, our results suggest that gene flow is potentially impeded by distinctly different
environmental conditions, providing further evidence for continued or maintained divergence between suggested
subspecies within Graptemys nigrinoda.

M
ORPHOLOGICAL variation within a species often
corresponds with local environmental differences
(Williams, 1972; Irschick et al., 2005). The

interaction between body morphology and the coupled
geomorphic and hydraulic environment often produces
predictable patterns of phenotypic plasticity in both marine
and freshwater ecosystems (sponges—Bell and Barnes, 2000;
Bell et al., 2002; mudsnails—Holomuzki and Biggs, 2006;
fishes—Langerhans, 2008). This predictability is exhibited
across multiple taxonomic groups (turtles—Ennen et al.,
2014; mudsnails—Holomuzki and Biggs, 2006; fishes—
Langerhans, 2008; Schaefer et al., 2011) and repeated in
closely related taxa (Rivera et al., 2013; Istead et al., 2015). In
general, fish inhabiting lotic systems have body shapes (i.e., a
streamlined body) and locomotor morphology (i.e., high
aspect-ratio caudal fins and high proportion of red muscles)
to enhance steady swimming (Langerhans, 2008). For
example, when three centrarchid fish species were reared
under sustained currents, all species developed streamlined
body forms with elongated and thinner caudal peduncles

relative to individuals reared in static water (Istead et al.,
2015). All of these morphological changes increase swim-
ming efficiency in lotic habitats (Webb, 1984; Boily and
Magnan, 2002; Langerhans, 2008; Nesteruk et al., 2014), and
these changes aid in reducing energy costs of locomotion,
especially movements against the current. Any morpholog-
ical response that reduces the energy cost allows individuals
to allocate more energy towards maintenance, growth, or
reproduction (Congdon et al., 1982).

Aquatic habitat is hierarchically nested within watersheds
with an evolving continuum of lotic to lentic environments
(Frissell et al., 1986; de Boer, 1992). Along this continuum,
there is a quasi-organized pattern of changing watershed
characteristics (e.g., size, slope, aspect) that in turn affect the
movement of water and sediment creating the diversity of
hydraulic and geomorphic forms that modulate channel
morphology, and thus physical habitat for aquatic species
(Vannote et al., 1980; Frissell et al., 1986; Montgomery and
Buffington, 1997; Thomson et al., 2001). At the upper limit
of watersheds, aquatic habitat is dominated by steep,
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confined channels with coarser substrates, while at the very
bottom, gradients and substrates decrease in these uncon-
fined settings (Leopold et al., 1964). These changes modulate
the physical and ecological structure of aquatic ecosystems
along the river continuum (Vannote et al., 1980; Bellmore
and Baxter, 2014).

A spectrum of physical environmental variables can drive
variation in body morphology of aquatic and semi-aquatic
vertebrates, including the velocity field within the water
column. The velocity field is four dimensional in nature,
encompassing the three spatial dimensions and varying in
time due to turbulent fluctuations and watershed hydrolo-
gy. However, while many researchers suggest velocity will
control changes in body morphology, changes in the
downstream flow regime, both hydrologic and hydraulic,
are best represented through relative changes in watershed
area, which is considered a master variable for natural
systems (Leopold et al., 1964; Rodriguez-Iturbe and Rinaldo,
2001). For example, watershed area and gradient are
inversely related except for small hollows in tectonically
active regions (Langbein, 1947; Montgomery and Dietrich,
1988; Schorghofer and Rothman, 2001). Gradient in turn is
a dominant control on fluvial hydraulics and channel
morphology (Leopold et al., 1964; Montgomery and
Buffington, 1997). Given that gradient controls both stream
hydraulics and morphology, and gradient and watershed
area generally follow an inverse relationship, these relation-
ships allow relative drainage area to be a meaningful
surrogate for analyzing continuous relative changes in the
hydrogeomorphic regime of aquatic habitats. Prior studies
have shown the utility of using drainage area to describe
variation in body morphology of vertebrates (Schaefer et al.,
2011; Ennen et al., 2014, 2016a) due to the linkages
described above, but it is currently unknown what exact
mechanisms are driving morphological variation.

Another example of environmental differences among
habitats near the outlet of coastal watersheds is salinity
concentrations. The distributions of many coastal reptiles are
limited by increasing salinity. Seventy percent of freshwater
turtle species have a distribution that includes coastlines
(Agha et al., 2018). There are a myriad of mechanisms—
behavioral, physiological, and morphological—that allow
freshwater species to tolerate saline conditions (Agha et al.,
2018). For example, reptile skin is largely impermeable to
sodium uptake (Hart et al., 1991), and some species possess
lachrymal glands (i.e., salt glands; Babonis and Brischoux,
2012), which excrete excess salt to maintain homeostasis in
brackish habitats. Another coping mechanism for reptiles
occupying saline habitats is related to body size, where larger
individuals occupy more saline habitats compared to smaller
individuals (Dunson, 1986; Eisemberg et al., 2015; Agha et
al., 2018). Therefore, within a freshwater reptilian species,
morphological differences can arise through exposure to
varying salinity concentrations (e.g., freshwater to brackish).

The predictable pattern of morphology to the structuring
of lotic and lentic physical habitats and salinity creates
predictable morphological variation within and among river
drainages in turtles (Aresco and Dobie, 2000; Lubcke and
Wilson, 2007; Selman, 2012; Rivera et al., 2013; Ennen et al.,
2014; Eisemberg et al., 2015). Individuals occupying lotic
habitats exhibit flatter shell phenotypes relative to individ-
uals occupying lentic habitats (Rivera, 2008; Rivera et al.,
2013). Although Rivera (2008) suggests genetic divergence
contributes more to the morphological variation between
lentic and lotic habitats than phenotypic plasticity, Zuffi et

al. (2017) experimentally showed that hatchlings from pond-
dwelling females (i.e., pond morphology) produced a ‘‘river’’
phenotype when reared in flowing water, supporting
phenotypic plasticity as a mechanism for shell-shape
variation. Moreover, other studies (Rowe, 1997; Tucker et
al., 1998; Aresco and Dobie, 2000; Lubcke and Wilson, 2007)
attribute variation in shell morphology among populations
to phenotypic plasticity. Additionally, individuals occupying
brackish habitats exhibit larger body size than their fresh-
water counterparts (Dunson, 1986; Selman, 2012; Eisemberg
et al., 2015; Agha et al., 2018). This plasticity of shape and
size of turtles might allow individuals to better respond to
selective pressures associated with locomotion and self-
righting, predator defense, salinity tolerance (Eisemberg et
al., 2015), heat transfer, or maternal body-volume (or a
combination thereof). For example, dorsoventrally flattened
shells reduce drag in lotic systems (Rivera, 2008), whereas
domed shells confer a mechanical strength advantage that
might be favorable under strong predation pressure from
large aquatic predators, such as alligators (Aresco and Dobie,
2000; Rivera and Stayton, 2011). Maternal body-volume can
constrain reproductive output in reptiles (Vitt and Congdon,
1978; Qualls and Shine, 1995; Qualls and Andrews, 1999; Du
et al., 2005), where less maternal body-volume is associated
with smaller clutches. Finally, larger body sizes (i.e., body
mass) confer an adaptive advantage over smaller body sizes
in saline habitats because net water loss for the body is
inversely related to body mass (Dunson, 1986).

In this study, we investigate the relationship between shell
shape and size variation with habitat (i.e., drainage area and
salinity) in the Black-Knobbed Map Turtle (Graptemys
nigrinoda). The species displays extreme sexual size dimor-
phism (Lahanas, 1982), where females are larger than males.
Although past studies reported a relationship between shell
shape and a categorical water velocity variable (i.e., lentic and
lotic) in turtles, our study is different in two ways. First, we
use cumulative drainage area (i.e., continuous variable) as a
surrogate for the multitude of factors that comprise the
hydrogeomorphic controls on physical habitat similar to
Ennen et al. (2014). Unlike categorical variables, this variable
allows us to conduct a linear regression between morphology
and environmental factors. With the exception of Ennen et
al. (2014), other morphological studies focusing on turtles
used categorical variables to characterize water velocity
(Aresco and Dobie, 2000; Lubcke and Wilson, 2007; Rivera,
2008; Selman, 2012; Rivera et al., 2013) and did not quantify
water velocity. Given that we used historic preserved
specimens that existed under different land use conditions
(e.g., some specimens were collected from areas now
impounded by dams), it was not possible to sample physical
habitat variables, such as mean column velocity or vertical
velocity profiles, necessitating the need to use drainage area as
a surrogate for physical habitat. Second, we investigate the
relationship between carapace length, shell height, and
habitat factors (i.e., cumulative drainage area and habitat
type [freshwater versus brackish water]) using spatially explicit
regression models which account for any potential geographic
similarities (i.e., correlation) among turtle capture locations.

MATERIALS AND METHODS

Study system and organism.—Graptemys nigrinoda (Black-
Knobbed Map Turtle) is a medium-size (e.g., females
carapacemax ¼ 22.1 cm; male carapacemax ¼ 12.2 cm)
freshwater turtle species found in medium to large rivers
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and oxbows within the Mobile drainage (Lindeman, 2013).
The recognition of subspecies within this species complex
(i.e., G. nigrinoda nigrinoda and G. nigrinoda delticola) is
contentious (Ennen et al., 2014). The subspecies are
separated along the river continuum, but based on pigmen-
tation and head patterns, they have a considerable distribu-
tional overlap. In general, G. n. delticola inhabits the lower
Mobile and Tensaw rivers that are slow-moving, turbid
systems. In this region, salinities range from freshwater (0
ppt) during winter/spring months to seasonally brackish (up
to 18 ppt) during summer/fall months; salinities are
associated with seasonal river flow conditions that are
highest in the winter/spring and lowest in the summer/fall
(Allee et al., 2012; also see http://www.mymobilebay.com).
Graptemys n. nigrinoda are found further upstream in riverine
habitats consisting of faster-moving, clearer freshwater.
Ennen et al. (2014) reported that G. n. delticola possessed
darker pigmentation patterns compared to G. n. nigrinoda
and postulated water turbidity as an ecological factor shaping
this morphological pattern. The diet of G. nigrinoda consists
of freshwater sponges, bryozoans, aquatic insects, mollusks,
and algae (Lahanas, 1982; Lindeman, 2016). Although
freshwater sponges are an important component of the diet
in all studied populations of G. nigrinoda along the river
continuum, the importance of aquatic insects and bryozoans
as dietary items shift along the river continuum (Lahanas,
1982; Lindeman, 2016).

The Mobile drainage is hydrologically and physiographi-
cally diverse leading to high aquatic biodiversity in fishes,
crayfishes, and mussels (Lydeard and Mayden, 1995) but also
in turtles (Guyer et al., 2015; Ennen et al., 2016b, 2017). The
Mobile and Tensaw rivers are part of the Mobile Tensaw
Delta, which is the second largest delta in the United States
(Zolczynski and Shearer, 1997). Both lowland river segments
are characterized by slow-moving, turbid water. Lower
portions of the Mobile and Tensaw rivers are under tidal
influence. Graptemys nigrinoda occurs here and occupies
oligohaline and mesohaline waters (~0.5 to 18 ppt; Allee et
al., 2012; Agha et al., 2018).

Habitat variables.—In order to investigate the relationship
between shell shape and size variation with habitat in G.
nigrinoda, we used three variables—cumulative drainage area,
salinity, and latitude—to assess hydrogeomorphic regime and
salinity at each specimen’s locality using ArcMap 10.5.1. We
recorded cumulative drainage area (CDA; Schaefer et al.,
2011; Ennen et al., 2014, 2016a) for each specimen’s location
using an ArcGIS online geoprocessing service (https://doc.
arcgis.com/en/arcgis-online/analyze/create-watersheds.htm),
which uses the National Hydrology Plus Database
(NHDPlusV2.1) and Hydrological Data and Maps Based on
Shuttle Elevation Derivative at Multiple Scale (HydroSHEDS).
Because the Tensaw River is a distributary near the Mobile
River Delta, for specimens collected here we used CDA
calculations from the Mobile River (i.e., this variable
encompassed the entire Mobile River drainage in the
National Hydrology Plus Database). If we had used CDA
estimates from the Tensaw River, then CDA values for
specimens in the delta would be more similar, for example,
to smaller upstream drainages, where hydrology is very
different. We elected to use CDA as a factor due its
hierarchical controls on the hydrogeomorphic environment
that modulates physical habitat. For example, Schaefer et al.
(2011) use a similar approach and reported that this variable
was highly correlated with discharge (positively) and current

velocity (negatively). Therefore, CDA presented ‘‘a single
descriptor of stream size and local hydrology’’ (Schaefer et al.,
2011). Although there is a clear association between CDA
and various hydrodynamic variables as described above, it is
currently unknown what exact mechanisms are important
drivers of turtle shell morphology, especially in lotic systems.
Drainage area, therefore, is a useful proxy variable to simplify
the complexities of these systems. We used the method
developed by Enwright et al. (2015), which categorizes marsh
type by vegetation composition, to characterize salinity at
each specimen location. Specimen localities were overlaid
upon the marsh type spatial layer, and each location was
categorized as either a fresh or brackish marsh (Brackish¼ 1,
Freshwater ¼ 0). We considered locations without marsh
habitats (i.e., major rivers) within the spatial layer as
freshwater. To account for correlation among our predictor
variables, we performed a Pearson correlation analysis and
determined that CDA and marsh habitat type (ranked fresh
[0] to brackish [1]) were positively correlated (r ¼ 0.78), and
both CDA and marsh habitat types were negatively correlated
with latitude (r ¼ –0.95). Thus we removed latitude and
marsh habitat type from further quantitative analyses to
increase model stability, but infer the effect direction of these
variables for further discussion.

Data collection.—We measured straight-line carapace length
(SCL) and height from live and preserved specimens of
Graptemys nigrinoda, and we also collected digital photo-
graphs from preserved museum specimens collected between
1956 and 2001. Many of the preserved specimens were both
photographed and measured for SCL and height. Our live
specimens were captured using fyke nets from 2009 through
2011, and the preserved museum specimens were from the
Auburn University Museum of Natural History, Carnegie
Museum of Natural History, and University of Alabama
Museum of Natural History (Supplemental Table 1; see Data
Accessibility). We recorded carapace lengths and shell heights
for 78 preserved (48 M, 30 F) and 14 live specimens (3 M, 11
F) throughout the Mobile Bay basin, and we also collected
photographs from 131 specimens (84 M, 47 F) from
throughout the Mobile Bay basin (Fig. 1). We collected
digital photographs of the carapace and plastron with the
camera focused on the medial aspect of each specimen. All
photographs included a ruler in the frame to standardize the
scale of all images. We only collected photographs of sex
identifiable adult and sub-adult specimens (.70 mm;
Lahanas, 1982) that had spatial information. In several
instances, the plastrons had been removed from specimens.
If we could not locate or confidently assign a plastron to a
specimen, a photograph of the plastron was not collected for
that specimen.

We assigned 21 and 19 landmarks to the carapace and
plastron, respectively, of each specimen (Fig. 2) using TPS
Dig2 (Rohlf, 2006). All landmarks were fixed and represent
an intersection between two or more scutes. Nine landmarks
(i.e., 1–2, 4–7, 10–12) on the carapace represented the most-
distal point between two adjacent marginal scutes, whereas
two landmarks (i.e., 13–14) on the carapace represented the
most-distal point between marginal and nuchal scutes on the
anterior portion of the shell. Three landmarks (i.e., 8–9 and
21) on the carapace represented triple junctions between two
pleural scutes and a marginal scute. For example, landmark 9
is a triple junction between pleural scutes 1 and 2 and
marginal scute 5 (Fig. 1). Four landmarks (i.e., 16–19) on the
carapace represented triple junctions between pleural and
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vertebral scutes. For example, landmark 16 is a triple junction
between vertebral scutes 1 and 2 and pleural scute 1 (Fig. 1).
Landmarks 15 and 20 represented the most-distal points
between pleural and vertebral scutes on the left side of the
carapace. Landmark 3 represented the most-proximal point
between both 12th marginal scutes on the posterior portion

of the carapace. On the plastron, ten landmarks (i.e., 1, 3, 5,
7, 8, 10, 11, 13–14, and 16) represented the most-distal point
of two adjacent scutes (Fig. 1). Seven landmarks (i.e., 2, 4, 6,
9, 12, 15, and 18) represented points along the mid-seam of
the plastron, at the intersection of four scutes: two from the
left side and two from the right. Landmarks 17 and 19
represented the most-distal points on the right and left anal
scutes, respectively.

Analyses.—Although Ennen et al. (2014) reported that shell
morphology in Graptemys nigrinoda co-varies with cumula-
tive drainage area, they used traditional morphometric
approaches, such as linear distance measurements and ratios.
This approach inherently loses some aspects of morpholog-
ical shape because the geometric relationships are not
preserved among all measured points (Adams et al., 2004).
Here, we used a geometric morphometric approach that
preserves these geometric relationships among landmarks in
order to fully address the response of shell morphology and
structural differences to water velocity in the Black-Knobbed
Map Turtle (Breno et al., 2011). For the shell shape analysis, a
Procrustes fit alignment was performed and then we
conducted a multivariate regression of Procrustes coordinates
(shape) onto log-transformed CDA data. Analyses were
performed using the package GEOMORPH (Adams et al.,
2017) in R (R Core Team, 2016) using a permutation test with
9,999 iterations to determine significance of the regression
with continuous data. Shape variation among CDA was
visually examined using the regression function in MorphoJ
(Klingenberg, 2011) with transformation grids at 3-X scale
factor. Male and female plastrons and carapaces were
analyzed separately due to sexual dimorphism (Lindeman,
2013; Ennen et al., 2014). However, we compared slopes
from the regression between the sexes using 95% confidence
intervals.

For our carapace length and height analyses, we first
examined spatial autocorrelation and directional influence
among turtle capture locations within the drainage (Pinheiro
and Bates, 2000). To account for spatial autocorrelation, we
ranked five different spatial correlation structures using

Fig. 1. A distribution map of the 131 photographed specimens of
Graptemys nigrinoda in the Mobile drainage. Gray squares represent
male specimens; black circles represent female specimens.

Fig. 2. Example images of digital
photographs of the carapace (left)
and plastron (right) of Graptemys
nigrinoda (catalog no. 10392) from
Auburn University Museum of Natural
History showing the landmarks used
in the analyses.
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Akaike’s information criterion (AIC; Burnham and Anderson,
2004), only including a scaled predictor variable (i.e., CDA)
and response variable (i.e., body size). A generalized least
squares (GLS) model was then fit with the best ranked
correlation structure (Gaussian; Dormann et al., 2007) and
the predictor variables (CDA, sex, and their interaction).
Subsequently, we independently tested the effects of CDA on
geographic patterns of carapace length and shell height. We
then generated parameter estimates and 95% confidence
levels for CDA, sex, and their interaction. All spatial models
were conducted in R (R Core Team, 2016).

RESULTS

Geometric morphometric analyses.—Carapace shape in both
male and female Graptemys nigrinoda varied significantly with
CDA. Carapaces of male G. nigrinoda exhibited anterior
compression (i.e., nuchal scutes moving posteriorly) as well
as a general posterior widening of the marginal and costal
scutes as CDA increased (df ¼ 1, F ¼ 4.8604, Z ¼ 3.4827, P ,

0.001; Figs. 3, 4). Carapaces of female G. nigrinoda exhibited
the same variation in morphospace across CDA with similar
carapace shape change seen in males (df¼ 1, F¼ 3.9075, Z¼
2.8891, P , 0.001; Figs. 3, 4). Overall, posterior carapace
widening was positively correlated with CDA in G. nigrinoda.

There was no difference between the slopes (shape vs. CDA)
of males and females (Fig. 4). Plastron shape variation did not
significantly vary with CDA for either sex.

Carapace length and height analysis.—Our spatial regression
GLS models predicting carapace length and shell height of
turtles across the Mobile Bay basin revealed that both
carapace length and shell height increased with increasing
CDA (Carapace length: estimate¼ 0.886S.E. 0.11, P , 0.001,
Shell height: estimate¼ 0.166S.E. 0.02, P , 0.001), and also
showed a significant interaction between CDA and sex
(Carapace length: estimate ¼ –0.446S.E. 0.16, P ¼ 0.008,
Shell height: estimate ¼ –0.076S.E. 0.03, P ¼ 0.02).

DISCUSSION

Shell shape, height, and length covary with cumulative
drainage area (CDA) along the river continuum in G.
nigrinoda. Although similar results for shell height and width
were reported by Ennen et al. (2014), our current results
improve our understanding of how turtle body shape and
size vary along the river continuum for two reasons. First,
Ennen et al. (2014) did not investigate body size variation
along the river continuum; instead, body size (carapace
length) was used to standardize (via ratios) other morpho-

Fig. 3. The positive relationship between the regression scores and cumulative drainage area of photographed female (red) and male (blue)
carapaces of Graptemys nigrinoda in the Mobile drainage. The ellipses represent 95% confidence intervals. Transformation grids are provided at –4,
–1, and 3 standardized CDA values on the X axis to illustrate a continuous relationship between shell shape and CDA.

554 Copeia 107, No. 3, 2019



logical and pigmentation variables. Second, Ennen et al.
(2014) used traditional morphometric approaches, such as
linear distance measurements and ratios; our geometric
morphometric analysis, on the other hand, elucidated how
overall shape varied along the river continuum. The
morphological pattern along the river continuum in G.
nigrinoda might be associated with improved locomotion in
the various hydrological regimes (see Rivera, 2008), predator
defense (Aresco and Dobie, 2000; Rivera and Stayton, 2011),
or tolerance of brackish habitats (Dunson, 1986; Eisemberg et
al., 2015; Agha et al., 2018).

There are relatively predictable changes in hydrogeomor-
phic processes in watersheds that modulate physical habitat,
such as changes in gradient that drive bed substrates,
hydrodynamics, and channel morphology (e.g., as idealized
in figure 4 of Montgomery and Buffington, 1997), that could
conceivably influence shell morphology. Also, it could be
that boundary layer fluid mechanics associated with different
stream types drive hydrodynamics that influence shell
morphology. Beyond a watershed metric such as CDA, it is
unknown which habitat factor(s) at smaller spatial scales,
such as river reaches, shear force, substrate, and channel
units, may be driving morphological patterns in turtle shells
because these factors are numerous. What we do know is that
freshwater turtle species exhibit vastly different shell mor-
phology when inhabiting lentic and lotic systems (Aresco
and Dobie, 2000; Lubcke and Wilson, 2007; Rivera, 2008;
Selman, 2012; Rivera et al., 2013), and Rivera (2008)
suggested these morphological differences between lentic
and lotic are due to flow regime. In the lotic system, flow
regime is complex and interdependent on multiple variables
such as water velocity, which is highly variable in space
within the river channel.

Consider two quasi-end members of fluvial hydrodynamics
in watersheds. In smaller watersheds, closer to the watershed
divide, stream gradients are steeper and substrates are
generally coarser leading to relatively higher average cross
section velocities at mean annual flows. Closer to the
watershed outlet where drainage area is a much larger
gradient, bed substrate and cross section velocity are
generally lower at mean average flows. Bioenergetically,
turtles that are more streamlined would be hydrodynamic,
which would confer an advantage in smaller and steeper
watersheds. Moreover, these turtles could also presumably
take advantage of boundary layer hydrodynamics from the
rough streambed where velocity is reduced to the friction
associated with coarser streambeds (Nowell and Jumars,
1984). Highly domed turtles—less hydrodynamic—would
need to expend relatively more energy in these environments
compared to more streamlined turtles (see Rivera, 2008).

In both sexes, our study showed a strong morphological
response—large domed shell—to high values of CDA.
Additionally, turtles from high CDAs exhibited lateral shifts
in costal and marginal scute and a medial shift in costal
scutes, resulting in a wider shell (Fig. 4). These results are
similar to the morphological response to lentic habitats
reported in Pseudemys concinna, where the domed shape is
achieved by steepening the angle of the costal scutes but also
increasing the mediolateral width (Rivera, 2008). This
increased width of the costal scutes caused a general
widening of the carapace in P. concinna, which was congruent
in G. nigrinoda. The carapace width increased due to
increased width of the marginal scutes. Similarly, our study
reported a strong carapace length response to high values of
CDA. Individuals of both sexes exhibited larger carapace
lengths in the lower reaches of the drainage, which is under

Fig. 4. Transformation grids for female (right) and male (left) specimens of Graptemys nigrinoda depicting carapace shape variation associated with
faster (i.e., smaller cumulative drainage area values) relative to slower-moving water (i.e., larger cumulative drainage area values).
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tidal influence and has brackish habitats. This pattern of
larger body sizes in lower reaches was reported in other
species of Graptemys (i.e., G. flavimaculata and G. sabinensis)
inhabiting coastal drainages of the Gulf of Mexico (Selman,
2012; Fehrenbach et al., 2016).

Four forces—mobility, predation, thermal conditions, and
salinity tolerance—have been invoked for the explanation of
the habitat-associated shape and size divergences in fresh-
water turtle shells (Dunson, 1986; Aresco and Dobie, 2000;
Rivera, 2008; Selman, 2012; Rivera et al., 2013; Ennen et al.,
2014; Eisemberg et al., 2015) and might not be mutually
exclusive. Rivera and Stayton (2011) proposed that a
functional trade-off exists for shell shape base on strength
and hydrodynamics using P. concinna. Rivera (2008) exper-
imentally linked shell shape with hydrodynamic efficiency
and demonstrated that more streamlined shell phenotypes
have reduced drag in flowing water.

As a defense structure, a larger, domed shell provides more
strength relative to a dorsoventrally flattened shell (Rivera
and Stayton, 2011). The greater strength has been hypoth-
esized as advantageous in the presence of a large aquatic
predator (e.g., American Alligator, Alligator mississippiensis),
which is more abundant in lentic than in lotic habitats in the
Southeastern United States (Aresco and Dobie, 2000).
However, another turtle species, for example, Actinemys
marmorata, exhibits a similar morphological pattern but does
not have overlapping ranges with A. mississippiensis or
another large aquatic predator (Lubcke and Wilson, 2007).
The presence of a domed shell phenotype associated with
lentic habitat without large aquatic predators suggests the
advantage of a domed shell might not be exclusively related
to predator pressure but may occur in combination with
other pressures, such as fecundity (i.e., greater maternal
volume) or buoyancy (Zug, 1971; Peterson and Gomez,
2008). Turtle fecundity increases with body size and maternal
volume (Iverson, 1992). In lentic habitats, where the
hydrodynamic pressure is lessened by the lack of flow, a
domed shell phenotype would increase maternal volume and
potentially fecundity, thereby increasing overall fitness of a
female. However, males and females exhibit similar habitat-
associated morphological patterns suggesting that fecundity
alone cannot explain the link between domed shells and
lentic habitats.

Turtles are negatively buoyant because a large portion of
their mass is dense tissue (i.e., skeletal and bony shell;
Jackson, 1969). In order to regulate buoyancy, turtles use
their lungs and cloacal bursae (Jackson, 1969, 1988; Seymour,
1982; Peterson and Gomez, 2008). In general, larger
individuals of a species tend to show greater shell densities
(Hall, 1924; Perry, 1978) and relatively greater skeletal and
shell mass (Iverson, 1982; Zani and Claussen, 1994) as
compared to smaller individuals. Paradoxically, larger indi-
viduals exhibit greater buoyancy—near neutral—than their
smaller counterparts (Milsom, 1975; Peterson and Gomez,
2008). This difference is primarily attributed allometric
changes in lung volume, where larger individuals with more
internal space have larger lung volumes (i.e., larger volume-
to-mass ratio) that oppose the larger shell’s negative
buoyancy (Zug, 1971; Milsom, 1975; Perry, 1978; Jackson,
1988). Although there is no literature, to our knowledge,
reporting a relationship between shell shapes (i.e., flatten to
dome) and lung volume within a freshwater turtle species,
terrestrial turtles, species with domed shells, exhibit larger
volume-to-mass ratios than aquatic species and can readily
float (Zug, 1971). In addition, when comparing lung volume

between turtle species with relatively high and low density
tissues, Caretta caretta, a species with a reduced plastron and
reduced shell thickness, exhibited lower lung volume per
body mass (i.e., lower volume-to-mass ratio) than Chrysemys
picta and Trachemys scripta (i.e., larger volume-to-mass ratio;
Jackson, 1988). Thus, in our system we hypothesize that the
more domed shell of G. nigrinoda in lentic-like environments
(e.g., Tensaw River) might confer increased space for lung
volume and increased buoyancy regulation as compared to
their flatter shelled lotic-inhabiting counterparts. Increased
buoyancy in lentic environments would confer improved
swimming efficiency and agility within the water column
(i.e., dive depth and duration; Hochscheid et al., 2007;
Peterson and Gomez, 2008) and enhance semi-submerged
surface basking (Boyer, 1965) in areas devoid of basking sites
(i.e., snags, fallen trees, exposed rocks). We acknowledge the
possibility that greater buoyancy might also decrease swim-
ming efficiency in lentic systems and provide an unknown
benefit in lotic systems; however, all of our hypotheses and
explanations are purely speculation and additional research
would be needed to test and elucidate the relationship
between larger carapace length, domed shells, buoyancy, and
lung volume.

An individual’s body size is often under intense selection
pressure because it is associated with fitness (Peters, 1986). In
the case of Graptemys nigrinoda, body size showed a trend in
relation to CDA similar to shell shape. This correlation
between shape and size among CDA is repeated in other
species of Graptemys occupying coastal drainages (Selman,
2012; Fehrenbach et al., 2016) but also in non-coastal
populations of Actinemys marmorata (Lubcke and Wilson,
2007). The larger, more domed individuals of A. marmorata
are captured in slough and irrigation canals characteristic of
slower flows, whereas smaller, more flattened individuals
were captured in natural creeks with higher flows (Lubcke
and Wilson, 2007; M. Agha, pers. obs.). All of these examples
suggest a convergence of shell size and shape patterns across
a gradient of CDA in turtles. Although body shape is linked
with hydrodynamics (Rivera, 2008), larger body sizes may
also be associated with increased tolerance (i.e., inverse
relationship between water loss and body size) to a broad
range of water salinities found in coastal estuarine environ-
ments (Dunson, 1986; Dunson and Seidel, 1986). For
instance, larger body sizes could be selected for as a response
to coastal brackish water environments, as well as greater
productivity, longer than average growing seasons, higher
temperature, or more resource partitioning among conspe-
cifics (Eisemberg et al., 2015). Furthermore, lower reaches of
rivers along the coast of the Gulf of Mexico are more
thermally stable and warmer than inland reaches rivers
(Selman, 2012). A more thermally stable and warmer
environment could increase growth rates and ultimately
produce larger body sizes in turtles (Gibbons, 1970; Gibbons
et al., 1979; Gibbons and Harrison, 1981; King et al., 1998),
while a colder regime would slow annual growth rates
(Snover et al., 2015). Yet another explanation for body size
variation along the river continuum could be energy
expenditure variation along the river continuum. For
example, in an experiment conducted by Zuffi et al. (2017),
captive hatched Emys orbicularis hatchlings reared under
lentic conditions grew larger than hatchlings reared under
lotic conditions. This finding suggests that energy demands
are greater in more lotic than lentic conditions, and energy
allocation towards body size is likely reduced in smaller order
streams.
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Our study in concert with other studies (Aresco and Dobie,
2000; Lubcke and Wilson, 2007; Rivera, 2008; Selman, 2012;
Rivera et al., 2013; Ennen et al., 2014) confirms that different
hydrogeomorphic regimes are associated with morphological
variation within and across turtle species. Morphological
variation in turtles can occur between two very distinctive
hydrogeomorphic regimes—lentic and lotic—but also along
the river continuum. This variation among differing hydro-
geomorphic regimes could influence the rate and direction of
genetic evolution (West-Eberhard, 1989; Price et al., 2003),
and understanding patterns of variation could elucidate
evolutionary processes such as ecological speciation (West-
Eberhard, 1989; Schluter and Rambaut, 1996; Schluter and
Conte, 2009) and character displacement (Pfennig and
Pfennig, 2010). The relationship between hydrogeomorphic
regime and phenotypic variation in G. nigrinoda could
provide insight into the evolutionary trajectories of the
putative subspecies, Graptemys n. nigrinoda and G. n. delticola.
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