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Optimal egg size in a suboptimal environment: reproductive ecology
of female Sonora mud turtles (Kinosternon sonoriense) in

central Arizona, USA

Jeffrey E. Lovich1,∗, Sheila V. Madrak1,2, Charles A. Drost1, Anthony J. Monatesti1,3,

Dennis Casper4, Mohammed Znari5,

Abstract. We studied the reproductive ecology of female Sonora mud turtles (Kinosternon sonoriense) at Montezuma Well,
a chemically-challenging natural wetland in central Arizona, USA. Females matured between 115.5 and 125 mm carapace
length (CL) and 36-54% produced eggs each year. Eggs were detected in X-radiographs from 23 April-28 September (2007-
2008) and the highest proportion (56%) of adult females with eggs occurred in June and July. Clutch frequency was rarely
more than once per year. Clutch size was weakly correlated with body size, ranged from 1-8 (mean = 4.96) and did not
differ significantly between years. X-ray egg width ranged from 17.8-21.7 mm (mean 19.4 mm) and varied more among
clutches than within. Mean X-ray egg width of a clutch did not vary significantly with CL of females, although X-ray pelvic
aperture width increased with CL. We observed no evidence of a morphological constraint on egg width. In addition, greater
variation in clutch size, relative to egg width, suggests that egg size is optimized in this hydrologically stable but chemically-
challenging habitat. We suggest that the diversity of architectures exhibited by the turtle pelvis, and their associated lack of
correspondence to taxonomic or behavioral groupings, explains some of the variation observed in egg size of turtles.
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Introduction

Organisms occupying different habitats often
exhibit variation in reproductive output as a re-
sult of differences in resource quality and avail-
ability that can affect body size, clutch size,
clutch frequency and egg size. Due to harvest
and processing limitations, finite resources are
presumably available for an individual to al-
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locate energy to the competing compartments
of growth, maintenance, storage and reproduc-
tion (Congdon, Dunham and Tinkle, 1982).
Females must allocate resources to reproduc-
tion within the constraints of: 1) the propor-
tion of total energy allocated to reproductive
output, 2) the amount of energy to be allo-
cated to each offspring (parental investment),
and 3) the number of offspring that can be pro-
duced with the energy available, after account-
ing for the energy allocated per offspring (opti-
mal egg size: OES). Substantial bodies of theory
have emerged to understand these allocations as
reviewed by Congdon (1989). The constraints
imposed by the various allocations are not inde-
pendent (Roosenburg and Dunham, 1997). Nat-
ural selection is predicted to cause females to
produce the maximum number of young pos-
sible only after allocating an optimal resource
level to each that enhances survivorship, in turn
maximizing the lifetime reproductive success of
a female. It is the expected fitness of the female
and her surviving offspring (offspring fitness is
determined by parental investment), not strictly
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the number of offspring produced, that is opti-
mized by natural selection (Trivers, 1972; Smith
and Fretwell, 1974; Brockelman, 1975).

We studied the reproductive ecology of a
population of Sonora mud turtles, Kinosternon
sonoriense, a small-bodied species, at Mon-
tezuma Well, Arizona, USA. The study site is
a unique natural wetland that provides a hydro-
logically stable, but chemically-challenging en-
vironment (Blinn, 2008), both uncharacteristic
of habitats typically occupied by this species
(Hensley et al., 2010) that tend to be ephemeral
and without high levels of dissolved CO2 and
arsenic. Since OES has been suggested for
K. sonoriense (Rosen, 1987; van Loben Sels,
Congdon and Austin, 1997), an objective of
our study was to confirm the existence of the
phenomenon in this unusual environment. Al-
though the species is one of the least-studied
turtles in the United States (Lovich and Bea-
man, 2008; Ernst and Lovich, 2009), data on
reproductive ecology are available from other
locations, providing an opportunity for com-
parison with populations living in more typical
habitats.

Despite the theoretical foundation for OES,
not all turtles conform to predictions. In many
turtles, egg size varies with body size of the fe-
male. In others, both egg size and clutch size
increase with female body size, again, in con-
tradiction to OES theory (Clark, Ewert and
Nelson, 2001; Naimi et al., 2012; Ryan and
Lindeman, 2007), even when egg size appears
to be unconstrained by pelvic aperture width
(PAW) (Iverson and Smith, 1993). The inter-
action of morphological and other factors on
egg size in turtles leads to five basic responses
(fig. 1): 1) egg width is constrained/not opti-
mized, 2) egg width is unconstrained/optimized,
3) egg width is unconstrained and optimized
only in the largest females (threshold size-
constrained), 4) egg width is unconstrained/not
optimized by pelvic aperture width (e.g., see
fig. 3 in Iverson and Smith, 1993), but con-
strained by some other non-morphological fac-
tor, or 5) egg width is constrained and requires

Figure 1. Responses of egg width to pelvic aperture width
(shown by solid line scenarios) in various turtle species.
Line labels refer to the line immediately above. The dashed
line shows the expected relationship between carapace
length and pelvic aperture width. The unconstrained/not op-
timized response suggests a constraint due to something
other than pelvic aperture width since egg size increases
with body size but the largest egg is still smaller than the
smallest pelvic aperture (refer to text for details).

osteo-kinesis for oviposition (Hofmeyr, Henen
and Loehr, 2005).

Other non-morphological factors that con-
tribute to egg size variation in turtles include
genetic and maternal effects (Rowe, 1994a), lo-
cality and year (Rowe, 1994b), clutch number
(within a season) (Iverson and Smith, 1993;
Harms et al., 2005), and age (Clark, Ewert
and Nelson, 2001; Congdon et al., 2001, 2003;
Harms et al., 2005; Paitz et al., 2007; Rollinson
and Brooks, 2008b). Physiological constraints
have also been reported in Chrysemys picta
where smaller females laid smaller eggs that
contained more yolk testosterone while the re-
verse was observed in larger females from the
same population (Bowden et al., 2004). The
evidence presented by Rollinson and Brooks
(2008a) and Bowden et al. (2004) suggest that
there may be a size threshold-constrained re-
sponse due to other than morphological factors.

In an examination of egg size in three tur-
tle species, Congdon and Gibbons (1987) made
two predictions that we test as hypotheses. The
first is that egg size in smaller-bodied species of
turtles is constrained by PAW, another challenge
to OES theory. The second is that in relatively
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stable environments, selection reduces variation
in egg size. Our data are tested against five con-
straint/optimization outcomes detailed in a pre-
vious paragraph and shown in fig. 1. In addition
we test the prediction from OES that clutch size
varies more than egg size (width) across a range
of female body sizes.

Materials and methods

Our study was conducted at Montezuma Well (elevation
1085 m) and adjacent Wet Beaver Creek in northern Yava-
pai County, Arizona, near the town of McGuireville. Mon-
tezuma Well is a unit of Montezuma Castle National Mon-
ument and is protected and managed by the National Park
Service. The study area is located in the Verde River Val-
ley of the Central Highlands province of Arizona in a tran-
sition zone between the Sonoran Desert Basin and Range
province to the south and the Mogollon Rim at the edge
of the Plateau Uplands province to the north. The area is
arid with mild winters (below freezing at night to 16-21°C
during the day) and warm summers with daytime tempera-
tures reaching 38°C or more. Precipitation averages about
30.5 cm/year (Konieczki and Leake, 1997).

Montezuma Well is a large collapsed travertine spring
mound with a precipitous shoreline and a narrow littoral
zone. The Well is about 112 m in diameter on its longest
axis, 0.76 ha in surface area, with a shoreline circumference
of 322 m. Mean depth of the well is 6.7 m, with a maximum
depth of 17 m (Cole and Barry, 1973). The Well is a unique
aquatic ecosystem that supports a distinctive assemblage of
94 aquatic invertebrates, at least six of which are endemic
(Blinn and Oberlin, 1995; O’Brien and Blinn, 1999).

Unique features of the Well include: 1) water enters the
well from underground springs at a near constant tempera-
ture of 24°C (Cole and Barry, 1973); 2) very high dissolved
CO2 concentration of up to 864 mg/l (O’Brien and Blinn,
1999); 3) naturally high arsenic levels (as arsenate) above
100 μg/l (Foust et al., 2004); 4) a highly simplified aquatic
food web (O’Brien and Blinn, 1999); 5) endemic species
of plants and invertebrates; and 6) absence of fish (Runck
and Blinn, 1994) and several major groups of aquatic in-
sects (likely due to the high CO2 concentration). The na-
tive Sonora mud turtle (Kinosternon sonoriense) and a small
number of non-native turtles (Trachemys scripta, Pseude-
mys spp.) occur in the Well. Wet Beaver Creek flows peren-
nially within about 100 meters of Montezuma Well and re-
ceives substantial inputs of water from the latter. Water tem-
peratures and discharge rates in the creek vary seasonally,
and CO2 and arsenic levels are lower, especially upstream
of the discharge from Montezuma Well. Although it is pos-
sible for turtles to move from one habitat to the other, it is
rare for them to do so.

We captured 146 mud turtles 240 times with baited
hoop traps, basking traps, dip nets and by hand. Each turtle
captured was uniquely marked with notches in the margin

of the shell, measured for straight-line carapace length (CL)
with dial calipers or tree calipers (as dictated by size)
accurate to at least 1 mm, and sex was determined using
pre-cloacal tail length and plastron shape (Ernst and Lovich,
2009). Females were X-rayed (Gibbons and Greene, 1979;
Hinton et al., 1997) on site to determine clutch size, X-ray
egg width (XREW) and X-ray maximum pelvic aperture
width (XRPAW). Egg width and XRPAW were measured
directly from X-radiographs with dial calipers accurate to
0.1 mm. In some female K. flavescens pelvic aperture
height is a smaller dimension than PAW (Long and Rose,
1989). Although we were unable to obtain measurements of
the former dimension from X-radiographs, PAW explains
92.7% of the variation in pelvic aperture surface area in
K. flavescens making PAW a reasonable estimator of pelvic
constraints on egg size in this genus (Long and Rose, 1989).
Clutch data were available for 25 females (26 clutches)
including seven females from adjacent Wet Beaver Creek.
Our decision to combine samples was based on analyses
of covariance that demonstrated no significant differences
in mean X-ray egg width of a clutch (MXREW) or clutch
size between females from Montezuma Well or Wet Beaver
Creek after adjusting for body size (CL). This was true
whether two females that produced a clutch of one egg
(identified as outliers due to Studentized residuals > −3)
were included in the analyses or not.

Statistical tests including least squares linear regressions
were conducted using SYSTAT software. Following the rec-
ommendations of King (2000) we used log10 transforma-
tions of data prior to all statistical analysis to improve lin-
earity, remove heteroscedasticity of variances, and facilitate
comparisons to other studies. Levels of significance were
established a priori at alpha = 0.05, but exact probabilities
are given when available. MXREW was calculated by sum-
ming X-ray egg widths and dividing by the clutch size of
each gravid female.

Different authors have used varying criteria for both de-
termining if pelvic aperture width constrains egg width, and
for determining the existence of egg size optimization. To
test morphological constraints on egg width Congdon and
Gibbons (1987) and van Loben Sels, Congdon and Austin
(1997) used analysis of covariance (ANCOVA) to compare
the slope of the relationship between pelvic aperture width
and body size with the slope of the relationship between egg
width and body size. Parallel positive slopes imply a con-
straint. In contrast, Iverson and Smith (1993) showed paral-
lel slopes for the same relationships but the largest egg width
was smaller than the smallest pelvic aperture width, so they
concluded that there was no morphological constraint on
egg size in their population. Different approaches were also
used to determine egg size optimization and again, Cong-
don and Gibbons (1987) used ANCOVA. This time, a sig-
nificant difference in the slopes (e.g., they were not parallel)
indicated optimization of egg width. Ryan and Lindeman
(2007) used the criterion of no correlation between egg size
and body size to identify the existence of optimization.

To assess the relationship between CL and both XRPAW
and MXREW we used ANCOVA with CL as the covariate
to test for homogeneity of slopes. Heterogeneity of slopes
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comparing XRPAW vs. CL and MXREW vs. CL (Cong-
don and Gibbons, 1987) and lack of a significant positive
relationship between CL and MXREW (Ryan and Linde-
man, 2007) would strongly suggest that egg size is opti-
mized across the range of body sizes. Means are followed
by ± one SD.

Results

The smallest female with detectable shelled
eggs had a CL of 125 mm and the largest female
that was X-rayed during the nesting season and
never had eggs was 115.5 mm. The percentage
of adult females that produced eggs in each year
varied from 53.9% (21/39) in 2007 to 35.7%
(5/14) in 2008. The proportion of reproduc-
tive females did not differ significantly between
years (Fisher’s exact test, two-tail; P = 0.352).

The earliest date at which eggs were detected
in females, using X-rays, was 23 April (2008)
and the latest date was 28 September (2007).
Monthly variation in the percentage of females
carrying eggs (when sample size was greater
than 1) peaked in June and July (56%, both
years combined). Clutch size (including a pos-
sible second clutch) ranged from 1-8 eggs with
a mean of 4.96 (±1.97) eggs in a sample of 25
females and 26 clutches. Mean clutch size was
4.81 (±2.11) in 2007 and 5.60 (±1.14) in 2008
(n = 5) and did not differ significantly between
years (t = −0.801; df = 24; P = 0.431).
Clutch size frequencies (followed by the num-
ber of females in parentheses) were as follows:
1 egg (2), 2 eggs (1), 3 eggs (3), 4 eggs (4), 5
eggs (4), 6 eggs (6), 7 eggs (4), and 8 eggs (2).
Clutch size was only weakly correlated with CL
(r2 = 0.076, P = 0.172) (fig. 2). The two fe-
males with a clutch size of one were identified
as outliers with Studentized residuals of −2.91
and −3.84. Removing them from the analysis
improved the relationship to statistical signifi-
cance (r2 = 0.178, P = 0.040).

At least one female may have produced a sec-
ond clutch within one year. She was initially X-
rayed on 6 June and had 5 eggs. When X-rayed
again on 27 July, she had 3 eggs. Although it is
possible that she laid two eggs in the interven-

Figure 2. The relationship between clutch size and carapace
length in Kinosternon sonoriense from Montezuma Well,
Arizona, USA. The data include one female that produced a
clutch of eggs in both years of the study. Including all log10
transformed data results in a regression equation where
log10 clutch size = −6.269 + 3.243(log10 CL). Removing
the two outliers (females that produced a single egg clutch)
results in the relationship log10 clutch size = −6.042 +
3.161(log10 CL).

ing period, evidence for splitting clutches has
not been reported in this species (see Discus-
sion). However, another female appeared to lay
a single egg between 17 June, 2008 and 15 July,
2008 and retained the remainder based on the
close correspondence in the location, size, and
orientation of the eggs in the radiographs. We
cannot rule out the possibility, however, that the
July eggs represent a second clutch, and that the
location and orientation of the eggs match those
of the June clutch by chance. Only one female
(CL = 142) was observed to produce a clutch of
eggs in both 2007 (7 eggs) and 2008 (6 eggs),
however, only three females were captured in
both years.

Egg width measured from X-radiographs
ranged from 17.8-21.7 mm with a mean of
19.4 mm (±0.831). The slope of the regres-
sion between MXREW and CL was not sig-
nificantly different from zero (r2 < 0.0001;
F < 0.0001; df = 1, 24; P = 0.999). Remov-
ing one case identified as an outlier (Studen-
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Figure 3. Relationship between carapace length and both
mean X-ray egg width (MXREW) (solid circles) and X-
ray pelvic aperture width (XRPAW) (open circles) in Kinos-
ternon sonoriense from Montezuma Well, Arizona, USA.
Linear smoothing functions are shown with accompanying
95% confidence intervals. XRPAW = 12.632 + 0.085(CL).
MXREW = 19.631 − 0.001(CL).

tized residual = 2.945) changed the results only
infinitesimally. In contrast, the slope of the re-
gression between XRPAW and CL was signifi-
cantly different from zero, increasing at a rate of
0.085 mm/1 mm CL (r2 = 0.338; F = 12.236;
df = 1, 24; P = 0.002). Comparing the slopes
of these two regression equations (fig. 3) with
ANCOVA, using CL as the covariate, we re-
jected the null hypothesis of homogeneity of
slopes as shown by a significant interaction term
(F = 4.605; df = 1, 48; P = 0.037).

Subtracting individual XREW measurements
from the XRPAW of the females that pro-
duced the eggs generated an estimate of “clear-
ance” ranging from 1.8-8.7 mm (mean = 4.936,
±1.339, n = 129). Larger females had larger
measures of XRPAW, thus the mathematical
difference between XRPAW and MXREW in-
creased when regressed on CL (r2 = 0.136;
F = 3.785; df = 1, 24; P = 0.064). No eggs
were larger than the XRPAW of a given female.

The coefficient of variation (CV) for clutch
size among females was almost an order of
magnitude greater than the CV for individual

Table 1. Variation in clutch size and mean X-ray egg
width per clutch (MXREW) in mm for female Kinosternon
sonoriense from Montezuma Well, Arizona, USA.

Variable n Min Max Mean SE CV

Clutch size 26 1 8 4.962 0.386 0.397
MXREW 26 18.214 21.433 19.542 0.154 0.040

female MXREW (table 1). Log transformed
XREW varied more among clutches than within
(ANOVA, F = 10.305; df = 24, 104; P <

0.001).

Discussion

Given the paucity of published literature on K.
sonoriense relative to other turtle species in the
United States (Ernst and Lovich, 2009), it is
perhaps surprising that so much information is
available on its reproductive ecology (table 2).
In his thesis, Rosen (1987) reviewed geographic
variation in female reproduction among several
populations in Arizona, including Montezuma
Well and Wet Beaver Creek. He reported that
egg width varied among populations and was
weakly correlated with female size, unlike our
results where the relationship between egg size
and CL was not significantly different from
zero. Rosen’s result suggests a small constraint
on egg size across a range of body sizes. Never-
theless, he concluded that egg size is generally
optimized in Arizona K. sonoriense, but that the
optimum occurs at different egg sizes among
populations. Rosen also noted that populations
exhibited significantly different pelvic aperture
widths (PAW) after adjusting for body size.
van Loben Sels, Congdon and Austin (1997)
also suggested that egg size was optimized in
a population of K. sonoriense in southern Ari-
zona even though egg size increased with fe-
male size at a statistically significant rate, again,
in contrast to our findings. In their study, the
slopes of the relationships between body size
and both egg width and XRPAW were differ-
ent even though egg width increased with body
size.
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Table 2. A comparison of reproductive attributes of female Kinosternon sonoriense from various populations in Arizona,
USA.

Montezuma Well Chiracahua Mtns. Arizona Quitobaquito Bradshaw Mtns./ and
(this study) (van Loben Sels (Rosen, 1987) (Rosen and Lowe, Maricopa Co.

et al., 1997) 1996) (Hulse, 1982)

Egg production April-September – May-September July-September –
season

Smallest gravid 125 mm 106 mm 86 mm 100 mm 93 mm/130 mm
female

Clutch size 4.96 (1-8) 6.7 (2-11) 3.09-8.12 4 2.8(2-4)/5.3(2-9)
(1-11; 5.35 for

Montezuma Well)
% 2nd clutches 4% (see text) 23% – – –
Clutch frequency 2 (see text) 2 1-4 (4 for 1.4-1.6 –

Montezuma Well)

Geographic variation in reproductive output
of turtles is well-known for many turtle species
in the United States (Ernst and Lovich, 2009)
and clutch size typically increases with latitude
while egg size decreases (Iverson et al., 1993).
This same general trend is not clearly reflected
in the data presented by Rosen (1987) from cen-
tral to southern Arizona, but this area constitutes
only about half the latitudinal range (but the ma-
jority of the elevational range) of the species.
van Loben Sels, Congdon and Austin (1997)
observed a negative correlation between clutch
size and body size-adjusted egg width in K.
sonoriense, also suggesting that as clutch size
increases egg width decreases.

The rarity of multiple clutches observed dur-
ing our study is perplexing in light of previous
observations. Rosen (1987) suggested the po-
tential for multiple clutches (up to four/year) at
Montezuma Well and three other Arizona lo-
cations at X-ray intervals of 4-7 weeks. The
low recapture rate of reproductive females dur-
ing our study is the only explanation we have
for this discrepancy. Similarly, while splitting
clutches has not previously been reported in this
species (van Loben Sels, Congdon and Austin,
1997; Ernst and Lovich, 2009; Congdon pers.
comm.), it has been suggested for the para-
patric sister taxon K. hirtipes (Iverson et al.,
1991; Iverson, 1998). In contrast, egg retention
has been reported in various other turtle species
(Buhlmann et al., 1995) so it is possible that par-

tial clutches are oviposited and the remaining
eggs are retained for a subsequent oviposition
event.

Although egg size can be limited by the ar-
chitectural constraints imposed by PAW in some
small-bodied turtles (Congdon and Gibbons,
1987), we found no evidence of this relationship
in K. sonoriense, itself a small-bodied turtle.
The lack of a pelvic constraint on egg size was
also reported by Macip-Ríos et al. (2009) for
K. integrum. In addition, the fact that the slope
of the relationship between MXREW and CL
was not significantly different from zero sug-
gests that egg size is optimized in our popula-
tion: larger females could produce larger eggs
due to increased clearance but they don’t. Based
on the scenarios in fig. 1 we conclude that
egg width in our study population is uncon-
strained/optimized. While the pelvic girdle is
structurally important for locomotion and sup-
port in turtles (Ruckes, 1929; Richmond, 1964;
Zug, 1971), our data suggest that PAW itself
does not constrain egg size as an architectural
byproduct of those functions in K. sonoriense.
Although we did not measure caudal gaps (an-
other architectural trait known to constrain egg
size in turtles) our data show no evidence of any
morphological constraints.

The caudal gap, formed between the poste-
rior margins of the carapace and plastron, acts as
a second physical barrier to an oviposited egg.
In the small-bodied turtle species Sternotherus
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odoratus, a member of the same family (Ki-
nosternidae) as K. sonoriense, caudal gaps were
smaller than pelvic aperture height and width
in virtually every specimen examined by Clark,
Ewert and Nelson (2001). Since the eggs of
S. odoratus, like those of K. sonoriense, are
brittle-shelled and cannot be deformed without
breaking, plastron and pelvic kinesis must allow
for expansion of the caudal gap at oviposition.
These types of kinesis are documented for other
relatively small turtles with large eggs (Rose
and Judd, 1991; Hofmeyr, Henen and Loehr,
2005), the family Kinosternidae, including K.
sonoriense (Bramble, Hutchison and Legler,
1984), and other unrelated turtle species (Bram-
ble, 1974).

Optimal egg size (OES) theory predicts that
variation in reproductive investment should re-
sult primarily in variation in clutch size rather
than egg size. Our data support this theory
in two ways. First, we observed greater varia-
tion in clutch size than in MXREW (table 1,
fig. 2) as predicted under OES. Second, al-
though MXREW varies more among clutches
than within, it remains essentially constant
across the wide range of body sizes we observed
(fig. 3), whereas the relationship of clutch size
to body size was significant after removal of
outliers.

The second hypothesis we tested from Con-
gdon and Gibbons (1987) is that egg size vari-
ation should be minimized in a stable environ-
ment. K. sonoriense occupies a wide variety of
habitats in the Sonoran Desert region. Within
its desert range, it is well-adapted to dealing
with temporary aridity in ephemeral streams
and other wetlands through estivation and mi-
gration (Peterson and Stone, 2000; Hall and
Steidl, 2007; Hensley et al., 2010). Montezuma
Well represents a somewhat unusual habitat for
K. sonoriense as a naturally perennial wetland.
Although water chemistry presents a challenge
to aquatic organisms at the site, the presence
of dependable water sustains a large population
of turtles in a stable hydrological environment.
In contrast, the habitats studied by van Loben

Sels, Congdon and Austin (1997) in southern
Arizona are the “most permanent streams” and
stock tanks in the Chiricahua Mountains, imply-
ing that the wetlands are ephemeral. Comparing
the slopes of XREW between Montezuma Well
and the data presented in van Loben Sels, Con-
gdon and Austin (1997) shows that egg width
does not vary significantly with body size in the
former, but it does in the latter. This observation
appears to support our second hypothesis, espe-
cially since the range of egg widths varied by
about 5 mm in their study while the range was
only 3.2 mm in our study (table 1). Thus, egg
width appears to be less variable in a hydrolog-
ically stable environment, as predicted.

A critical question is: why do some turtle
species exhibit evidence of OES while others do
not? In the large-bodied Graptemys geograph-
ica, Ryan and Lindeman (2007) found evidence
in support of a constraint on OES in large fe-
males since they increased both clutch and egg
size. OES was not observed in the small species
Sternotherus odoratus (Clark, Ewert and Nel-
son, 2001), although the authors did observe
that scaled residuals of egg size versus female
mass were less variable than were those for
clutch size as expected under OES theory. Con-
gdon and Gibbons (1987) found that OES was
constrained by PAW in small-bodied species
including Deirochelys reticularia and Chryse-
mys picta but not in the larger species Trache-
mys scripta. Others have suggested that con-
straints on OES are only observed in relatively
small females of Chrysemys picta and that egg
size is optimized in large females (Rollinson
and Brooks, 2008a). While acknowledging that
such a “step function” relationship was possible,
Ryan and Lindeman (2007) found no evidence
for its existence in their analysis of Grapte-
mys geographica, a turtle species with large-
bodied females. What factors might favor egg
size optimization in larger but not smaller fe-
males? If female body size influences hatchling
survival (the example given is that larger fe-
males may nest farther from water in a different
environment than smaller females), then there
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may be phenotype-habitat matching that drives
egg size/hatchling size variation along a body
size continuum (Rollinson and Brooks, 2008b;
Rowe, 1994b).

We offer a previously underappreciated ex-
planation for some of the variation reported in
egg size optimization or constraints in turtles.
It is based on recognition of the diversity of
morphologies exhibited by this clade of verte-
brates (Zangerl, 1969). Given the importance
of pelvic and shell architecture in turtle loco-
motion and shell support, it is likely that struc-
tural design constraints also vary widely among
species with variation in body plans, mode of lo-
comotion, and adaptations. Indeed, Zug (1971,
1972) noted substantial variation in the osteol-
ogy and myology of the pelvic girdle of turtles
across species, recognizing no less than eight
different forms of ilium bone architecture alone.
Articulation of the femur to the pelvic gir-
dle also displayed significant variation among
species and influenced gait and locomotion. The
complex interactions among mechanical, archi-
tectural and functional traits of the turtle pelvis
and plastron (Angielczyk, Feldman and Miller,
2010) undoubtedly add to the variation observed
in egg size of turtles and whether or not egg size
is constrained or optimized (Congdon and Gib-
bons, 1987).
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