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Abstract.—This study provides morphometric characteristics of early pelagic stage post-hatchling loggerheads in the 
northwestern Atlantic.  We investigated whether differences in temporal and spatial nest origin influence initial size and 
growth potential in Loggerhead Sea Turtle (Caretta caretta) hatchlings from two genetically distinct subpopulations.  We 
sampled hatchlings from eight sites in the southeastern United States from North Carolina to Florida, representing two 
genetically distinct subpopulations during three phases (“Early,” “Middle” and “Late”) of the 2002-nesting season.  The largest 
hatchlings were produced at the northern-most nesting site.  Initial hatchling size tended to decrease as latitude decreased 
along the eastern coast of the United States.  Hatchlings from the Early phase of the nesting season grew faster than later phase 
hatchlings, reducing the time interval at the smallest sizes.  The initial size differences and growth potential may affect early 
stage survivorship by altering the risk of size-based predation and decreasing the transit time to the relative safety of Gulf 
Stream nursery habitats. 
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INTRODUCTION 

 
An animal’s body size significantly affects its structure, 

function and ecology (Peters 1983; Schmidt-Nielsen 1984), and 
represents the results of selective pressures that lead to tradeoffs 
between costs and benefits associated with resource allocation. 
For turtles, individual body size results from multiple factors 
including maternal investment, initial size at hatching, growth 
rate and age at maturity (Congdon and van Loben Sels 1991).  
Although offspring size is frequently interpreted from the 
perspective of maternal investment, anatomical and 
physiological characteristics must develop within the animal’s 
phylogenetic context (Schmidt-Nielsen 1984; Maurer et al. 
1992).  Together these components determine how plastic the 
ultimate size range may be. 

In aquatic vertebrates, selection can favor larger initial size 
and rapid early growth rates to reduce the risk of predation 
(Miller et al. 1988; Davenport and Scott 1993a).  Vulnerability 
to predators is often size dependent, as many avian and piscine 
predators are gape limited (Lawrence 1958; Zaret 1986; Miller 
et al. 1988; Rice et al. 1993; Vose and Shank 2003).  In fishes 
for example, larger initial size reduces risk of predation, as rapid 
growth can minimize impacts of gape-limited predators on larval 
and juvenile survival (Miller et al. 1988; Rice et al. 1993, 1997; 
Craig et al. in press).  In the long-lived freshwater Red-eared 
Slider (Trachemys scripta elegans), larger initial size at hatching 
is significantly correlated with higher survival; larger hatchlings 
moved faster and, therefore, reduced exposure time to predators 
(Janzen et al. 2000a, 2000b; Janzen and Morjan 2002).   

The western North Atlantic Loggerhead Sea Turtle (Caretta 
caretta) population nests on beaches that span 12 degrees of latitude 
on the east coast of the United States.  Nesting females can be 
genetically separated into four regional subpopulations based on 
mtDNA evidence (Bowen et al. 1993; Bowen 1995; Encalada et al. 
1998; Bowen et al. 2005).  Interregional differences in size-specific 
growth and mean adult size have been found in some stocks of 
Green Sea Turtles (Chelonia mydas) and Loggerhead Sea Turtles 
(Bjorndal and Bolten 1988; Green 1993; Chaloupka and Musick 
1997), but little is known of growth patterns within the earliest 
ontogenetic stages.  Our study focused on early stage growth rates 
within two of these subpopulations. 

In addition to genetic differences, regional and seasonal variation 
in nest environments may also affect hatchling size at emergence 
and growth potential.  Turtle hatchling size differences may be a 
function of hydric and thermal properties of the nest incubation 
environment (Gutzke et al. 1987; Packard 1999; Reece et al. 2002; 
Glen et al. 2003).  Initial hatchling size correlates with the amount 
of water available to facilitate optimal yolk metabolism in many 
turtle species (Morris et al. 1983; Packard et al. 1987; Miller and 
Packard 1992; Packard and Packard 2001).  In loggerhead 
hatchlings from natural nests, nest temperature is negatively 
correlated and percentage sand moisture content is positively 
correlated with mass (Reece et al. 2002).  Cooler nest temperatures 
are generally associated with higher humidity and longer incubation 
periods (Packard 1999).  

Early-stage size and growth potential are of interest because these 
factors may directly affect survival during critical periods when 
mortality risk is high (Miller et al. 1988; Rice et al. 1997; Tucker 
2000). Larger hatchlings may be more completely developed, more 
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capable of feeding upon and processing food, and more 
mobile, allowing them to build upon their initial size 
advantage toward more rapid growth, even in the 
absence of intraspecific competition (Ebenman 1988; 
Janzen 1993; Ji et al. 2003).  Our study systematically 
examined how neonate initial size and subsequent 
growth were influenced by temporal, spatial and 
subpopulation nest origin.  

 
MATERIALS AND METHODS 

  
Sample size and nest origin.—We focused on 

hatchlings from the two largest western North Atlantic 
subpopulations: the “northern” subpopulation 
(extending from North Carolina, ~ 35°N to northeast 
Florida, ~ 29°N), and the southern “Florida” 
subpopulation (extending from ~ 29°N on the east coast 
southward around the southern peninsula coast and then 
northward to ~27°N on the west coast).  Our study sites 
(Fig. 1) were natural beaches (not renourished within 
past five years) selected from index nesting beaches 
with sufficient historical data to characterize nesting 
patterns. 

Hatchlings (typically 10/nest, four nests/site/seasonal 
phase) were collected using standard methods 
(Wyneken and Salmon 1992) from four south Florida 
sites (N = 450): Melbourne Beach, Hutchinson Island, 
Juno Beach, and Boca Raton.  Hatchlings from four 
sites in the northern subpopulation (N = 490) were 
sampled at Cape Lookout, North Carolina, Cape Island 
and Kiawah Island, South Carolina, and Wassaw Island, 
Georgia.   

The seasonal phases, defined as “Early,” “Middle” 
and “Late”, at each beach were determined by dividing 
the historical nesting season into thirds based on records 
of nest incubation duration and nest densities.  Most 
nests were equipped with temperature loggers (Hobo® 
H8 or Vemco® Minilog 12-bit dataloggers) positioned in 
the center of each clutch for a concurrent temperatures 
and sex ratios study (Blair 2005). 

  
Measurements.—We made initial measurements of the 

hatchlings within 48 h of emergence from the nest and repeated 
them weekly for seven weeks.  We measured mass to the nearest 
0.01g using an electronic balance scale, and we used vernier 
calipers to measure linear dimensions to the nearest 0.05mm.  
Both mass (g/d) and the linear measures (mm/d) of standard 
straight carapace length notch-to-tip (SCL) and width (SCW) 
were used to quantify absolute growth.  We calculated daily 
captive growth rates [Eq. 1-2] for the duration of the study, 
where T1 is the date of initial measurement and T2 is the date of 
final measurement, M is mass, L is straight carapace length or 
straight carapace width: 

 
[1] Growth Rate (g/d) = [(MT2) – (MT1)] / (T2- T1) 

 
[2] Growth Rate (mm/d) = [(L T2) – (L T1)] / (T2-T1) 

 
Animal husbandry.—Florida hatchlings were raised at the 

Florida Atlantic University Marine Laboratory and northern 
hatchlings were raised at the Duke University Marine 
Laboratory using standardized husbandry protocols and feeding 
regimes.  After an initial three to five day quarantine period, we 
housed the turtles in flow-through seawater tanks maintained at 

27° C ± 2° C to approximate thermal conditions in the Gulf Stream 
current.  To approximate natural lighting, we used natural spectrum 
Verilux® fluorescent lights (200-700 nm, 6000K, 12L: 12D).  Each 
hatchling was maintained singly within a 20 cm x 20 cm suspended 
plastic mesh basket with a water column depth of 15 cm.  
Comparisons of growth within larger enclosures and baskets used as 
a control showed that the size of the rearing containers did not 
inhibit growth potential within the time period studied (Stokes, 
unpubl. data).  We housed and fed turtles individually to prevent 
feeding hierarchies, thus maximizing individual growth potentials 
(after Rajagopalau 1984).  

We fed the hatchlings peeled shrimp (Penaeus spp.) once daily, 
supplemented with Mazuri® Amphibian and Carnivorous Reptile 
Gel diet once weekly.  Each individual was offered 20% of its body 
weight over an initial two-week period, allowing for controlled ad 
libitum feeding as they started to eat.  After Week Two, they were 
fed 8% of their body weight daily, an amount that balanced the 
project goals of optimal growth with long-term health.  We 
removed any turtle displaying health problems from the growth 
study and excluded their data.  After the study, we released 
posthatchlings offshore into the Florida Current or Gulf Stream.  
Although shrimp tail meat is adequate to meet the short-term 
nutritional needs of captive hatchlings (Alexander 2000), it is not 
ideal for longer maintenance due to high protein levels and low 
calcium/phosphorus ratio (Alexander 2000) respective to their long- 

 
FIGURE 1.  Study sites for the southern Florida (Melbourne Beach, Hutchinson 
Island, Juno Beach, and Boca Raton) and northern (Cape Lookout, North 
Carolina, Cape Island and Kiawah Island, South Carolina, and Wassaw Island, 
Georgia) populations.   Graphic created with Maptool program, a product of 
SEATURTLE.org, Maptool. 2002. SEATURTLE.ORG, Inc. 
http://www.seaturtle.org/maptool/10/14/06. 
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term needs.  For at least two weeks prior to release, we fed all 
animals an in-house gelatin diet (modified from Choromanski et 
al. 1987), comprised of Mazuri® Aquatic Turtle Pellets (300g), 
fish (600g), spinach (70g, optional), unflavored gelatin (225g), 
Miner-All-I™ calcium and mineral supplement (90g), and water 
(1400 ml, heated).   

 
Statistical analysis.—We compared initial measurements 

between the northern and Florida turtles. Although we made 
efforts to standardize protocols between the rearing facilities, we 
did not directly compare growth rates 
between the Florida and northern turtles 
because the two groups were not reared 
in the same facility.  Therefore, we 
analyzed growth rates independently for 
each subpopulation.  Captive growth 
rates have been reported as two to three 
times faster than in turtles housed in 
semi-natural captive conditions (Uchida 
1967; Frazer and Schwartz 1984; 
Chaloupka and Musick 1997), therefore 
we are not comparing our captive 
growth rates to estimates from the wild.  
We compared growth rates for the 
period in which temperatures could be 
maintained in the flow-through systems 
within ± 2° C (water temperatures 
dropped slightly in the fall).  Thus, we 
analyzed growth rates in Florida for a 

five-week period and northern hatchling measurements were 
analyzed for a seven-week period.   

We analyzed absolute growth rates (g/d and mm/d) using a single 
clutch average from 10 individuals to provide one independent 
experimental unit per clutch with clutches from the same beach 
serving as replicates.  We confirmed normality of the data using the 
Kolmogorov-Smirnov test (Dytham 1999).  We used Levene’s Test 
of Equality of Error Variance (Winer et al. 1991) to test 
homogeneity of variance.  To test the null hypothesis of equal 
treatment effects from “Beach” and “Phase” factors (Winer et al. 
1991), we analyzed differences among the sample groups using a 
univariate two-way ANOVA with replication, and we conducted 
Tukey HSD post hoc tests (Winer et al. 1991) for pairwise 
comparisons.  When data did not display homogeneity of variance, 
we used Kruskal-Wallis tests to identify differences among the 
groups, and we used Mann-Whitney U Tests for pairwise 
comparisons (Dytham 1999).  To investigate relationships between 
nest incubation parameters (incubation temperature, incubation 
duration, and clutch size), we used simple linear regression.  We 
used an α level of 0.05 for all statistical tests. 

 
RESULTS 

 
Initial hatchling size comparisons.—The beach of origin 

(northern and Florida sites) influenced initial hatching mass (F = 
8.14, df = 7, 82, p < 0.001), whereas the phase of the season did not 
(F = 0.44, df = 2, 82, p = 0.647).  Hatchlings from the northern-
most site, Cape Lookout (M = 23.64, SD = 3.60), were significantly 
heavier, averaging nearly four to five grams more than those from 
all other beaches [Cape Island (M = 19.87, SD = 1.33), Kiawah 
Island (M = 19.25, SD = 1.29), Wassaw Island (M = 19.31, SD = 
1.59), Sarasota (M = 19.23, SD = 2.00), Sanibel Island (M = 18.17, 
SD = 1.68), Melbourne Beach (M = 18.03, SD = 1.08), Hutchinson 
Island (M = 18.77, SD = 1.67), Juno Beach (M = 18.65, SD = 1.55), 
and Boca Raton (M = 18.63, SD = 2.12); Tukey HSD, p < 0.001].  
Northern and Florida hatchlings differed significantly in both SCL 
(U = 538.00, p < 0.001) and SCW (U = 630.50, p < 0.001).   Cape 
Lookout hatchlings were longest and widest, while the shortest and  
narrowest turtles came from Juno Beach.  Initial mass, SCL and 
SCW measurements tended to be largest at the highest latitudes, and 
decreased from north to south with latitude (Fig. 2). 
 

Growth rates in Florida.—Daily weight gain among Florida 
hatchlings did not differ within a five-week period (the time period 
in which water temperatures were maintained within ± 2° C) in  

 

FIGURE 2. Initial mass, SCL and SCW measurements of Loggerhead 
Sea Turtle hatchlings in the southern Florida [Melbourne Beach, 
Hutchinson Island, Juno Beach, and Boca Raton] and the northern 
samples [Cape Lookout, North Carolina; Cape Island and Kiawah 
Island, South Carolina; and Wassaw Island, Georgia] plotted against 
latitude (in decimal degrees, North).  Each point represents a mean of 
measures from 10 hatchlings/nest sampled during the Early, Middle 
and Late phases of the 2002-nesting season.  Initial size generally 
decreased slightly with latitude from north to south. 

  
FIGURE 3.  A five-week comparison of mean 
neonate SCL growth rates (mm/d) in turtles from 
southern Florida in the Early, Middle and Late 
phase of the nesting season (Error bars show 
95% CI).  Late phase growth rates are 
significantly slower than Early and Middle phase 
rates 

FIGURE 4.  A five-week comparison of mean 
neonate SCW growth rates (mm/d) in turtles 
from southern Florida in the Early, Middle and 
Late phase of the nesting season (Error bars 
show 95% CI).  Late phase growth rates are 
significantly slower than Early and Middle 
phase rates. 
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hatchlings from different phases of the nesting season (F = 2.97, 
df = 2, 30, P = 0.067).  However, there was a significant slowing 
(Figs. 3 - 5) in the linear growth rates (SCL F = 11.62, df = 2, 
30, P < 0.001; SCW F = 13.66, df = 2, 30, P < 0.001) from the 
Early to Late phase.  Differences in SCL occur between the 
Early (M = 0.71, SD = 0.05) and Late phases (M = 0.61, SD = 
0.08); Tukey HSD, P < 0.001), and between the Middle (M = 
0.71, SD = 0.05) and Late phases [(M = 0.61, SD = 0.08); Tukey 
HSD, P < 0.001].   SCW growth rates were also significantly 
faster in the Early phase (M = 0.67, SD = 0.04) and the Middle 
phase (M = 0.68, SD = 0.04) than in the Late phase [(M = 0.59, 
SD = 0.07); Tukey HSD, P < 0.001].  There were no Beach 
effects (F  = 1.36, df = 3, 30, P = 0.275). 

  
Growth rates in the northern subpopulation.—There were 

significant differences within a seven-week period (the time 
period in which water temperatures were maintained within ± 2° 
C) in northern hatchling mass gain (Fig. 6) as a function of 
phase (F = 3.76, df = 2, 37, P = 0.033) as well as Beach (F = 
3.89, df = 3, 37, P = 0.016).  Mass gain in Early phase 
hatchlings (M = 1.39, SD = 0.15) was more rapid than that of 
Late phase hatchlings [(M = 1.21, SD = 0.23); Tukey HSD, P = 
0.009].  Cape Lookout hatchlings (M = 1.44, SD = 0.15) gained 
mass significantly faster than those from Wassaw Island [(M = 
1.22, SD = 0.22); Tukey HSD, P = 0.008].  Early phase SCL 
(Fig. 7) growth rates (M = 0.75, SD = 0.06) were significantly 
faster (F = 10.80, df = 2, 37, P < 0.001) than Middle [(M = 0.69, 
SD = 0.06); Tukey HSD, P = 0.011] and Late phase rates [(M = 
0.64, SD = 0.06); Tukey HSD, P < 0.001]; there were no Beach 
effects reflected in SCL (F = 2.50, df = 3, 37, P = 0.074).  The 
SCW growth rates followed a different pattern (Fig. 8).  
Although the phase of the nesting season did not influence SCW 

(F = 2.88, df = 2, 37, P = 0.069), the beach site at which turtles 
hatched did influence these rates (F = 12.31, df = 3, 37, P < 0.001).  
The hatchlings from Cape Lookout (M = 0.74, SD = 0.05) grew 
wider faster than turtles from Cape Island [(M = 0.69, SD = 0.07); 
Tukey HSD, P < 0.001], Kiawah Island [(M = 0.68, SD = 0.05); 
Tukey HSD, P < 0.001], and Wassaw Island [(M = 0.68, SD = 
0.09); Tukey HSD, P < 0.001].  
 

Northern vs. Florida growth rates.—Significant differences in 
the growth rates of turtles from different beaches in the northern 
group were found in two of three measurement parameters (Mass F 
= 3.89, df = 3, 37, P = 0.016; SCW F = 12.31, df = 3, 37, P < 
0.001), but there were no Beach effects in Florida (F =1.36, df = 3, 
30, P = 0.275).  However, while Cape Lookout turtles were larger 
initially, proportional growth increases were nearly identical to 
those of the other turtles from the northern sites and to rates in the 
Florida subpopulation (197% increase in mass and 57-59% increase 
in SCL over a five-week period).  

 
Nest incubation temperature and duration.—There was an 

inverse relationship between mean nest incubation temperatures and 
incubation duration, as warmer nests had shorter incubation 
durations (Fig. 9).  Florida nests tended to be warmer and have 
shorter incubation durations than northern nests overall.  Incubation 
temperatures predicted incubation duration (β = -3.77, t (60) = -
13.42, P < 0.01) and explained a significant proportion of variance 
in incubation duration (r2 = 0.75, F = 180.01, df = 1, 60, P < 0.01).  
No other significant relationships were found among incubation 
temperature, duration, and clutch size. Both Florida and northern 
nests had slightly cooler incubation temperatures and longer 
incubation durations during the Early and Middle phases than in the 
Late phase (Table 1).  The coolest sites were the northern-most ones  

 

FIGURE 5.  Representative growth curves for 
hatchlings from Boca Raton, Florida collected 
in the Early, Middle and Late phases of the 
nesting season.  (Points represent grand means 
and error bars show 95% CI).  Plots were 
similar in form for all beaches in the study. 

FIGURE 6. A seven-week summary of mean mass 
gains (g/d) shown among beaches and across 
seasonal phases in the northern turtles. (Error bars 
show 95% CI).  Early phase hatchlings gained mass 
significantly faster than Late phase hatchlings, and 
Cape Lookout (CL) hatchlings grew significantly 
faster than those from Wassaw Island (WI). 

FIGURE 7. A seven-week summary of 
northern turtle mean SCL growth (mm/d) 
shown across seasonal phases. (Error bars 
show 95% CI). Early phase SCL growth 
rates were significantly faster than Middle 
and Late phases with no Beach effects. 
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from each subpopulation, Melbourne Beach in Florida and Cape 
Lookout in the north, although there was some overlap across 
the entire range. 

  
DISCUSSION 

 
The ecological importance of body size in sea turtles is 

apparent at each life history stage.  The life history 
characteristics of sea turtles imply early rapid growth to 
minimize size-specific mortality risk (Davenport and Scott 
1993a).  Growth rates affect duration of size-specific mortality, 
stage class recruitment, energetics, swimming performance, age 
and size at maturity (Stearns and Koella 1986), and in sexually 
mature females, fecundity (Van Buskirk and Crowder 1994).  
The epigenetic factors that ultimately determine a hatchling’s 
body size represent tradeoffs in resource acquisition and 
allocation and the energetic costs associated with each 
(Bernardo 1996).  

Though gaining an insight into the selective advantage of 
phenotypic variation is a crucial step in understanding the 
evolution of life history traits (Sinervo and Doughty 1996), few 
controlled growth studies are available.  Measurements of  
phenotypic variation are often based on field studies that cannot 
control for multiple effects on phenotypes.  Controlled studies 

such as this one strive to identify the proximate causal mechanisms 
and patterns of phenotypic variation in growth rates. 
   

Initial body size at hatching.—Initial hatchling size is a 
function of egg size, nest location, incubation duration and 
temperatures, as well as developmental physiological processes 
(Ackerman 1997).  Phenotypic plasticity in turtle hatchling size 
extends beyond genetics to include influences of egg and yolk size 
(Pinchney 1990; Steyermark and Spotila 2001) and the impact of 
the hydric and thermal properties of the nest incubation 
environment (Gutzke et al. 1987; Glen et al. 2003).   

Initial hatchling size correlates with the amount of water 
available to facilitate optimal yolk metabolism in a number of 
turtle species, including sea turtles.  Embryonic growth and yolk 
consumption in Snapping Turtles (Chelydra serpentina) are 
directly related to the water reserve available to the egg (Morris et 
al. 1983; Packard et al. 1987; Packard and Packard 2001).  Eggs 
incubated in drier environments hatch sooner and produce smaller 
hatchlings than those in wetter environments, suggesting potential 
differences (Packard 1984). In an analysis of loggerhead nests, 
temperature correlates negatively and percent water content 
correlates positively with hatchling mass (Reece et al. 2002).  A 
study of Green Sea Turtles produced similar results, where 
hatchlings experiencing warmer incubation temperatures were 
significantly smaller suggesting that nest incubation temperature 
may play an important part determining phenotypic variation in 
hatchlings (Glen et al. 2003). 
  Our largest hatchlings came from Cape Lookout from nests that 
averaged slightly cooler incubation temperatures and incubated 
slightly longer than other clutches (Table 1).  The smallest turtles 
were found in Florida, where incubation temperatures tended to be 
warmer and incubation durations were shorter.  Initial mass, SCL 
and SCW measurements tended to decrease with latitude from 
north to south. Although environmental nest parameters were not 
the focus of this study, moisture content and incubation 
temperatures probably contributed to this latitudinal phenotypic 
variation. 
     The ability of turtles to survive involves maximizing 
physiological and morphological performance to minimize 
mortality risks.  Clearly, species differ in whether “bigger is 

better” for hatchling survival (Congdon et al. 1999; Tucker 2000).  
Our study design did not enable us to test if the larger initial size of 
these northern hatchlings would ultimately increase their survival 
odds.  Larger hatchlings may reach the water more quickly, be 
stronger swimmers and be able to escape predators more 
effectively, but they are likely to have smaller yolk reserves (Miller 
et al. 1987; Pinckney 1990; Janzen 1993; Janzen et al. 2000a, 
2000b) and need to locate food sooner than smaller hatchlings with 
larger yolk reserves (Reece et al. 2002). 

 
Hatchling growth rates.—Differences in turtle growth rates may 

reflect clutch differences, the downstream effects of incubation 
temperatures, and egg size differences (Rhen and Lang 1995; 
Janzen and Morjan 2002; Ji et al. 2003).  Most reptile growth 
studies report wide variability in individual growth rates, even when 
environmental conditions are closely controlled, indicating that 
genetic variation among individuals is also important (Andrews 
1982; Sinervo et al. 1992).  Studies with Green Sea Turtles show 
that growth is extremely variable among individuals, though 
relatively stable for individuals (Davenport and Scott 1993b).  
However, turtles in that study were housed collectively and fed to 
satiation, increasing the possibility that competition or dominance 
hierarchies causing disproportionate feeding rates (Ebenmann 
1988), thereby exaggerating variance among individuals (Davenport 

TABLE 1.  Estimated mean incubation duration, total clutch size and 
mean incubation temperature from Florida [Boca Raton (BR), Juno 
Beach (JU), Hutchinson Island (HI), and Melbourne Beach (ME)] and 
northern sites [Wassaw Island, Georgia (WI), Kiawah Island (KI) and 
Cape Island (CI), South Carolina, and Cape Lookout, North Carolina 
(CL)], listed from south to north.  (N = number of nests for which 
incubation parameters were available). 

Site/Phase 

Mean 
Incubation  
Duration  
± SE 

Estimated 
Total  

# of Eggs  
± SE 

Mean 
Incubation  

Temperature 
(°C) ± SD 

Florida    
BR Early (N = 4) 55.8 ± 1.7 127.0 ± 4.0 28.8 ± 1.3 
BR Mid (N = 4) 56.0 ± 0.4 93.3 ± 4.2 29.2 ± 1.6 
BR Late (N = 4) 48.0 ± 1.6 86.0 ± 3.7 31.8 ± 0.7 
JU Early (N = 4) 56.8 ± 0.5 n/a 30.1 ± 1.1 
JU Mid (N = 4) 55.0 ± 0.6 101.5 ± 18.5 29.6 ± 1.7 
JU Late(N = 3) 47.3 ± 0.3 103.0 ± 6.7 31.8 ± 0.7 
HI Early(N = 4)  57.3 ± 1.3 93.0 ± 16.0 29.1 ± 0.8 
HI Mid (N = 4) 58.0 ± 3.2 103.3 ± 26.0 30.2 ± 1.4 
HI Late (N = 3) 50.0 ± 1.5 102.3 ± 6.5 31.2 ± 1.2 

ME Early(N = 4) 61.5 ± 0.7 126.0 ± 13.3 27.9 ± 1.5 
ME Mid (N = 4) 59.3 ± 1.3 96.0 ± 14.0 28.7 ± 1.6 
ME Late (N = 3) 51.0 ± 0.6 72.3 ± 4.4 26.6 ± 2.6 

Northern    
WI Early (N = 4) 59.0 ± 2.8 109.5 ± 5.9 28.5 ± 2.7 
WI Mid (N = 6) 54.3 ± 1.1 107.5 ± 12.5 30.1 ± 2.2 
WI Late (N = 4) 55.7 ± 0.7 99.3 ± 15.1 29.3 ± 0.7 
KI Early (N = 4) 58.0 ± 0.6 105.8 ± 10.0 29.1 ± 2.2 
KI Mid (N = 3) 55.8 ± 1.3 104.0 ± 16.4 29.9 ± 2.3 
KI Late (N = 4) 52.3 ± 1.5 112.7 ± 12.6 29.8 ± 1.3 
CI Early (N = 4) 59.3 ± 0.8 115.0 ± 5.8 29.6 ± 2.5 
CI Mid (N = 5) 56.4 ± 0.8 118.7 ± 9.7 30.0 ± 2.5 
CI Late(N = 4) 51.3 ± 0.6 109.0 ± 5.0 31.0 ± 1.7 

CL Early (N = 3) 61.3 ± 0.9 106.0 ± 4.9 28.6 ± 1.9  
CL Mid (N = 4) 53.7 ± 0.9 117.0 ± 8.9 29.6 ± 1.7 

CL Late (N = 2) 56.7 ± 2.2 125.3 ± 11.3 29.4 ± 1.5 
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and Oxford 1984; Davenport et al. 1989).  Our study eliminated 
these variables as turtles were individually housed and fed 
controlled amounts, so epigenetic differences in growth rates 
were primarily of temporal and spatial origin. 

 
Seasonal factors.—Our loggerhead data show that growth 

rates are fastest in the Early phase turtles regardless of the 
beach, latitude or subpopulation of origin. In captive studies, 
since the turtles experience similar energetic costs, growth was 
more directly influenced by the quality and quantity of food and 
by water temperature (Nuitja and Uchida 1982).  Although water 
temperatures stayed within a narrow range previously shown not 
to affect growth rates in other reptile species (Sinervo et al. 
1992), we cannot definitively rule out temperature effects on the 
differences among Early phase and Middle and Late phase 
hatchlings.  Because food quality and quantity (as a percentage 
of body mass) stayed consistent throughout this study, 
physiological changes and digestive efficiencies associated with 
slight drops in water temperature (± 2° C), along with potential 
maternal and genetic factors, are the likely causes for slower 
growth rates late in the season. 

 
Northern vs. Florida growth rates.—We cannot make a 

robust comparison of the growth rates between the northern and 
Florida groups because they were raised in different facilities, 
but several general relationships emerge.  Turtles from all 
northern subpopulation beaches grew substantially faster in all 
measures and in all phases of the nesting season than did turtles 
from Florida beaches.  The magnitude of Beach effect generally 
was greater on growth rates in the northern subpopulation than 
in Florida.  The faster growth rates of turtles from different 
northern beaches may reflect the greater geographic separation 
of the northern sites (~ 565 km from northern to southern end of 
the range) than the Florida sites (~ 250 km).   Regional climate 
and environmental conditions within the incubation 
environments likely differed more among the northern sites than 
the Florida beaches.  It appears hatchlings from across the 
Florida nesting range exhibit similar early growth rates, perhaps 
due to similarities in their incubation environments. 

The ability of individual hatchlings to maximize their growth 
may impact their swimming performance as it does in 
freshwater species (Janzen et al. 2000a, 2000b).  Larger and/or 
stronger turtles are more likely to escape quickly from the 
predator rich beach and surf zones to the relative protection of 
the offshore nursery areas, such as those in the Gulf Stream and 

other parts of the North Atlantic Gyre.  There, floating rafts of 
Sargassum and other flotsam offers some protection from predators 
(Carr 1986; Witherington 2002; Bolten 2003).  In the earliest part of 
the offshore migration, hatchlings leaving beaches at the northern-
most boundary of their nesting range traverse greater distances (~ 
45-80 km), often in somewhat cooler waters to reach the nursery 
areas of the Gulf Stream, than do the hatchlings from southeast 
Florida (~ 1.5-25 km), potentially increasing exposure time to 
nearshore predators.  Based on initial size and growth potential, 
individual hatchlings from the northern subpopulation may have an 
initial survival advantage over their smaller southern subpopulation 
conspecifics. 

Differences in growth rates between subpopulations living at 
different latitudes may represent genetically-based adaptations to 
the environment (Leggett and Carscadden 1978), as selective 
pressures favor organisms that may best take advantage of local 
environmental conditions.  It is possible that the northern 
subpopulation of loggerhead hatchlings could have evolved a 
greater growth potential as a compensatory factor.  In a study of 
Chinese Soft-shelled Turtles (Pelodiscus sinensis), Ji et al. (2003) 
demonstrated that hatchlings incubated at cooler temperatures grew 
faster until their growth and size paralleled that of conspecifics 
incubated at warmer temperatures, indicating some potential for 
compensatory growth.  Differential growth is also reported in other 
ectothermic species as a function of latitude, although direct 
similarities between turtle and fish should be inferred cautiously.  
Studies of American Shad (Alosa sapidissima) show that growth 
rates are quite uniform within a population, but vary among 
populations extending across a latitude gradient.  Similar 
genetically based geographical differences in growth rates have 
been demonstrated in populations of King Salmon (Oncorhynchus 
tshawytscha), Walleye (Sander vitreus), and Arctic Char (Salvelinus 
alpinus) (Leggett and Carscadden 1978).  

The larger hatchlings from Cape Lookout had greater absolute 
growth rates than the rest of the northern hatchlings.  With hatchling 
predation risk high in coastal and nearshore waters (Witherington 
and Salmon 1992; Stewart and Wyneken 2004; Whelan 2005), 
absolute size in the first weeks may be of critical importance, as 
larger turtle hatchlings may escape some gape-limited predators, 
and are often stronger swimmers, reducing their exposure to 
nearshore size-specific predation (Janzen et al. 2000a, 2000b; 
Gyuris 2001). 

 
Applications and implications.—Inherent in the complex 

loggerhead life history is flexibility in the duration of each stage, 

 

 
FIGURE 8. A seven-week summary of northern mean SCW growth 
(mm/d) shown among beaches. (Error bars show 95% CI). Hatchlings 
from Cape Lookout (CL) had significantly faster SCW gains than Cape 
Island (CI), Kiawah Island (KI) and Wassaw Island (WI). 

FIGURE 9.  Incubation duration (days) and mean incubation temperature 
(°C) for the subset of Florida (N = 26) and northern (N = 36) nests 
containing temperature data loggers.  Incubation duration declined 
significantly as temperature increased in both subpopulations. 
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determined primarily by growth rate.  It is important to 
understand the duration at each life history stage, including the 
hatchling and post-hatchling stages investigated in this study, as 
the survival rates at this stage may have a large impact on 
overall population growth (Heppell et al. 2003).  This study 
provides morphometric and demographic characteristics of early 
pelagic stage post-hatchling loggerheads in the northwestern 
Atlantic.  We partition variation in growth for captive turtles 
among selected factors: temporal and spatial nest origin, and 
initial hatchling size, and we show that there is a latitudinal 
trend in initial hatchling size, as well as a seasonal phase effect 
on early growth rates.  

To formulate effective management plans, we must 
understand size and growth patterns to provide context for 
assessing size- or stage-specific risks. Based upon our results, 
hatchlings from the southern-most and northern-most portions of 
the nesting range, as well as those from different phases of the 
nesting season, may face different size specific risks or differ in 
their time at the smaller size classes.  These components can 
now be considered when estimating size-specific mortality or 
size-age relationships. 
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ERRATA:  Page 74, Line 10 was originally published online as, 

“SCW growth rates were also significantly slower….”  This 
should have read, “SCW growth rates were also significantly 
faster…”  This correction has been made in the above text.   
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