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Abstract.—Mechanisms influencing body size in freshwater turtles are complex, but important because body size 
influences reproductive output, survivorship, and behavior.  Two proximate drivers of body size in freshwater 
turtles are temperature-related factors and density-dependent factors.  Large museum collections from the 19th 

Century provide a basis by which to evaluate environmental drivers of body size.  One of the largest series from the 
1800s is a collection of Wood Turtles (Glyptemys insculpta) from Lancaster, Massachusetts, USA, studied by Louis 
Agassiz.  We compared shell dimensions, growth rates, and sexual dimorphism in the Agassiz sample to a sample 
of living turtles from Lancaster.  Adult turtles living today are 20% larger in dimensions than 1850s turtles, and 
1850s males are below the modern range of variation.  The sexes are more dimorphic today, and modern juveniles 
grow significantly faster than 1850s counterparts.  We used a recent, statewide sample to evaluate whether adult 
body size has changed significantly as a partial response to a warmer climate, or as a density-dependent response 
to population decline.  Modern Wood Turtle body size across Massachusetts is positively associated with growing 
degree-days, and adult male body size is negatively correlated with population density.  Our results suggest that 
the 1850s growth rate may have been reduced due to a cooler growing season, and that 1850s adult body size may 
have been constrained by density-dependent factors.  Evidence for Wood Turtle population decline at Lancaster 
is anecdotal, but noteworthy: Agassiz reported collecting “over one hundred in an afternoon”; we estimated 
approximately 2.2 turtles per survey in 2009.

Key Words.—body size; climate change; density dependence; Emydinae, Glyptemys insculpta; intraspecific competition; 
Louis Agassiz; Massachusetts; New England; paleoecology

intRoduCtion 

The full suite of mechanisms influencing adult 
body size in freshwater turtles is complex (Congdon 
et al. 2013) but understanding the environmental 
drivers and plasticity of adult body size in freshwater 
turtles is important because adult body size influences 
survivorship and total reproductive output.  Body 
dimensions of adult turtles have been shown to be 
positively associated with reproductive output as a 
result of larger clutch size (Congdon and Gibbons 1983) 
and larger egg dimensions (Congdon and Gibbons 1985; 
Congdon and Gibbons 1987; Ryan and Lindeman 2007; 
Walde et al. 2007).  In some species of turtle, such as 
Blanding’s Turtle (Emydoidea blandingii), there is 
no clear link between age and body size in adults, but 
there is strong individual variation in adult body size 
(Congdon et al. 2001).  Adult turtles of different sizes 
within one population may reflect long-term patterns 
in the environmental conditions that drive growth rates 
and/or adult body size and influence reproductive output. 

Warmer environments have been shown 
experimentally to increase growth rates in turtles 
(Gibbons 1967; Thornhill 1982; Avery et al. 1993; 
Brown et al. 1994; Rhen and Lang 1999; Gotthard 
2001), and studies have also shown that egg incubation 
temperatures may partly explain variation in post-
hatchling growth rates (Roosenburg and Kelley 1996; 
Roosenburg 1996; O’Steen 1998; Rhen and Lang 1999; 
Janzen and Morjan 2002), though this effect sometimes 
varies by sex (Roosenburg and Kelley 1996; Janzen 
2002). Through these and other mechanisms, increased 
temperature can result in changes to reproductive 
output, so understanding the influence of regional 
warming on body size and growth of freshwater turtles 
has implications for long-term conservation science 
and conservation planning.  Climate models project 
the continuation of a pronounced warming trend for 
the northeastern U.S. (Hayhoe et al. 2007; Karmalkar 
and Bradley 2017), which is expected to have complex 
effects on ecosystems and species, including freshwater 
turtles (Ilhow et al. 2012).  For example, a warming 
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climate is likely to reduce habitat availability for species 
with limited ranges (Barrows 2011; Ilhow et al. 2012; 
Lovich et al. 2014), may upset reproductive patterns and 
temperature-dependent sex ratios of even widespread 
and locally common species (Janzen 1994; Hulin et al. 
2009; Ilhow et al. 2012; Telemeco et al. 2013), and may 
also influence growth rates, adult body size, and size-
related reproductive parameters (Walde et al. 2007).

Adult body size and growth in freshwater turtles can 
also be influenced by density-dependent mechanisms. 
While most studies of density dependence in turtles 
have focused on nest depredation rates (e.g., Bustard 
and Tognetti 1969; Girondot et al. 2002; Caut et al. 
2006) or estimates of cohort survivorship (Fordham 
et al. 2008), some authors have examined population-
level compensation to experimental population declines 
(Fordham et al. 2009; Spencer and Janzen 2010).  
Across vertebrate groups, individuals in higher-density 
populations and resource-limited environments tend 
to grow more slowly, and there is often an inverse 
relationship between population density and growth 
rates (Beverton and Holt 1957, Leberg and Smith 1993; 
Rochet 1998; Bjorndal et al. 2000, Lorenzen and Enberg 
2002).  Some species of sea turtles have been observed 
to grow more slowly in high-density environments 
(Bjorndal et al. 2000), but growth rates have also been 
shown to increase in high-density environments under 
certain situations (Spencer et al. 2006).  High relative 
population densities appear to influence adult body size 
in freshwater turtles indirectly by increasing competition 
(e.g., for food resources or basking sites), which may 
be relaxed at lower densities: inter- and intraspecific 
competition were hypothesized by Dunham and 
Gibbons (1990) to possibly reduce the growth rates of 
individual Pond Sliders (Trachemys scripta) exposed to 
greater competition. The influence of density-dependent 
factors on the growth and body size of most freshwater 
turtle species has not been studied. 

We studied the relationships between growth and 
body size and regional warming and population density 
in wild populations of a long-lived vertebrate with widely 
overlapping generations, the Wood Turtle (Glyptemys 
insculpta).  Wood Turtles are a fluvial specialist that 
occurs from Nova Scotia, Canada, to Minnesota, USA, 
and south as far as northern West Virginia and Virginia, 
USA (Harding and Bloomer 1979; Niederberger and 
Seidel 1999; Walde et al. 2003; Saumure et al. 2007; 
Ernst and Lovich 2009).  Wood Turtles have apparently 
declined across their range and are a species of regional 
conservation concern (Jones, M.T., L.L. Willey, T.S.B. 
Akre, and P. Sievert. 2015. Status and Conservation 
of the Wood Turtle in the Northeastern United States. 
Technical report prepared for the Association of Fish 
and Wildlife Agencies (AFWA). Available from http://

rcngrants.org/sites/default/files/datasets/RCN2011-
02v2.pdf [Accessed 16 January 2017]).

We compared the body size of adult and juvenile 
Wood Turtles collected in Lancaster, Massachusetts, 
USA, in the 1850s, to a living population in the same 
town in 2009.  We also explored the relationship of 
adult body size and growth rates in a recent (2004 to 
2009) sample of living Wood Turtles from across 
Massachusetts to growing degree-days (an index of heat 
accumulation) and a relative estimate of Wood Turtle 
population density.  Although body size and growth rate 
are functions of both genetic and environmental factors, 
we chose to focus on measurable environmental factors 
that have been shown to influence body size in turtles.  
Our study provides valuable insight into the population-
level response of a high-concern freshwater turtle 
species to sustained, regional, environmental change.

mateRials and methods

Museum collections from Lancaster.—The 
Museum of Comparative Zoology (MCZ) at Harvard 
University, Cambridge, Massachusetts, USA, and 
the Staatliches Museum fur Naturkunde, Stuttgart, 
Germany (SMNS) respectively house series of 35 and 
two Wood Turtles collected at Lancaster, Massachusetts 
in the mid-1800s.  Together, the Lancaster collections 
form one of the largest surviving collections of Wood 
Turtles from the 19th Century (HerpNet. 2009. Data 
portal for searching online museum collections. 
Museum of Comparative Zoology, Harvard University, 
Cambridge, Massachusetts, USA; Staatliches Museum 
fur Naturkunde, Stuttgart, Germany (SMNS). Available 
from http: //herpnet.org. [Accessed 31 March 2009]; 
GBIF Occurrence Download; GBIF.org. Available from 
https://doi.org/10.15468/dl.ywhpmz. [Accessed 31 
October 2017]).  The MCZ specimens were assigned 
the original accession number R-1820, which is 
associated with the collector name Sanborn Tenney; 
the location Lancaster, Massachusetts; and the date 
1854.  Subsequently, nine specimens were assigned to 
the proceeding sequence R-1821–1829 and 12 were 
assigned to the sequence R-182718–182729, which bear 
the location Lancaster, Massachusetts, and the collector 
S. Tenney.  Also, 13 specimens originally assigned the 
number R-1820 have been reassigned new accession 
numbers (MCZ# R-145853–145865) with the only 
location “Mass: Lancaster” but no collector or date. 
Two juvenile Wood Turtles attributed to Agassiz are 
included in SMNS 3794, with a location of Lancaster, 
Massachusetts, and a date of 1864; one of these was 
originally catalogued as “1820” and is likely from the 
same series as the MCZ specimens (i.e., 1854).  The 
Tenney-Agassiz collections at MCZ and SMNS appear 
to represent a subset of a larger series referred to by 
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Agassiz (1857), who stated that he, along with Professor 
Sanborn Tenney and others, had “at times collected over 
one hundred [G. insculpta] in an afternoon, aided by a 
few friends…”

In 2009, we measured and photographed 20 Wood 
Turtles from the Agassiz-Tenney series at the MCZ 
(eight females, five males, seven juveniles; Fig. 1) 
and two juveniles at SMNS.  We did not measure the 
remaining 15 specimens in the MCZ catalogue either 
because they were disintegrated, disintegrating, or could 
not be located.  We digitally photographed and measured 
all of the intact, complete G. insculpta specimens at 
MCZ that could be confidently attributed to the 1850s 
Lancaster collections, and we requested photographs 
and measurements of the two specimens at SMNS.  We 
recorded the straight-carapace length (hereafter, SCL) 
of each turtle, from the cranial end of the nuchal scute 
to the medial seam between the two most posterior 
marginal scutes, to the nearest 0.1 mm using dial 
calipers.  We categorized a specimen as a juvenile when, 
if the plastral annuli showed no sign of crowding toward 
the medial line of the plastron, there were 14 or fewer 
annuli.  We estimated the age of juvenile turtles by 
counting the inter-annular growth intervals of the left 
abdominal scute of the plastron (Richard et al. 2014).  
If the left abdominal scute was absent, we counted the 
growth intervals on the right abdominal scute.  Counting 

annuli has been found to be reliable estimates of age 
in juvenile G. insculpta (Harding and Bloomer 1979; 
Lovich et al. 1990; Wilson et al. 2003; Jones 2009).

Sampling the current population.—For comparative 
purposes, we obtained the same measurements from 
a living sample of Wood Turtles in the same town 
(Lancaster, Worcester County, Massachusetts, USA).  
Because the precise collection site by Tenney in 
Lancaster is not known, we searched suitable Wood 
Turtle habitat throughout the entire town, including the 
Nashua River and several of its tributaries.  Lancaster 
is largely forested, with several suburban residential 
centers and a large military installation, the Devens 
Reserve Forces Training Area.  One or two observers 
surveyed suitable streams during 25 half-day surveys 
between March and October 2009.  When Wood 
Turtles were captured, we used the same measuring 
methodology as for the MCZ specimens to measure size 
and age.  Finally, we collected the same shell dimensions 
of adult and juvenile Wood Turtles at 17 discrete sites 
across Massachusetts between 2004 and 2009 (hereafter 
referred to as the statewide sample; Jones 2009).

Analysis.—We compared morphometric data for 
adult turtles from the 1850s and 2009 Lancaster samples 
for each sex using Monte Carlo permutation tests 

figuRe 1. Plastrons of four adult female Wood Turtles (Glyptemys 
insculpta) collected by Tenney and Agassiz at Lancaster, 
Massachusetts, USA, about 1854, and subsequently studied by 
Louis Agassiz.  A = MCZ 182720; B = MCZ 1823; C = MCZ 1828; 
D = MCZ 1821.  (Museum of Comparative Zoology, Harvard 
University).

figuRe 2. Plastrons of four adult male Wood Turtles (Glyptemys 
insculpta) collected by Tenney and Agassiz at Lancaster, 
Massachusetts, USA, about 1854, and subsequently discussed 
by Louis Agassiz (1857). A = MCZ 1822; B = MCZ 1824; C = 
MCZ 1826; D = MCZ 1827.  (Museum of Comparative Zoology, 
Harvard University).
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(following the two-sample test of Manly 1997) with the 
package asbio (Aho 2012) in R (R Core Team 2012).  
We assessed sexual size dimorphism by calculating 
the Sexual Size Dimorphism Index (SDI) provided by 
Lovich and Gibbons (1992).  We compared male and 
female body dimensions for each sample using the t-test 
of Welch (1947).  We estimated growth rates of juvenile 
turtles from both samples using linear regression in R 
(R Core Team 2012).  The slopes of the growth rates 
of juveniles between the 1850s and 2009 samples were 
evaluated by testing the age X year interaction term 
(ages of individuals) using ANCOVA in R (R Core 
Team 2012).  

We explored the hypotheses that increased 
temperature and/or decreased population density may 
account for some of the observed differences in shell 
dimensions between the 1850s and 2009, using the 
unpublished statewide morphometric dataset of Jones 
(2009).  We used the recent statewide sample to explore 

whether body size might be positively correlated to 
temperature or population density.  As a proxy for 
temperature, we measured growing degree-days at each 
capture location of a turtle and we measured Wood 
Turtle density at the population level.  Growing degree-
days are a measure of heat accumulation calculated by 
averaging daily temperature minimum and maximum 
values at a given location, subtracting a base temperature 
(10° C), and summing across an entire year.  We used the 
regression model developed by Hall (2003) to estimate 
growing degree-days at each turtle capture location using 
ArcGIS (Esri, Redlands, California, USA).  We then 
fit individual-based, simple linear regression models 
to predict SCL of males, females, and juveniles using 
growing degree-days as a predictor.  We included age as 
a covariate in the juvenile models and used ANOVA to 
evaluate the independent effects of growing degree-days 
on body size, given age in years.  To evaluate the spatial 
autocorrelation in the residuals of all three regression 

figuRe 3. Specimen photos of two juvenile Wood Turtles (Glyptemys insculpta) collected by Agassiz at Lancaster, Massachusetts, about 
1864, with the original specimen label. Top = SMNS 3794.1; Bottom = SMNS 3794.2.  (Photographed by Günter Stephan).
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models, we used lm.morantest in the spdep package in 
R (Bivand 2010) to calculate Moran’s I.  

As a relative estimate of population density at each 
of the 17 discrete sites comprising the statewide sample, 
we used the package Rcapture (Baillargeon and Rivest 
2009) in R (R Core Team 2012) to fit loglinear models 
(Chao’s moment estimator; Chao 1987, generalized by 
Rivest and Baillargeon 2007) from recapture histories of 
animals during surveys at each site.  All of our estimates 
were spread over a single activity season (April to 
October) to minimize the probability of mortality or 
emigration/immigration between sampling events.  
Closed population models are suitable for our purposes, 
namely, to obtain relative density estimates among 
populations rather than absolute population sizes.  We 
divided the estimated population size for each site by 
the length of stream in the study area to obtain a relative 
estimate of adult turtles per kilometer of stream, which 
was used in the regression models to predict site-specific 
average body size for each sex.  

We estimated site-specific body sizes for both males 
and females by averaging the SCL for each sex across 
the entire site.  We then fit simple linear regression 
models to predict average body sizes for both males 
and females at each site using the relative density 
estimates as the explanatory variable.   We also fit a 
juvenile model by first developing an individual based 
linear model of body size against age and pooling 
the juveniles captured at the 17 sites with population 
estimates.  For each site, we averaged the residuals 
from the regression, and the average residual value was 
predicted via linear regression using relative site density 
as a predictor variable.  We assessed the residuals of all 

parametric tests to ensure they met the assumptions of 
normality and homoscedasticity (Quinn and Keough 
2002).  We used α = 0.05 for all statistical analyses.  To 
evaluate the temperature change from the mid-1800s to 
2009, we obtained historical weather station data from 
Framingham, Massachusetts, USA, which at 29 km 
from the study location is the closest station with a long-
term record.

Results

In the 1850s sample, adult female SCL averaged 
152.2 mm (± 8.24 [SD], range 136.9–163.8 mm, n = 
8) and SCL of males averaged 152.0 mm (± 8.02, 
range 140.2–160.0 mm, n = 5).  The adult series from 
the 1850s does not exhibit any significant sexual size 
dimorphism (SDI = 0.00; t = 0.03, df = 8.82, P = 0.975).  
We captured 29 living Wood Turtles 54 times at three 
discrete sites in Lancaster over 25 visits between 25 
April and 11 October 2009 (seven females, eight males, 
14 juveniles), an average of 2.2 turtles per survey 
(including recaptures).  In the sample of living turtles 
from Lancaster, female SCL averaged 177.0 mm (± 4.78, 
range 168.9–184.2 mm, n = 7), and male SCL averaged 
187.8 mm (± 8.90, range 176.5–200.7 mm, n = 8). 

There was a significant difference in SCL between 
Lancaster Wood Turtles of both sexes in the 1850s and 
2009 (females: t = ˗7.00, df = 13, P < 0.001; males: t = 
˗7.31, df = 11, P < 0.001; Fig. 4).  In fact, there is no 
overlap in the male samples.  The largest turtle in the 
1850s sample (SCL = 163.8 mm) is 5 mm smaller than 
the smallest (SCL = 168.9 mm) in the recent sample.  
Overall, the difference in SCL is equivalent to a 16% 
increase in females and a 24% increase in males (SCL), 
or 20% overall, between the 1850s and 2009.  Modern-
day male and female Wood Turtles are significantly 
dimorphic with regard to SCL (SDI = ˗0.06; t = ˗2.98, df 
= 10.98, P = 0.013).

Juvenile Wood Turtles in the 2009 sample achieve 
larger sizes at earlier ages and grow faster than their 
1850s counterparts.  Growth rates of turtles were 
significantly higher in the 2009 Lancaster sample than 
the sample from the 1850s (F1,19 = 7.95, P = 0.011).  By 
the time Wood Turtles reached maturity in 2009 (about 
14 y) they were as much as 40–50% larger than their 
1850s counterparts (Fig. 5).  

In the statewide sample, juveniles captured in areas 
with a higher number of growing degree-days were 
significantly larger for their age than those in areas with 
fewer growing degree-days (F1,148 = 6.70, P = 0.010), 
but growing degree-days had no relationship with body 
size of adult male (F1,148 = 0.149, P = 0.700) or female 
(F1,175 = 0.064, P = 0.800) Wood Turtles.  Moran’s I 
values for all three models were within the range of 
those expected by chance (P > 0.50 for all models), 
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figuRe 4. Straight-carapace length (SCL) of adult Wood Turtles 
(Glyptemys insculpta) taken at Lancaster, Massachusetts, USA, in 
the 1850s and 2009.  The dark line in the center of the box is the 
median value measured in the population.  The outer margins of 
the box represent the lower (25%) and upper (75%) quartiles. The 
whiskers represent the highest and lowest observations. 
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suggesting residuals were not spatially autocorrelated.  
At the site level, turtles in denser populations tended to 
be smaller than those in less dense populations, though 
the relationships were not significant (males: F1,15 = 4.20, 
P = 0.058, females: F1,13 < 0.001, P = 0.990, juveniles: 
F1,15 = 0.690, P = 0.420).

disCussion

Our results demonstrate that adult Wood Turtles in 
the recent Lancaster population are on average larger 
in body dimensions, and juvenile Wood Turtles grow 
faster, than their 1850s counterparts.  The observed 
body-size increase would correspond to an even larger 
increase in body mass.  The difference occurred in 155 y, 
which may be equivalent to fewer than four wood turtle 
generations (van Dijk and Harding 2011).  It is possible 
that Tenney and Agassiz actively selected smaller adult 
turtles (biasing their sample), because they fit better 
in museum jars or because smaller specimens were 
easier to transport.  Preservation bias is documented 
in vertebrate fossil assemblages (Cooper et al. 2006; 
Brown et al. 2013) but is believed to minimally influence 
archeological collections of mussels (Peacock 2013).  
We point out that the males from the 1850s sample 
are entirely outside the range of variation observed in 
Lancaster and across Massachusetts (1850s maximum = 
160.0 mm; 2009 minimum = 164.0 mm), suggesting that 
the underlying body-size distributions were different, 
even if collection practices were biased.  In fact, some 
studies suggest that recent harvests of freshwater turtles 
for food have disproportionately affected larger animals 
(e.g., Shipman and Riedle 2008), which does not seem 
likely to be true in Massachusetts.

The disparity in size and growth rates of juvenile 
turtles is intriguing but should be interpreted cautiously 
for two reasons.  First, estimating the age of young 

turtles can be relatively imprecise (Wilson et al. 2003), 
and it has been shown that juvenile emydine turtles 
may develop multiple small rings that are difficult 
to accurately classify as annual in origin (Belzer and 
Siebert 2007).  However, scute rings have been found 
to be accurate in juveniles of many species of turtles 
(Lovich et al. 1990; Germano and Bury 1998) and 
juvenile Wood Turtles appear to add clear annual rings 
(Lovich et al. 1990; Harding and Bloomer 1979).  Future 
comparative studies of the Tenney-Agassiz samples, or 
other historical collections, should consider the approach 
of Ernst et al. (1973), using the interabdominal lengths 
of the annuli to estimate earlier PL.

While we cannot be certain that the factors driving 
growth rate and body size in the 1850s are the same 
as those in 2009, current environmental and growth 
data may inform the potential mechanisms behind the 
observed differences and guide future research.  Results 
from our regressions using current statewide data 
suggest that juveniles grow faster in areas with higher 
values for growing degree-days.  Similar results have 
been observed for a number of turtle species (Brown 
et al. 1994; Rhen and Lang 1999), including Painted 
Turtles (Frazer et al. 1993), which suggests that an 
increase in temperatures over the past 150 y could have 
contributed to an increase in juvenile size and growth 
rates.  Turtles incubated at higher temperatures have 
been shown to grow at faster rates after several years 
(Rhen and Lang 1999; Roosenburg and Kelley 1996; 
O’Steen 1998), suggesting that incubation temperatures 
may also have been an important factor in determining 
juvenile growth rates.  Weather station data from 
Framingham, Massachusetts, USA (about 28 km 
southeast of Lancaster, the closest station with a long-
term record), suggests that average summer temperature 
has significantly increased over the past 100 y (F1,113 = 
54.8, P < 0.010) at a rate of 0.016° C per year (Fig. 6).

figuRe 5. Relationship of carapace length (SCL) to age of juvenile 
Wood Turtles (Glyptemys insculpta; ≤ 14 y) taken at Lancaster, 
Massachusetts, USA, in the 1850s (triangles) and observed in 2009 
(circles).  

figuRe 6. Weather station data from Framingham, Massachusetts, 
USA.
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Our analyses of current statewide data also suggest 
that while an increase in growing degree-days may 
have resulted in increased juvenile growth rates, adult 
body size has no relationship to present-day growing 
degree-days in the recent sample, suggesting that 
while climate may influence growth in juveniles, the 
factors affecting adult body size in turtles may be more 
complex.  Indeed, many species of turtles exhibit larger 
body sizes in high latitudes and colder climates (Ashton 
and Feldman 2003), suggesting that increased growing 
degrees days could even be associated with smaller 
adult body sizes.  The larger-bodied adults in the modern 
sample may have, instead, resulted from a relaxation of 
density-dependent competition, as turtles at less dense 
sites in the recent sample tend to be larger, though not 
significantly.  There is some support for this hypothesis 
in statements by Agassiz indicating that Wood Turtles 
were extremely abundant in the 1850s, as well as our 
observation that Wood Turtle abundance in Lancaster 
appears to be lower than indicated by Agassiz.  It also 
cautions that while climate change is often cited as a 
cause of various ecological differences (e.g., McCarty 
2001; Parmesan and Yohe 2003; Parmesan 2006), and 
similar increases in turtle growth rate and younger age 
at maturity has been attributed to climate change (Frazer 
et al. 1993), factors including (but not limited to) density 
dependent relationships may also play an important role.  

Our evaluation of the relationship between current 
body size and temperature and population density 
indicates that multiple variables are important in 
predicting body size change in Wood Turtles, and there 
are several additional factors we were unable to measure.  
For instance, we were unable to test whether body size 
was influenced by increased availability of invertebrate 
prey, such as European earthworms (e.g., Lumbricidae; 
Kaufmann 1986), or increased nutrient deposition in the 
watershed as a result of changing land-use practices, or 
a dramatic increase in forest cover (Hall et al. 2002).  
Although we cannot conclusively attribute the measured 
increase in body size and growth rates to decreased 
population density and warmer summers, respectively, 
it is clear that additional comparisons of historic and 
current populations are warranted.
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