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Life history traits, such as body size and age at maturity, display intraspecific variation across a species’ geographic
range. Previous studies that examined body size variation among conspecific populations of turtles found that body size
generally increases with increasing latitude, with the exception of Wood Turtles (Glyptemys insculpta) and Spotted
Turtles (Clemmys guttata), which follow a non-linear relationship with larger body sizes at the two range extremes.
Similarly, growth rates are influenced by climatic variables and should display geographic patterns reflective of
different environments. The objectives of our study were to a) quantify somatic growth in a northern population of
Wood Turtles, and b) determine if the observed geographic variation in body size was the result of interpopulation
variation in somatic growth rates. In the northern population, as turtles approached maturity, somatic growth
increments varied between the sexes such that on average males grew to larger mean carapace lengths than females
within the same number of growing periods, likely indicating the point at which energy is reallocated from growth to
reproduction. Populations in the south had relatively higher somatic growth rates, grew to smaller mean carapace
lengths, and attained sexual maturity earlier than those at the northern extreme; this pattern was related to the
number of frost-free days and temperature. Understanding variation in species’ life history traits is critical to
understanding changes in population demography, which is important when managing populations that are at risk of
extinction.

L
IFE history traits vary across the geographic range of

conspecific populations, and various ecological theo-

ries have been proposed to explain these intraspecific

patterns. Bergmann’s rule states that among closely related

vertebrates, body size increases with increasing latitude such

that smaller-sized animals are found in southern extremes

and larger-sized animals are found in northern extremes

because larger body size (i.e., a lower surface area to volume

ratio) is thought to enhance heat retention in cooler climates

(James, 1970; Blackburn et al., 1999; Ashton et al., 2000;

Angilletta et al., 2004; Rypel, 2014). Among turtles, Berg-

mann’s rule was generally supported across increasing

latitudes (19/23 species) and decreasing mean environmental

temperatures (14/15 species; Ashton, 2001; Ashton and

Feldman, 2003); however, the response may be species-

specific. Large-scale analyses of intraspecific variation in

body size have been completed for Spotted Turtles (Clemmys

guttata; Litzgus et al., 2004) and Wood Turtles (Glyptemys

insculpta; Greaves and Litzgus, 2009). Both species followed a

Bergmann-like trend with larger turtles found in the cooler

regions and smaller turtles found in the warmer regions of

the species’ geographic range (Litzgus et al., 2004; Greaves

and Litzgus, 2009). However, variation in body size was best

explained by a non-linear trend, with the smallest body sizes

found in the central latitudes rather than the southern-most

latitudes (Litzgus et al., 2004; Greaves and Litzgus, 2009).

Larger body sizes may be advantageous for turtles in northern

regions to increase the capacity to store energy, and to aid in

heat conservation (Brooks et al., 1992; Ashton and Feldman,

2003; Greaves and Litzgus, 2009). In females, larger body size

allows for larger egg and clutch sizes, in turn maximizing

reproductive success in northern regions when challenged

with a short growing season (Litzgus et al., 2004; Greaves and

Litzgus, 2009). That the smallest turtles were found at mid-

latitudes may be explained by a change in resource allocation

associated with a shift in reproductive frequency by females

(Litzgus et al., 2004).

Variation in body size among populations may be
attributed to intraspecific variation in somatic growth rates.
As with other life history traits, such as age and size at
maturity, somatic growth rate in turtles varies across a
species’ geographic range and between sexes and can be
attributed to variation in local food availability, water
temperature, air temperature, climate, and rainfall (Moll,
1976; Rowe, 1997; Litzgus and Brooks, 1998; Akre, 2002).
General patterns of somatic growth are similar among
freshwater turtle species: growth is rapid as juveniles, slowing
upon maturation, followed by little-to-no growth once
sexually mature (e.g., Cagle, 1946; Moll, 1976; Mushinsky
et al., 1994; Ernst et al., 1998; Litzgus and Brooks, 1998;
Martin and Souza, 2008; Congdon et al., 2013). Previous
studies from various locations have examined the somatic
growth rate of Wood Turtles within populations, including
New Jersey (Farrell and Graham, 1991), West Virginia
(Niederberger and Seidel, 1999), northern Virginia (Akre,
2002), Québec (Saumure and Bider, 1998), and eastern
Ontario (Brooks et al., 1992). Although studies have
compared body size among populations (i.e., Brooks et al.,
1992; Akre, 2002; Greaves and Litzgus, 2009), few studies
have compared somatic growth rate among populations (i.e.,
Harding and Bloomer, 1979; Lovich et al., 1990; Saumure and
Bider, 1998), and no published studies have examined
variation in somatic growth rate across the species’ geo-
graphic range. Additionally, to date no studies have quanti-
fied somatic growth for the Sudbury District, Ontario
population, which lies near the northern extent of the
species’ range. When managing populations that are in
decline and at risk of extinction, it is important to
understand geographic variation in a species’ life history
traits to better inform population-specific recovery actions
(Tinkle, 1979; Germano, 1988; Iverson, 1991; Congdon et al.,
1993).

The objectives of our study were to a) examine somatic
growth patterns in a northern population of Wood Turtles, a
globally endangered species (IUCN Red List of Threatened
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Species, Version 2017-3; van Dijk and Harding, 2011), by
comparing somatic growth rate throughout multiple life
stages and between the sexes, and b) compare the somatic
growth rates of populations from previous studies through-
out the species’ geographic range to elucidate geographic
patterns in somatic growth. We hypothesized that if the
observed non-linear relationship between body size and
latitude (Greaves and Litzgus, 2009) resulted from interspe-
cific variation in somatic growth rate, then a similar non-
linear relationship would occur between somatic growth rate
and latitude. We predicted that the geographic variation in
somatic growth rate in Wood Turtles is influenced by
differing climate variables among populations (e.g., number
of frost-free days, mean active season temperature, and
precipitation), such that somatic growth rate would increase
with decreasing latitude across the species’ geographic range.

MATERIALS AND METHODS

Study species.—Turtles are a good model organism for
studying variation in body size as their rigid bony shells do
not change in size as a result of brief changes in health,
reproductive condition, or while experiencing low food
availability (Wilbur, 1975; Lovich et al., 1990; Greaves and
Litzgus, 2009). Wood Turtles are a semi-aquatic species of
turtle native to eastern North America, occurring in isolated
populations following certain river courses (COSEWIC, 2007;
Ernst and Lovich, 2009). Wood Turtles are long-lived,
attaining sexual maturity between 14 and 17 years of age
(Farrell and Graham, 1991; Brooks et al., 1992). Adult
carapace length ranges from 160–250 mm, with male-biased
size dimorphism (Harding and Bloomer, 1979; Ernst and
Lovich, 2009). Wood Turtles can be distinguished from other
turtle species by their sculptured carapace of pyramidal
growth ridges (Logier, 1939; Harding and Bloomer, 1979;
COSEWIC, 2007). Counts of growth rings within the
pyramidal ridges can indicate approximate age, up to 20
growth rings (Greaves and Litzgus, 2009). The longevity of
Wood Turtles, combined with their ability to retain growth
rings into adulthood, makes them an ideal species to study
geographic variation in somatic growth rate. Additionally,
understanding the variation of life history traits of an at-risk
species is necessary in order to effectively conserve the
species range-wide.

Study sites.—Field portions of this study were conducted
along a meandering river in the Sudbury District of Ontario
(468N, 818W). The exact location of the study site, as well as
those details for other populations used in our intraspecific
comparisons, are not given herein because Wood Turtles are
subjected to illegal poaching (COSEWIC, 2007). Across the
geographic range, local climate varies among populations
(Table 1) with the shortest active season found in the
northern extreme, and the longest active season found in
the southern extreme.

Data collection.—Turtles in the Sudbury District were cap-
tured by hand during visual surveys of the river and adjacent
shoreline from May to August 2014, as part of our ongoing
long-term study. Upon capture, new turtles were marked
using a unique notch code that was filed into the marginal
scutes of their carapace using a triangular file (Cagle, 1939).
The sex of each adult turtle (.160 mm carapace length) was
determined by observing secondary sex characteristics (e.g.,
concave plastron in males; Harding and Bloomer, 1979).
Captured turtles with carapace lengths between 140–160 mm
were considered sub-adults and those �140 mm were
recorded as juveniles. Carapace length measurements were
recorded using 40 cm (60.1 cm) calipers (Haglof Sweden AB,
Madison, WI). Sub-adult and juvenile body size measure-
ments were obtained using 16 cm (60.01 cm) calipers
(Scherr-Tumico Industries Inc., St James, MN).

Intrapopulation growth rate.—Somatic growth rates of indi-
vidual turtles (6 males, 9 females, and 6 juvenile/sub-adults)
in the Sudbury District population were estimated using the
Sergeev formula (Sergeev, 1937). This method allowed us to
retroactively estimate relative carapace length using diagonal
measurements of each discernable growth ring on a carapa-
cial scute and derive relative growth rate across the
individual’s lifetime (Ernst, 1975; Galbraith et al., 1989;
Aresco and Guyer, 1998; Sanders, 2013). The Sergeev formula
is:

L1

L2
¼ C1

C2

where L1 is the unknown midline carapace length, L2 is the
midline carapace length at the time of capture, C1 is the

Table 1. Geographic variation in somatic growth rate and environmental variables among Wood Turtle (Glyptemys insculpta) populations. Turtles
that remained juveniles between mark and recapture were included in both male and female somatic growth rate analyses. R2 values represent the
line of best fit relationship between relative growth rate and carapace length. Environmental data were obtained from Canadian Climate Normals
1981–2010 (Environment Canada, 2010) and the U.S. National Oceanic and Atmospheric Administration Climate Normals 1981–2010 (U.S.
Department of Commerce, 2010).

Location
Latitude

(8N) Sex n

Carapace
length
range

(mm; min–max)

Somatic
growth

rate
(mm/month) R2

Frost-free
days

Mean
active
season

temp. (8C)

Mean
annual
temp.
(8C)

Mean
active
season

precip. (mm)
Elevation

(m)

West Virginia 39.5 F 13 66–185 �0.0007595 0.69 170 17.89 11.56 80.77 271
M 14 66–195 �0.0006311 0.66

Massachusetts 42.0 F 72 98–195 �0.0002589 0.68 140 15.56 8.72 104.14 44
M 67 98–206 �0.0002745 0.78

Ontario 1 46.0 F 88 57–220 �0.0002258 0.83 108 15.34 4.70 80.42 200
M 64 55–228 �0.0001978 0.74

Ontario 2 46.5 F 10 92–206 �0.0001585 0.75 128 15.54 4.10 85.02 348
M 12 63–223 �0.0001518 0.62

Ontario 3 47.0 F 43 60–211 �0.0001531 0.57 123 15.56 5.28 84.34 212
M 28 60–225 �0.0001297 0.53
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diagonal length from the natal scute to the outer edge of a
growth ring, and C2 is the total diagonal scute length
(Sergeev, 1937). Upon capture, diagonal measurements of
each growth ring and total scute length were measured on
the second left costal scute of each turtle with discernable
growth rings, using 16 cm (60.01 cm) calipers. Measure-
ments were separated by sex, and somatic growth rate was
analyzed across four life history stages: stage 1) first to fourth
growth rings, 2) fifth to ninth growth rings, 3) tenth to
fourteenth growth rings, 4) fifteenth to nineteenth growth
rings, and 5) more than twenty growth rings (Greaves and
Litzgus, 2009).

Overall somatic growth and growth throughout the four
life history stages were compared between male and female
turtles using a series of Student t-tests, after confirming data
normality with a Shapiro-Wilk test. Non-linear regression
analyses were used to elucidate relationships between
somatic growth increments and carapace length for each
sex separately. Turtles that were juveniles at both capture and
recapture were included in both male and female analyses
under the assumption that both sexes initially experience
similar somatic growth rates as juveniles (Lovich et al., 1990).

Interpopulation growth rate.—Geographic variation in somat-
ic growth was examined among five populations across the
Wood Turtle’s geographic range: three populations from
Ontario, one from Massachusetts, and one from West
Virginia (Table 1). Datasets were collected from the literature
(Niederberger and Seidel, 1999; Jones, 2009) and from
personal communications with researchers. To eliminate
variation due to sampling methods, only mark-recapture
datasets with recorded shell lengths were used in our
analyses. Individuals with known capture and recapture
events were analyzed using the Relative Growth Rate (RGR)
equation (Litzgus and Brooks, 1998):

RGR ¼ lnCL2 � lnCL1

t2 � t1

where CL1 is the midline carapace length at the first capture,
CL2 is the midline carapace length at the most recent
capture, and t2–t1 represents the time interval between the
two capture events. To account for seasonal variation in
growth rate among sites, the number of months spent active
between capture and recapture was used as the time interval
(Litzgus and Brooks, 1998). Calculations that resulted in
negative values were assumed to be the result of measure-
ment errors or misidentification of individuals and were
excluded from the analysis. Male and female somatic growth
rates for each population were determined by using the slope
of the line in a linear model; to do this, we conducted linear
regression analyses between carapace length (mm) and RGR
(mm/month) for each sex in each population. Turtles that
were juveniles at both capture and recapture were included in
both male and female analyses under the assumption that
both sexes experience similar somatic growth rates as
juveniles. The resulting negative values calculated for
somatic growth rate (Table 1) do not imply that turtles
experience negative growth, but rather that somatic growth
rate decreases with increasing carapace length.

The RGR analysis is based on carapace lengths; however,
the Niederberger and Seidel (1999) dataset contained mark-
recapture measurements of plastron length (PL) only.
Therefore, the PLs were converted to carapace lengths (CL)
prior to analysis (Litzgus and Smith, 2010) under the

assumption that the relative growth rate of the plastron
and carapace would be similar. To do this, carapace and
plastron lengths from the Sudbury and Jones (2009)
populations were regressed against each other to obtain a
linear equation describing the predictive relationship be-
tween CL and PL (y¼ 2.02þ 1.12x, R2¼ 0.94). Each CL for a
given PL was then interpolated from the regression equation
for the Niederberger and Seidel (1999) dataset. We graphi-
cally compared the derived CL measurements to those
measured in our study population and found that they were
congruent, thus supporting our inclusion of the West
Virginia population in the interpopulation analysis.

Previous studies on Wood Turtles (Brooks et al., 1992; Akre,
2002; Litzgus et al., 2004; Greaves and Litzgus, 2009)
examined life-history data in relation to latitude and
longitude, which are considered proxies for climate and
resource availability. In addition to comparisons against
latitude, we also compared somatic growth rate to elevation,
the number of frost-free days, mean active season tempera-
ture, mean active season precipitation, and mean annual
temperature at each of the study locations. Environmental
data were collected from previous reports in the literature
(Akre, 2002; Greaves and Litzgus, 2009) and climate data
normals from 1981–2010 in Canada (Environment Canada,
2010) and the United States (U.S. Department of Commerce,
2010). Multiple regressions with linear and quadratic
functions were used to examine the relative importance of
each environmental variable in influencing somatic growth
rate. To determine if the non-linear relationship between
body size and latitude (as per Greaves and Litzgus, 2009)
resulted from geographic variation in somatic growth rate,
we regressed somatic growth rate on maximum carapace
length within each population.

All analyses were completed using IBM SPSS Statistics
(version 20, IBM Corp., Armonk, NY). All data are presented
as mean6SD, and the significance level was set at P � 0.05.

RESULTS

Intrapopulation somatic growth.—In the Sudbury District
population, males begin to attain carapace lengths larger
than those of females between the 8th and 9th growth rings
(Fig. 1). Males and females reached a mean relative carapace
length of 160 mm (i.e., size at sexual maturity; Harding and
Bloomer, 1979) at approximately the 12th and 14th growth

Fig. 1. Mean relative carapace length, determined using the Sergeev
method (Sergeev, 1937), for male (n ¼ 12; open squares) and female
(n ¼ 15; solid circles) Wood Turtles (Glyptemys insculpta) in a
population in the Sudbury District, Ontario. Each growth ring indicates
approximate age up to 20 growth rings (Greaves and Litzgus, 2009).
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rings, respectively (Fig. 1). Mean somatic growth increments
differed between the sexes (t40¼ 2.3, P , 0.05), and for both
males and females the relationship between carapace length
and somatic growth increments was non-linear (male: R2 ¼
0.33, F2,16¼ 4.0, P , 0.05; female: R2¼ 0.59, F2,20¼ 14.2, P ,

0.01; Fig. 2). For both sexes, somatic growth increments
decreased with increasing carapace length (Fig. 2); however,
female growth decreased at a faster rate than male growth.
Somatic growth increments differed between males and
females at life history stages 2 and 3, but not at stages 1
and 4 (Table 2).

Interpopulation somatic growth.—Somatic growth rate varied
among the five populations of Wood Turtles (Table 1).
Somatic growth rate decreased linearly with increasing
latitude for both females (R2 ¼ 0.77, F1,3 ¼ 10.0, P ¼ 0.05)
and males (R2¼ 0.85, F1,3¼ 17.6, P , 0.05), but more of the
variation was explained by non-linear relationships (females:
R2¼ 0.95, F2,2¼ 20.4, P¼ 0.05; males: R2¼ 0.97, F2,2¼ 29.4, P
, 0.05; Fig. 3).

Somatic growth rate decreased with decreasing number of
frost-free days (i.e., slower growth in cooler locations; Fig.
4A), and the pattern was best explained by a non-linear
relationship for both females (R2 ¼ 0.99, F2,2 ¼ 499.8, P ,

0.01) and males (R2 ¼ 0.98, F2,2 ¼ 56.2, P , 0.05). Somatic
growth rate decreased linearly with decreasing mean active
season temperature (Fig. 4B) for both females (R2¼ 0.95, F1,3

¼ 60.4, P , 0.01) and males (R2¼ 0.92, F1,3¼ 33.6, P , 0.01)
and also decreased with decreasing mean annual temperature
(Fig. 4C), and this pattern was also best explained by a non-

linear relationship for both females (R2 ¼ 0.98, F2,2 ¼ 40.3, P
, 0.05) and males (R2¼ 0.99, F2,2¼ 63.8, P , 0.05). Somatic

growth rate did not vary among populations in relation to
precipitation during the active season (males: R2¼ 0.018, F1,3

¼ 0.056, P¼ 0.83; females: R2¼ 0.058, F1,3¼ 0.18, P¼ 0.70) or
study site elevation (males: R2¼ 0.003, F1,3¼ 0.010, P¼ 0.93;

females: R2 ¼ 0.018, F1,3 ¼ 0.056, P ¼ 0.83).

To determine if the observed non-linear relationship
between body size and latitude (Greaves and Litzgus, 2009)
was a result of interpopulation variation in somatic growth
rate, we regressed growth rate against mean carapace length

for our five study populations. We found that the relation-
ship was best explained by non-linear regressions for both
females (R2 ¼ 0.97, F2,2 ¼ 28.6, P , 0.05; Fig. 5A) and males
(R2 ¼ 0.99, F2,2 ¼ 79.7, P , 0.05; Fig. 5B).

DISCUSSION

Intrapopulation somatic growth.—Long-term studies of long-
lived organisms allow researchers to monitor variation
among individuals and populations (Congdon et al., 1994),

providing important information about life histories (Har-
ding, 1990) that can inform conservation and management
of species at risk. By employing the Sergeev formula on
somatic growth ring measurements of Wood Turtles, a
globally endangered species, we were able to fill a knowledge

gap about variation in the relative carapace lengths of
individuals over time, providing novel life history informa-
tion for our northern study population. We found that male
and female Wood Turtles initially grew at similar rates;

Fig. 2. Regression analysis of mean
relative carapace length (mm) and
somatic growth increments (mm) for
male (open squares, dashed line; R2

¼ 0.33) and female (solid circles,
solid line; R2 ¼ 0.59) Wood Turtles
(Glyptemys insculpta) in a popula-
tion in the Sudbury District, Ontario.
Carapace lengths and somatic growth
increments were determined using
the Sergeev (1937) method.

Table 2. Comparison of somatic growth increments (mean 6 SD) between male (n¼ 12) and female (n¼ 15) Wood Turtles (Glyptemys insculpta)
across four life history stages within a northern population. Growth increments for individuals with discernable growth rings were determined by
retroactively calculating the estimated carapace length (CL) using the Sergeev (1937) formula and calculating the difference in CL at each growth
ring. Life history stages of individuals are grouped based upon the number of growth rings: 1¼ 1–4 growth rings, 2¼ 5–9 growth rings, 3¼ 10–14
growth rings, 4¼15–19 growth rings, 5¼20þ growth rings. Turtles classified as juveniles were included in both the male and female datasets under
the assumption that both sexes experience similar growth rates as juveniles. *indicates a significant difference between the sexes.

Life history stage Sample size (F; M) Female growth (mm) Male growth (mm) t stat P-value

1 15; 12 1261 1261 �0.261 0.803
2 13; 10 1060.9 1261 2.284 0.052*
3 11; 8 960.7 1060.8 3.075 0.015*
4 7; 4 962 963 0.213 0.823
5 4; 0 662
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however, males attained larger carapace lengths and larger

relative somatic growth increments than females, consistent

with known sexual size dimorphism in the species (Ernst and

Lovich, 2009). Females had a steady decline in somatic

growth as carapace length increased, while males did not

(Fig. 2), such that females required more growth events to

attain sexual maturity. The changes in somatic growth

coincide with the life history stages during which somatic

growth slows due to a shift in energy allocation from growth

to reproduction.

As juveniles and sub-adults, energy resources are devoted

primarily to growth; as turtles reach sexual maturity, some

energy resources are reallocated to reproduction (Congdon et

al., 2013), decreasing their somatic growth rate. Previous

studies have found that somatic growth slows more quickly

in female versus male Wood Turtles following attainment of

sexual maturity, and that males tend to reach sexual maturity

at a younger age than females (Niederberger and Seidel, 1999;

Akre, 2002). This trend was supported by our study and by

Greaves and Litzgus (2009), who found that the youngest

male to show secondary sex characteristics had 9 somatic

growth rings (CL ¼ 162 mm) and the youngest female

observed nesting had 14 somatic growth rings (CL ¼ 182

mm). It has been hypothesized that the longer growing

period for female turtles could be a result of postponing

reproduction until they are larger and better able to store

larger amounts of energy (Brooks et al., 1992), allowing them

to invest in both winter survival and reproduction the

following spring without refueling (Galbraith et al., 1989;

Brooks et al., 1992; Litzgus et al., 2004). Wood Turtles exhibit

sexual size dimorphism, with males attaining larger body

sizes than females (Lovich et al., 1990; Ernst and Lovich,

2009), and the increased somatic growth increments in males

at the later life history stages are likely driving this

dimorphism.

Fig. 3. Polynomial regression analyses showing the relationship
between somatic growth rate and latitude for female (solid circles; R2

¼ 0.95) and male (open squares; R2 ¼ 0.97) Wood Turtles (Glyptemys
insculpta) across the species’ geographic range. Somatic growth rate
(mm/month) is represented by the slope of the line in a linear
regression of relative growth rate and carapace length (not shown).
Negative values on the y-axis indicate decreasing relative growth rate
with increasing carapace length.

Fig. 4. Comparison of somatic growth rate (mm/month), as repre-
sented by the slope of the line in a linear regression of relative growth
rate and carapace length (not shown), to (A) the number of frost-free
days, (B) the mean active season temperature, and (C) the mean
annual temperature for female (solid circles, solid line) and male (open
squares, dashed line) Wood Turtles (Glyptemys insculpta) in the five
study populations. Negative values on the y-axis indicate decreasing
relative growth rate with increasing carapace length.

Marchand et al.—Wood Turtle growth rates 481



Interpopulation somatic growth.—Somatic growth was related
to latitude in a non-linear pattern for both male and female
Wood Turtles throughout the species’ geographic range,
mirroring the body size variation findings of Greaves and
Litzgus (2009). Additionally, somatic growth was related to
number of frost-free days, active season temperature, and
annual temperature. These findings support the prediction
that variation in body size is a result of interpopulation
variation in somatic growth due to differing environmental
conditions among populations. Populations at northern
latitudes, which experience cooler temperatures both annu-
ally and throughout the active season and have fewer frost-
free days, showed slower growth rates in comparison to the
populations at southern latitudes. The most southern
location that we analyzed (West Virginia, WV), had a higher
somatic growth rate than our northern populations. The WV
population experiences the greatest number of frost-free days
and the warmest active season and annual temperatures
compared to the other locations (Table 1), which supports
the prediction that increased somatic growth is attributed to
environmental factors. On a smaller spatial scale, within the
three Ontario populations (which vary in local climate and
active season length), both males and females showed
variation in somatic growth rate.

Understanding a species’ life history traits across a
geographic gradient is important to determine which traits
influence or are influenced by other traits. Somatic growth
rate and body size affect reproductive success in turtles
(Congdon and van Loben Sels, 1991; Brooks et al., 1992;
Rowe, 1997). Individual variation in somatic growth rate
results in a range of adult body sizes within and among
populations (Stearns and Koella, 1986), and this variation has
been linked to variation in clutch size, egg size, and age at
maturity in many turtle species (Iverson, 1991; Brooks et al.,
1992; Rowe, 1997; Litzgus et al., 2004). In female Wood
Turtles, latitudinal variation in body size has been found to
co-vary with clutch size (Greaves and Litzgus, 2009).

Additionally, previous studies have suggested that in chelo-
nian species with sexual size dimorphism, males attain larger
body sizes to increase their mating success with large females
(e.g., Harding and Bloomer, 1979; Brooks et al., 1992;
Edmonds and Brooks, 1996).

Geographic patterns in somatic growth relate to patterns in
life history (Stearns and Koella, 1986). The southern
populations of Wood Turtles, which attained the fastest
somatic growth, reached maturity earlier than the mid-
latitude and northern extreme populations and attained
larger body and clutch sizes than the mid-latitude population
(Greaves and Litzgus, 2009). Predictable and productive
environments in the south may allow turtles to maximize
their use of resources, enabling them to allocate more energy
to somatic growth (Litzgus et al., 2004). Wood Turtles at the
mid-latitudes have similar somatic growth rates to popula-
tions near the northern extreme; however, the mean
carapace length is smaller than both the northern and
southern extremes. This trend in body size has been
attributed to populations being under less selection pressure
to produce a large clutch due to the local climate providing
successful incubation conditions (Greaves and Litzgus,
2009). At the northern extreme, the local climate leads to
slow somatic growth rates, later age at maturity, larger mean
carapace length, and larger clutch size in comparison to the
mid-latitudes and the southern extreme (Greaves and
Litzgus, 2009). In females, the large body size allows
production of a larger clutch, which may help to counter
the effects of years when recruitment is low due to
unfavorable incubation temperatures, thus maximizing
fecundity (Litzgus et al., 2004; Greaves and Litzgus, 2009).
For both males and females, large body size allows conser-
vation of heat and greater energy reserves to survive
overwintering (Brooks et al., 1992; Ashton and Feldman,
2003; Litzgus et al., 2004; Greaves and Litzgus, 2009), which
is particularly important for ectotherms living in at the
northern range limit.

Conclusions and future directions.—We provide information to
fill a knowledge gap about somatic growth in a northern
population of Wood Turtles. Our interpopulation investiga-
tion of growth was limited to five populations, but
nonetheless provided strong evidence for a non-linear
latitudinal pattern. Future studies of interpopulation patterns
in growth and life histories should include larger sample sizes
and more populations at the mid- and southern extremes to
better represent the entire range of environmental factors
experienced by the species. Future studies should also focus
on individual and annual variation in somatic growth within
populations in response to changing environmental vari-
ables in order to better manage, predict, and conserve
populations of this at-risk species in the face of climate
change. Finally, more intraspecific range-wide studies should
be conducted to determine if our observed non-linear
patterns in body size and somatic growth are common or
unique among turtle species.
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