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 Marine turtles produce many offspring which offsets the high mortality 

experienced by turtles during early development. Juvenile mortality might be reduced by 

evolving effective behavioral as well as morphological anti-predator defenses.  Body 

proportions of three species (Caretta caretta, Chelonia mydas, Dermochelys coriacea) of 

turtles were measured in the first fourteen weeks of development to examine how growth 

may mitigate predation by gape-limited predators.  Growth was categorized as isometric 

if shape did not change during development or allometric if body shape did change.  All 

three species showed allometric growth in carapace width; however it was less 

pronounced in the larger D. coriacea turtles.  Allometric growth in carapace width 

decreased as all three species grew in size.  When high predation occurs in early 

development, many species will favor rapid growth into a size refuge. Juvenile sea turtles 

may optimize their survival by growing allometrically when predation risk is the greatest. 
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INTRODUCTION

Life history traits such as age at maturity, number of offspring, and degree of 

parental investment evolve as compromises that maximize an organism’s fitness in a 

given environment (Stearns 1977; Nylin and Gotthard 1998).  Comparisons among 

related species reveal the nature of these traits (McNamara and Houston 1996; Gotthard 

2001).  All chelonians, for example, are relatively long-lived reptiles that are tied to the 

terrestrial environment for reproduction and provide minimal parental care to their 

offspring, above and beyond the selection of a nesting site (Ehrenfeld 1979).  Turtles also 

share a similar body plan that includes a hardened carapace and plastron that provide 

protection.  But within these constraints comparative studies reveal considerable variation 

in life history traits, even among the closely related marine turtles (van Burskirk and 

Crowder 1994; Heppell et al. 2003).   

For example, leatherbacks (Dermochelys coriacea) produce clutches that average 

78 eggs (Eckert et al. 2012) whereas green turtles (Chelonia mydas) and loggerheads 

(Caretta caretta) produce significantly larger clutches (average of 112 eggs for green 

turtles [Bjorndal and Carr 1989] and 110 eggs for loggerheads [Tiwari and Bjorndal 

2000]).  These three species also differ in parental investment in hatchlings, as measured 

by hatchling mass.  Green turtle and loggerhead hatchlings are relatively small (average 

of 23 g and 20 g, respectively; this study) whereas hatchling leatherbacks are almost 

twice that mass (45 g; this study).    
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The hatchlings of all three species migrate offshore to deep water but their growth 

rates during this “oceanic phase” of development differ (Bolten 2003).   Leatherbacks 

reach sexual maturity sooner (at an age of 12 – 22 years; Zug and Parham 1996; Dutton 

et al. 2005; Avens et al. 2009; Jones et al. 2011) than green turtles and loggerheads, 

which take several decades (up to 35 years) to reach sexual maturity (Frazier and Ehrhart 

1985).  In addition while leatherbacks remain in deep oceanic waters as they grow to 

maturity, green turtles and loggerheads usually leave oceanic habitats (at 3 – 5 years of 

age in green turtles [Reich et al. 2007]; at 7 - 12 years of age in loggerheads [Bjorndal et 

al. 2000; Bjorndal et al. 2003]) and grow to maturity in neritic habitats. 

The oceanic habitats occupied by juveniles of these species also differ in their 

ecology.  Small loggerheads and green turtles hide in flotsam, usually Sargassum (algal) 

mats, which provide both food and shelter (Witherington et al. 2012).  However, 

Sargassum accumulates at more productive downwelling and current convergence zones 

where predators are also known to congregate (Witherington et al. 2012).  Thus, a 

tradeoff is likely to occur for small turtles between the benefits of protection and a supply 

of forage (the invertebrate fauna associated with the Sargassum community [Dooley 

1972; Bulter et al. 1983; Coston-Clements et al. 1991]) and the risks associated with 

occupying a habitat in proximity to more predators (Heithaus 2013).  Sargassum mats 

also provide another benefit: absorption of sunlight that warms the surrounding water and 

thus provides young loggerheads and green turtles with a thermal niche that promotes 

faster growth (Mansfield et al. 2014).  Growth is important as with an increase in size, the 

turtles are thought to become less vulnerability to predators (Stancyk 1995; Heithaus 

2013) although the mechanism(s) involved are unknown. 
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In contrast, juvenile leatherbacks avoid Sargassum and complete development in the 

open ocean (Bolten 2003); that choice is beneficial as they probably encounter fewer 

predators.   However, open oceanic habitats are potentially less productive than 

convergence zones (Casazza and Ross 2008), increasing the risk of starvation at locations 

where their prey (gelatinous zooplankton) could be less abundant.   But, in reality, the 

habitats occupied by juvenile leatherbacks in the open ocean are unknown except that the 

smaller juveniles are only seen in warmer waters (> 26°C; Eckert 2002) and not within 

Sargassum mats (Witherington 2002; Witherington et al. 2012).  It is known that small 

leatherbacks reared in the laboratory, then released in the ocean at different ages, make 

shallow dives to feed on jellyfish; they also dive deeper as they grow older and larger 

(Salmon et al. 2004). With growth, juvenile leatherbacks also acquire an ability to retain 

heat (Bostrom et al. 2010) and elevate their body temperature.  That capacity may enable 

them to forage at higher latitudes where water temperatures are cooler and habitats are 

generally more productive.    

While an adequate supply of food and warmth is important for survival (Avery et 

al. 1993; Schmidt-Nielsen 1997; Germano and Bury 2009), how the turtles change shape 

as they grow may also affect their survival probabilities.  Salmon and Scholl (2014) 

observed that growing loggerheads and green turtles became wider more quickly than 

they gained length, that is, carapace width showed a positive allometric relationship with 

carapace length.  They speculated that the resulting change in shape might enable the 

turtles to achieve refuge from gape-limited predators such as the dolphinfish 

(Coryphaena hippurus) more quickly than if they maintained their hatchling body 

proportions by growing isometrically.   Since leatherbacks enter the ocean at a larger size 
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than either green turtles or loggerheads, leatherbacks might likely reach a size refuge 

even sooner in ontogeny than the two “hard-shelled” species. 

 As a test of these ideas, I compare the shape changes observed during early 

growth in green turtles and loggerheads to those shown by leatherbacks.  My purpose was 

to determine if three hypotheses regarding how allometric growth might be beneficial to 

small turtles could be supported empirically.  First, I hypothesized that smaller hatchlings 

will show greater expression of allometric growth in carapace width than larger turtles as 

the former would be more vulnerable to predation.  Conversely, I predict that the larger 

leatherback hatchlings will show less or no allometric growth because they should 

achieve protection from gape-limited predators more quickly than the smaller loggerhead 

and green turtle hatchlings.  Second, I hypothesize that as all species grow and reach a 

size refuge from predators, allometric growth in carapace width will decrease. 

Lastly, I hypothesized that changes in body shape accompanying growth in 

leatherbacks might differ from those shown by the “hard-shelled” loggerheads and green 

turtles because they promoted different survival advantages.  Specifically, while changes 

in the body shape of the hard-shelled turtles may function primarily to thwart predators, 

those of leatherbacks might serve an additional purpose: to increase body volume.   

Doing so could provide two benefits to growing leatherbacks: an increase in blood 

volume and an increase in their ability to retain heat.  Both changes might enable juvenile 

leatherbacks to expand their niches both vertically (by enabling deeper, and more 

prolonged dives; Salmon et al. 2004) and horizontally (by enabling the turtles to forage in 

colder, and therefore more productive, waters; James et al 2006; Bostrom et al. 2010).   I 
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tested this prediction by comparing relationships between body depth (a simple way to 

estimate body volume) and body length among the three species as they grew. 
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METHODS

Turtle Collection and Husbandry 

Hatchling loggerheads and green turtles were obtained from June to October as 

they emerged from nests placed on the beach at Boca Raton (26°20'37.71"N, 80° 

4'12.12"W) and Sanibel Island (26°25'27.53"N, 82° 4'8.65"W), Florida.  All turtles were 

transported to the Florida Atlantic University Marine Laboratory in Boca Raton.  Ten 

loggerheads and 10 green turtles were selected from six nests.  All of the turtles were 

initially quarantined for 5-7 days to ensure their health and normal activity.  After 

quarantine, turtles from the same nests were kept in a single shallow tank supplied with a 

continuous flow of filtered seawater.  Each turtle was contained in a plastic mesh basket 

(19.5cm x 12.7cm) that floated at the water surface.  Water temperatures ranged 

seasonally between 25-29° C. 

Leatherback hatchlings (5 hatchlings/nest) were obtained from June through 

August as they emerged from nests placed at Boca Raton, Deerfield Beach, and Juno 

Beach, Florida (26°52'49.20"N, 80° 3'9.08"W).  They were also placed in quarantine for 

several days, and then were housed in shallow tanks.  Their seawater supply was first 

circulated through a UV sterilizer and protein skimmer, and then cooled using a chiller to 

23-25°C as leatherbacks thrive best at lower temperatures that reduce microbial growth, 

as small leatherbacks are prone to infections.  Because leatherbacks do not recognize 

barriers such as tank walls, each turtle was restricted by a short monofilament tether to 
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the central area of its tank.  The monofilament line was tied at one end to a wooden rod 

anchored above the tank and at the other end to a 1.0 cm
2  

Velcro
TM

 patch, attached to the 

turtle’s carapace with a drop of cosmetic grade cyanoacrylate cement.  This tether 

allowed each turtle to swim and dive in any direction, but was short enough to prevent its 

contact with the side or bottom of the tank.  

All turtles were fed and monitored daily to ensure that they remained in good 

health and were swimming and feeding normally.  Once weekly all turtles were 

temporarily removed from their tanks, measured, and weighed to monitor growth.  

During that time their tank was drained, cleaned, disinfected and then filled with fresh 

seawater.  All turtles were exposed to a 12L:12D photocycle using overhead UVA/UVB 

lights suspended 0.5 m above the water.  Growth of the turtles was monitored for up to 14 

weeks.  Any turtles that became ill were excluded from the study.  

Some of the captive turtles I used were also used for an on-going study of sex 

ratios, as determined by laparoscopic examination of a sample of hatchlings from each 

nest.  I included these turtles because they recovered quickly (within a few days), as 

shown by their continued post-operative growth and normal weight gain.  I determined 

that there were no significant differences in growth rates between turtles I used that 

underwent surgery during this study and those that did not (t-test, t29=0.348 p = 0.73). 

 Leatherback turtles have also been reared from hatchlings to juveniles at the 

University of British Columbia at Vancouver (Jones et al., 2011; 2012).   I compared the 

growth rates and shape changes I measured from Florida turtles to those shown by the 

Vancouver turtles (henceforth, the Vancouver leatherbacks).  These turtles (n=17) were 

captured from nests deposited in the British Virgin Islands and raised under similar (but 
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not identical) conditions of water temperature (24 ± 1°C) and water quality (pH = 8.0-

8.3; salinity = 28-33 ppt; Jones et al. 2012) to those in my study. 

Morphometrics 

 As hatchlings and at weekly intervals thereafter, each turtle’s growth (straight line 

carapace length [SCL], straight line carapace width [SCW] and body depth [BD]) were 

measured using calipers accurate to the nearest 0.1 mm.  Mass was measured using an 

electronic scale accurate to the nearest 0.1 g.   My samples consisted of 5 loggerhead and 

5 green turtles from each of 12 nests (n = 60 turtles of each species) and 31 leatherbacks 

from 11 nests.   Because hatchling and juvenile leatherbacks are delicate and difficult to 

rear, only some (8 of 31) turtles survived for 14 weeks.   Data from the 23 remaining 

turtles were used only while they were growing and feeding normally, that is, before 

there was any sign of a decline in their health or captive behavior required release.    

Analysis of Body Proportions  

Weekly measurements were used to determine how leatherback body shape (SCW, 

SCL, BD) changed as the turtles grew.   SCW and SCL measurements were used to 

calculate the observed body proportions which were compared to the expected body 

proportions.  The latter assumed turtles grew isometrically by retaining their hatchling 

proportions.   

A “hatchling ratio” was calculated for each turtle by dividing the hatchling’s SCW 

by its SCL.  That number was always less than 1.0 as in all marine turtle species 

hatchling SCL is larger than its SCW.  The expected SCW was determined by 

multiplying the hatchling ratio by each weekly SCL measurement for that turtle as it 
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grew.  Thus, the expected SCW values represented an isometric growth pattern (a pattern 

of growth that maintained hatchling shape).  At the end of observations, the slopes of 

these two growth trajectories (SCL vs observed SCW; SCL vs. expected SCW) were 

calculated for each turtle.  A paired t-test was used to determine if the slopes for the 

observed and expected body proportions differed significantly.   

To determine whether allometric growth was comparable among the three species, I 

compared the observed changes in proportions with growth over 14 weeks among the 

three species using a single-factor ANOVA.  All data met the assumptions of normality 

(Shapiro-Wilk test, p>0.05) and equality of variance (Levene’s test, p > 0.05).  When 

probabilities indicated differences were significant, I use Tamhane’s T2 (unequal 

variance) post-hoc pairwise comparisons to identify the source(s) (Zar 1999).  In all 

statistical comparisons a probability of ≤ 0.05 was used to reject the null hypothesis that 

no differences were observed. To check for problems associated with pseudoreplication, 

an additional analysis was run using one randomly selected turtle from each nest (n=12 

loggerheads and green turtles, n=11 leatherbacks).  The results obtained from this 

analysis were consistent with those of my original analysis. 

Leatherbacks hatch at a larger size than loggerheads and green turtles.   To be more 

confident that any difference in vulnerability to gape limited predators was primarily a 

function of size, I also determined whether leatherback hatchlings were proportionally 

wider than loggerhead and green turtle hatchlings.  To do so I compared the hatchling 

ratios (SCW:SCL) among the species using a single-factor ANOVA and (when 

differences were significant) identified the sources using Tukey post-hoc comparisons. 



10 

 

Vulnerability to Gape-limited Predators   

Salmon and Scholl (2014) developed a model to estimate whether the change to a 

wider body shape in green turtles and loggerheads could confer a survival advantage.  

Their hypothesis was that a turtle whose SCW exceeded the gape of a dolphinfish 

(Coryphaena hippurus) had achieved a “refuge” size, and that allometric growth achieved 

this result sooner than isometric growth.  The resulting model provided mathematical 

evidence for such an advantage.  The model was based in part upon the changes in body 

proportions shown by the turtles with growth, the abundance of dolphinfish of different 

sizes in Florida waters (Beardsley 1967), and measurements documenting the significant 

relationship between fish size and fish gape.  I used the same model to determine when 

leatherbacks were also likely to achieve a similar advantage by virtue of (i) their larger 

size as hatchlings, and (ii) their SCL and SCW growth relationships. 

In their study, Salmon and Scholl (2014) found that juvenile turtles most quickly 

reduced their vulnerability to predators when 6-8 weeks of age.  After that period of 

development, vulnerability continued to decline (at a slower rate) because most of the 

turtles were already too large to be swallowed by all but the largest (and oldest) surviving 

predators.  These data led me to hypothesize that allometric growth in all species might 

be most rapid early in development.  To test that idea, I subdivided the plots of SCL 

against SCW into two periods: the first and the second half of the 14 weeks of 

measurements.  I then compared the slopes shown by the turtles (n = 60 loggerheads and 

green turtles; n = 8 Florida and 17 Vancouver leatherbacks) during the two periods of 

growth, using paired t-tests. 
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Effects of Diet on Leatherback Growth and Predation Vulnerability 

I compared how rapidly Florida leatherbacks grew with how rapidly Vancouver 

leatherbacks grew, and looked for correlations between differences in body proportions 

and rearing conditions.  I specifically targeted diet.  The Vancouver leatherbacks were 

fed a gelatin-based diet of squid and reptile vitamins with an energy content of 20.16 kJg
1
 

(Jones et al. 2012).  Turtles were fed 3-5 times daily to satiation during their first two 

months of growth and 3 times daily afterwards (Jones et al. 2012).  Leatherbacks reared 

in Florida were fed three times daily using a gelatin-base diet consisting of ground fish 

(tilapia, dolphinfish or farmed salmon), bread, Enfamil™, gelatin, fish oil capsules, and 

reptile vitamin supplement.  I measured the caloric content of this diet from three samples 

of food dried for 36-72 hours at 60°C in a dessicating oven.  The energy content of the 

dried samples was analyzed using bomb calorimetry (PARR 1241 Adiabatic Oxygen 

Bomb Calorimeter) 

Body Depth Comparisons 

I hypothesized that with growth, body depth in leatherbacks would increase more 

rapidly than in loggerheads and green turtles.   To determine if this was the case I plotted 

BD against SCL for the turtles of each species over 14 weeks of growth and then 

calculated the resulting slopes.  I used a single factor ANOVA and Tukey post-hoc 

comparisons to determine if there were significant differences among the species.   

This analysis is complicated by the allometric growth of spines on the carapace and 

ridges on the plastron of young loggerheads (Fig. 1).  Since the spines (and ridges) do not 

substantially contribute to body volume, I excluded them from my measurement of 

loggerhead body depth which, under normal circumstances, includes these structures.  To 
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remove their effect, carapace spines were measured in 122 loggerhead turtles with a SCL 

between 40.8 - 130.5 mm.  A linear regression of SCL against spine length showed that 

the two variables were strongly correlated (R
2 
= 0.75).  This linear regression equation (y 

= 0.0277x - 0.0174) was used to estimate spine length for a turtle of a given SCL, where 

y was spine length and x was SCL.  The appropriate spine length for a turtle of a given 

SCL was then subtracted from previous measures of BD that included the spines.  

An additional comparison of body depth between species was conducted using the 

depth measurements of loggerheads that included their carapace spines. 
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RESULTS

Body Proportions  

Florida leatherbacks, loggerheads and green turtles grew wider faster than they 

grew longer, that is, they showed a change in carapace shape as they grew by positive 

allometry during the first 14 weeks of development (Figure 2).  Those differences 

(between the observed and expected carapace widths) were statistically significant by 

paired t-tests (leatherback t30 = 5.77, p < 0.001; loggerhead t59 = 15.33, p < 0.001; green 

turtle t59 = 13.50, p < 0.001).  A comparison between the three species indicated that 

there were differences in their expression of allometric growth (Table 1A; ANOVA, 

F(2,147) = 23.1, p < 0.001).  Allometric growth expression in leatherbacks was reduced 

compared to loggerheads and green turtles, but the two hard-shelled species failed to 

differ statistically from one another (Table 1 B, Tukey tests; Figure 2).   

Florida hatchling loggerheads and green turtles at emergence were proportionally 

wider than leatherback hatchlings at the same stage of development (Table 2A, ANOVA, 

F(2,148) = 47.60, p < 0.001; Table 2B, Tukey tests).     

Vulnerability to a Gape-limited Predator 

 All species became less vulnerable to a Florida distribution of dolphin fish 

predators when the turtles grew by allometry, compared to isometry (loggerhead t13 = 

3.81, p = 0.002; green turtle t13 = 4.34, p < 0.001; Florida leatherback t13 = 3.74, p = 
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0.002; Figure 3).  A steady decrease in probability of a lethal encounter was most 

apparent in all of the Florida turtles when they were approximately 7 weeks of age 

(Figure 3).  All of the Florida turtles grew proportionally wider during weeks 1-7, when 

they were most vulnerable to predators, than during weeks 8 – 14, when they were larger 

and presumed to be less vulnerable (paired t-test; p < 0.05; Table 3). 

Comparisons between the Vancouver and Florida leatherbacks  

 The mean energy content of the Florida leatherback diet was 19.42 kJg
-1

 (SD ± 

0.39, n = 3), which was slightly lower than the energy content of the food fed to the 

Vancouver leatherbacks (20.16 kJg
-1

, SD ± 0.58; Jones et al. 2012).  The Vancouver 

leatherbacks also showed positive allometric growth in carapace width during their first 

14 weeks of development (Figure 2; t16 = 2.280, p < 0.05).  They also grew 

proportionally wider during the first 7 weeks of development compared to the last 7 

weeks (t16 = 6.201, p < 0.001). However during the last 7 weeks, the Vancouver 

leatherbacks showed negative allometry relative to hatchling shape (t16= 2.701, p < 0.05), 

with the result that the turtles were proportionally narrower as older individuals than they 

were as hatchlings.  Negative allometric growth was shown by the Vancouver 

leatherbacks after they achieved a SCW of slightly more than 60 mm.  At this size the 

turtles have a 50:50 chance of surviving a dolphinfish encounter.  The Vancouver 

leatherbacks attained this size in 4 weeks while it took the Florida leatherbacks 6 weeks 

to grow to that size (Figure 3).   
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 Comparison of Species Body Depth 

 Leatherbacks grew significantly deeper (relative to their body size) than 

loggerheads and green turtles (ANOVA, F(2,148) = 16.567, p<0.001; Tukey test p < 0.001; 

Figure 4).  There were no statistical difference in body depth between green turtles and 

loggerheads (Tukey test, p = 0.07; Figure 4; Tables 4A & 4B).    

 When loggerhead spines were included in their depth measurement, their body 

depth relative to body size was greater than the body depths shown by both leatherbacks 

and green turtles (ANOVA, F(2,148) = 85.6, p <0.001; Tukey test, p<0.001).
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DISCUSSION

Allometric Growth and Predation Vulnerability 

Prey species can benefit from rapid growth toward a size refuge, especially when 

threatened by predators that are gape-limited (Paine 1976, Day et al. 2002).  However, 

this growth may require an increase in foraging time which entails a cost: an increase in 

the risk of detection and consumption by predators (Urban 2007; Heithaus 2013).   For 

juvenile sea turtles, those risks apparently select for the evolution of body proportions 

that reduce those probabilities as soon during development as possible. 

The growth-predation risk tradeoff has been documented in many studies showing 

that prey optimize survival by selecting habitats or evolving morphologies that provide 

the best balance between predation risk and energy gain (Sih 1980; Wener and Hall 1988; 

McPeek 2004; Ardent and Resnick 2005; Urban 2008).  For example, the presence of 

largemouth bass (Micropterus salmoides), a gape-limited predatory fish, delays the 

timing of an ontogenetic habitat shift shown by juvenile bluegill sunfish (Lepomis 

macrochirus).  Sunfish will remain in a low resource, low predation risk littoral zone 

until achieving a size that provides a refuge from these predators; they then move into 

other areas where food is more abundant (Werner et al 1983; Wainwright 1996).  

Conversely, in field and laboratory experiments, salamander larvae (Ambystoma 

maculatum) risk foraging in the presence of a gape-limited predator (Ambystoma 
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opacum) in return for faster growth to a refuge size, but not when they are raised in the 

presence of gape-unconstrained beetle (Dytiscus) larvae predators (Urban 2008).  These 

studies demonstrate how predators can select for different prey strategies when choosing 

microhabitats, foraging behavior and growth patterns that optimize survival probabilities.  

As juveniles, loggerheads and green turtles occupy habitats that may pose 

different risks from predators than juvenile leatherbacks.  Loggerheads and green turtles 

inhabit Sargassum mats (Witherington et al. 2012) which provide them with food, shelter 

and camouflage.  However, predators such as dolphinfish (Coryphaena hippurus) and sea 

birds (Larus spp., Fregata and Sterna spp.; Carr and Meylan 1980; Witherington 2002) 

are known to hunt at convergence zones where these mats form.  Thus, there is likely a 

tradeoff between risky foraging in predator-dense waters and plentiful resources which 

facilitate rapid growth into a size refuge.  Allometric growth in width may optimize a 

turtle’s ability to quickly reach this size refuge from gape-limited predators.  

Leatherbacks also showed positive allometric growth in carapace width compared 

to carapace length (Figure 2), which mathematically reduces their vulnerability to gape-

limited predators (Figure 3).  However, their allometric growth (as measured by slope) 

was not as pronounced as in the hard-shelled turtles (Figure 2; Tables 1A-B).   This 

reduction might occur because leatherbacks as hatchlings are larger than either 

loggerhead or green turtle hatchlings, and thus achieve a refuge size sooner in 

development.  Leatherback hatchlings were also proportionally narrower than either of 

the hard-shelled species (Table 2), suggesting that both larger size and absolutely greater 

width may have afforded them earlier protection (Figure 3).   It is also possible that 
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ecological factors play a role in how strongly selection favors allometric growth.  

Reduced positive allometry in leatherbacks may be a function of fewer potentially lethal 

encounters with predators in the open ocean habitats that they frequent, their larger initial 

size, or some combination of both factors. 

The energy content of the diet did not explain the differences in growth between 

the Florida and Vancouver leatherbacks.  It is likely that the larger sizes attained by the 

Vancouver leatherbacks were due to differences in amount of protein and overall amount 

of food consumed.  Vancouver leatherbacks were fed to satiation, while Florida turtles 

were not.  These hatchlings also come from genetically distinct rookeries (Dutton et al. 

1999) and at the time when they emerged from their nests the Vancouver turtles were 

larger.  However, some interesting patterns of growth were observed when the two 

populations of leatherbacks were compared, as these showed the same trends that were 

revealed by my interspecies comparison.  These were, specifically, that larger turtles 

showed less pronounced allometric growth.  Thus, these data provide additional support 

for the hypothesis that as turtles reach a size refuge from gape-limited predators, the 

advantages of allocating energy to a proportional increase in width appear to decline. 

Why do turtles increase more quickly in width instead of increasing in overall 

body size?  Gape limited predators select prey that they can swallow whole, and these 

prey items must be smaller than their gape size (Hambright 1991). Since juvenile sea 

turtles are longer than they are wide, width is the minimum metric determining whether 

they can be consumed by these predators and therefore, it is the morphological feature 

that most effectively provides protection.  In Swedish lakes with piscivorous, gape-
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limited pike (Esox lucius), Crucian carp (Carassius carassius) increase their body depth 

instead of overall size.  Since pike consume their prey head first, body depth is the metric 

which predicts carp survival (Brӧnmark and Miner 1992). 

I propose the “Allometric Growth-Size Refuge” hypothesis as an addendum to the 

growth-predation risk hypothesis.  The latter hypothesis postulates that prey adjust their 

foraging activity to balance risk of predation against the reward of growth (McPeek 

2004).  My hypothesis asserts that changes in shape, not overall size, optimize survival 

by prey when their most important threat is posed by gape-limited predators.   A similar 

proposal was made by Morgan (1987; 1989) who studied the development of spines by 

crab larvae.  He concluded that spination was both a more efficient as well as more 

effective way to thwart gape-limited fish predators than simply growing larger. 

  My hypothesis is supported by the interspecific differences observed in 

allometric growth, by the similar differences shown between the two populations of 

leatherbacks, and by the universal decline in allometric growth rates by all of the turtles 

as they became larger (Table 3).  Those results suggest that once the turtles achieve 

protection from one set of predators (those that are gape limited), the allocation of energy 

gradually favors growth that is more isometric in nature, and that might result in 

individuals better able to defend themselves from predators that are not gape limited.  

Isometry was apparently characteristic of older and larger juvenile loggerheads from 

Pacific populations, as well (Kamezaki and Matsui, 1997).   However, validating these 

ideas for juvenile turtles normally found in the open ocean will be a difficult, as well as 

logistically challenging, enterprise. 
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Hawksbill turtles (Eretmocheyls imbricata) produce the smallest hatchlings of any 

species of marine turtle (Witzell 1983).  As hatchlings, they are also proportionally 

narrower (hatchling SCW/SCL ratio of 0.73; Reising 2014) than either loggerheads 

(0.77) or green turtles (0.78).   All other factors being equal, and based upon vulnerability 

alone, I would predict that hawksbill hatchlings would be even more vulnerable to gape-

limited predators that those two species, and that they would compensate for that 

vulnerability by even more rapid increases in width accompanying growth in length.   

Conversely, I would expect that larger hatchlings, such as those produced by flatback 

turtles (Natator depressus; Parmenter and Limpus 1995), might show growth patterns 

similar to those shown by leatherbacks than those of the more closely related green 

turtles.  Those hypotheses remain to be tested. 

Body Depth Comparisons 

I postulated that leatherbacks might grow proportionally deeper in body depth 

than either loggerheads or green turtles. My measurements provided support for that 

hypothesis (Figure 1; Tables 4A & 4B).   Increased body depth (a surrogate for body 

volume among species of similar shape) may physiologically enable leatherbacks to 

make deeper dives and forage in colder waters than any of the other marine turtle.  As 

adults, leatherbacks are capable of making remarkably deep dives (up to several hundred 

meters in depth; Eckert et al. 1984; Casey et al. 2010) and forage at higher latitudes and 

cooler waters (James et al. 2006) while maintaining warmer body temperatures (James 

and Mrosovsky 2004).  Adult leatherbacks have doubled the blood oxygen carrying 

capacity compared to other shallow-diving sea turtles (Lutcavage et al. 1991) and I 

expect that this trend would become apparent in juvenile turtles.   
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Loggerheads had the deepest body plan when their carapace spines and plastron 

ridges (see Figure 1) were included in the depth measurement.  These carapace spines 

likely function as an anti-predator defense, such as seen in the spination of crab zoeae 

(Morgan 1987; 1989), Bythotrephes cederstroemi (Barnhisel 1991), and the “neckteeth” 

of Daphnia pulex.  In addition to neckteeth, daphnia also grow deeper bodies in response 

to the presence of predators (Tollrian 1995). 

Importance 

 Life history theory assumes that long-lived species have suites of characteristics 

(i.e. iteroparity, late reproductive age) which selection supports to offset high juvenile 

mortality (Stearns 1992). Stochastic elements and high rates of juvenile mortality make 

the early life history stages of turtles difficult to study (Janzen et al. 2000); that is 

especially a problem for the marine turtles with their oceanic stage of development.  By 

comparing closely related species, however, it becomes possible to gain insights into the 

selection pressures that shape their juvenile characteristics, especially their morphology.    

Finding food and avoiding predators are undoubtedly the most important factors that 

determine whether small turtles survive.  My study shows how this tradeoff plays a key 

role in determining how juvenile turtles differ in morphology, and also in behavior. 
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APPENDICES  

APPENDIX A: TABLES 

Table 1: ANOVA results comparing observed slopes (SCW against SCL) during the first 

14 weeks of growth by Florida leatherbacks, loggerheads and green turtles  

 

 

 

 

 

 

 

 

Source SS Df MS F-ratio p-value 

 

Among 

Species 

 

0.119 

 

2 

 

0.06 

 

23.06 

 

< 0.001 

Within 

Species 

0.380 147 0.003   

Total 0.499 149    
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Table 2: Tamhane’s T2 post-hoc test results to identify sources of statistical difference in 

slopes shown by the three species during growth.. 

 

  
Species 1      Species 2 Difference p-value 

  (+/- 95% CI) 
 

 

    
Loggerheads Green Turtles 0.007                               

(-0.011-0.026) 
 

0.698 

Loggerheads Leatherbacks 0.074                    
 (0.036-0.111) 

 

< 0.001 

Green Turtles Leatherbacks 0.066                     
(0.028-0.105) 

 

< 0.001 
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Table 3: ANOVA analysis comparing mean hatchling ratios (SCW/SCL) between Florida 

leatherbacks (0.71), loggerheads (0.78) and green turtles (0.77). 

 

 
 

Source 

 

SS 

 

df 

 

MS 

 

F-ratio 

 

p-value 

 

Among 

Species 

 

0.109 

 

2 

 

0.055 

 

47.60 

 

< 0.001 

Within 

Species 
0.170 148 0.001   

Total 0.279 150    
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Table 4: Tukey HSD test analyses to identify sources of statistical difference in hatchling 

ratio (SCW:SCL) shown by the three species.Table 2 B Tukey HSD test analyses to 

identify sources of statistical difference in hatchling ratio (SCW:SCL) shown by the three 

species. 

 

 
Species 1 Species 2 Difference p-value 

  (+/- 95% CI) 
 

 

    
Loggerheads Green Turtles 0.007                              

 (-0.007-0.022) 
 

0.417 

Loggerheads Leatherbacks 0.069                   
(0.052-0.087) 

 

< 0.001 

Green Turtles Leatherbacks 0.062                    
 (0.045-0.08) 

 

< 0.001 
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Table 5: Paired T-test comparisons between the observed slopes (SCW:SCL) shown by 

the three species during the first (weeks 1 - 7) and second (weeks 8 - 14) halves of the 14 

weeks of observations on Florida leatherbacks, loggerheads and green turtles. 

 

Species 

 

Observed Slope During: 
Hatchling 

Ratio 

 

t 

 

p-value Weeks 

 1 – 7 

Weeks  

8 – 14 

Leatherbacks 0.85 0.64 0.79 4.83 0.002 

Loggerheads 0.98 0.85 0.90 10.42 <0.001 

Green Turtles 0.95 0.84 0.89 
8.96 

 

<0.001 
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Table 6: ANOVA results of comparisons between the BD:SCL slopes shown by Florida 

leatherbacks, loggerheads and green turtles 

.  

 

Source SS df MS F-ratio p-value 

Among 

Species 

 

0.052 

 

2 

 

0.026 

 

16.57 

 

< 0.001 

 
Within 

Species 
0.231 148 0.002   

Total 0.283 150    
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Table 7: Tukey test results comparing body depth slopes between the three species. 

 

 
Species 1 Species 2 Difference p-value 

  (+/- 95% CI)  

    
Loggerhead Green Turtle 0.016 

(-0.001 - 0.033) 
 

0.07 

Loggerhead Leatherback -0.034 
(-0.055 - 0.014) 

 

< 0.001 

Green Turtle Leatherback 0.050 
(-0.071 - -0.03) 

 

< 0.001 
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APPENDIX B: FIGURES

 

 

 

Figure 1: Profile photographs showing difference in body depth between juvenile 

loggerhead (above) and leatherback (below) turtles. Photos by Mike Salmon 
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Figure 2: Plots of SCW against SCL for Florida leatherbacks (n=31; top left), Vancouver 

leatherbacks (n=17; top right), loggerheads (n=60; bottom left) and green turtles (n=60; 

bottom right) during the first 14 weeks of development
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Figure 3:  Probability of lethal encounter with a gape-limited predator:  isometric versus 

allometric growth 

0.0

0.5

1.0

0 7 14

Leatherback, Florida 

Observed Expected 

0.0

0.5

1.0

0 7 14

Leatherback, Vancouver 

0.0

0.5

1.0

0 7 14

Loggerhead  

0.0

0.5

1.0

0 7 14

Green Turtle    

Turtle Age in Weeks 



32 

 

 

 

Figure 4: Body depth (mm) plotted against SCL (mm) for Loggerheads without spines 

(blue), Loggerheads with spines (purple), Green turtles (green) and Leatherbacks (red).
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