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Abstract

Turtles have been prominent subjects of analyses of sexual size dimorphism (SSD) owing to their mating system and habitat
diversity. In prior studies, marine turtles were grouped with non-marine aquatic turtles (NMAT). This is odd because it is
well-established that the marine environment imposes a distinct selective milieu on body form of vagile vertebrates, driven by
convergent adaptations for energy-efficient propulsion and drag reduction. We generated a comprehensive database of adult
marine turtle body size (38,569 observations across all species), which we then used to evaluate both the magnitude of SSD in
marine turtles and how it compares to SSD in NMAT. We find that marine turtles are not sexually size dimorphic, whereas
NMAT typically exhibit female-biased SSD. We argue that the reason for this difference is the sustained long-distance swimming
that characterises marine turtle ecology, which entails significant energetic costs incurred by both sexes. Hence, the ability of
either sex to allocate proportionately more to growth than the other is likely constrained, meaning that sexual differences
in growth and resultant body size are not possible. Consequently, lumping marine turtles with NMAT dilutes the statistical

signature of different kinds of selection on SSD and should be avoided in future studies.

Background

Sexual size dimorphism (SSD) is a phenomenon that has received a great deal of theoretical and empirical
attention, as it is thought to reflect variation in sex-specific selection due to ecological performance, and
fitness effects arising from fecundity selection and mating systems (D J Fairbairn, 1997; Daphne J Fairbairn,
Blanckenhorn, & Székely, 2007; Shine, 1989, 1990). Turtles (Order Testudines) have been prominent model
systems for comparative analyses aimed at understanding the causes of SSD, owing to the diversity of their
mating systems, habitats (freshwater, terrestrial, marine) they occupy, and the wide availability of data on
body size of many species (Agha et al., 2018; Berry & Shine, 1980; Ceballos, Adams, Iverson, & Valenzuela,
2013; Gibbons & Lovich, 1990; Gosnell, Rivera, & Blob, 2009; Haldmkova, Schulte, & Langen, 2013; Regis
& Meik, 2017). All of these analyses assign turtle species to different habitat types (aquatic, semi-aquatic,
terrestrial, etc.), but with varying degrees of detail. In all cases, marine turtles, the subject of this paper,
are lumped with non-marine aquatic turtles (NMAT).

The seven species of marine turtles comprise a monophyletic lineage (superfamily Chelonioidea) containing
two families (Cheloniidae, Dermochelyidae) (reviewed in Figgener, Bernardo, and Plotkin (2019)). Both ex-
tant and extinct marine turtles are well-known to exhibit striking adaptations to the marine environment
including forelimbs highly modified into flippers with concomitant neuromuscular repatterning, and stre-
amlining of body form as is seen in other highly vagile marine vertebrates (Frank E Fish, 1993; Kelley &
Pyenson, 2015; Pyenson, Kelley, & Parham, 2014). Three issues pertaining to the marine turtle data that
have been used in prior analyses of testudine SSD prompted this study. The first issue is that most reviews
do not include data for all seven species, (two to five species have been included) although data exist for
all seven species in the literature. Second, most studies include species’ mean values that are often based



on a single population ignoring a large amount of literature data on body sizes in different populations.
Further, some studies report values whose origin in the primary literature is unclear (Supplementary Table
1). Because most marine turtles occupy far more expansive geographic ranges (Figgener et al., 2019) than
any other turtle species including both temperate and tropical regions, intraspecific diversity in body size
may influence overall conclusions about SSD in marine turtles. The third and possibly most concerning issue
is that all the prior analyses cited above are consistent in grouping marine turtles with other aquatic turtles
despite their well-known distinct morphology and ecology, which includes long-distance, often trans-oceanic
migrations (Godley et al., 2008; Graeme C. Hays & Hawkes, 2018; Plotkin, 2003, 2010).

In this paper, we critically examine these issues. First, we address the lack of SSD data for marine turtles in
previous studies by assembling the most comprehensive dataset to date on body size of all seven marine turtle
species, including estimates from multiple populations. We then analysed these data to describe quantitatively
intraspecific and interspecific patterns in marine turtle SSD. Finally, we compared these new estimates of
marine turtle SSD to data from other fully aquatic turtles to test the hypothesis that the previous grouping
of marine turtles with other aquatic turtles in comparative analyses of sexual size dimorphism is justified.

Methods

We carefully reviewed all data on marine turtle body size reported and used in prior analyses of testudine
SSD to validate their accuracy and to gauge any omissions. As part of this process, we re-examined all the
primary sources reported in these studies. This exercise revealed many omissions and errors (summarised in
Supplementary Table 1). Therefore, we generated a novel, comprehensive dataset (Supplementary Table 2)
of sex-specific body sizes (carapace length, CL) of adult marine turtles in which data for both sexes were
reported from the same population using data from primary sources. The detailed methodology and the
resultant dataset for this synthesis are detailed in the Electronic Supplementary Material.

We analysed this new dataset to test the hypothesis that marine turtles exhibit significant sexual size
dimorphism. First, to gain an overview of species differences as well as intraspecific variation, we computed
sex-specific mean values for each population and species. Then we plotted male vs female size for each
population and computed a regression of males versus females (Ranta, Laurila, & Elmberg, 1994). The null
hypothesis, in this case, is that males and females for a given species do not differ in size, which implies a
slope of one and an intercept of zero. This null hypothesis thus differs from the standard null in regressions
that both the slope and intercept are zero. Because the data were unbalanced with respect to the number
of populations per species (Fig. 1A), we repeated the analysis using only mean values for each species. In
both models, each component of the null hypothesis (slope, intercept) was evaluated using a one sample,
two-tailed t-test.

Comparison of SSD of marine to non-marine aquatic turtles

Data for NMAT were derived from published summaries in two recent analyses of sexual dimorphism in turtles
(Agha et al., 2018; Regis & Meik, 2017). Only sex-specific mean body size data were available in these studies.
We aggregated data from the two most comprehensive studies and updated the taxonomic assignments of
the studied populations. Additional details of this process and the resultant dataset (Supplementary Table
S3) are provided in the Electronic Supplementary Material.

We used two approaches to test the hypothesis that marine and NMAT should be considered as a single
group (aquatic turtles) in analyses of SSD as has been assumed in previous analyses of turtle SSD (Agha
et al., 2018; Berry & Shine, 1980; Ceballos et al., 2013; Gosnell et al., 2009). First, we plotted male versus
female mean body size for each species of both non-marine and marine turtles and fit separate regressions
for the two groups. We then computed an ANOVA in which we included habitat (marine vs non-marine) as a
classification variable. Because there is a correlation between habitat and overall body size (average sizes of
marine turtles are far greater than those of NMAT), we might wrongly ascribe to ‘habitat’ a difference driven
simply by average size. Therefore, we also included an interaction term between female CL and habitat to
account for this association.



Second, we computed the Lovich-Gibbons Sexual Dimorphism Index (SDIpg) (Lovich & Gibbons, 1992) as
modified by D J Fairbairn (1997), hereafter SDIy g, for all species:

__ mean size of largest sex
SDILGF " mean size of smallest sex 1

with positive values (arbitrarily) indicating female-biased SSD, 0 indicating no SSD, and negative values
(arbitrarily) indicating male-biased SSD. We plotted these for visual comparison, but we also computed the
distributional properties of the SDIj,qr for each group. We then computed an ANOVA in which we included
habitat (marine vs non-marine) as a classification variable. All model effects are interpreted using the Type
IIT Sums of Squares.

RESULTS

We obtained reliable body size data for 36 populations representing all seven species of marine turtles, with
a total sample size of 38,569 individuals (36,761 females; 1,808 males), the most comprehensive dataset of
marine turtle body size to date (Supplementary Table S2). By comparison, prior analyses of SSD in turtles
(Agha et al., 2018; Berry & Shine, 1980; Ceballos et al., 2013; Gibbons & Lovich, 1990; Gosnell et al., 2009;
Haldmkovd et al., 2013; Regis & Meik, 2017) included data for only two to five marine turtle species, and
often each species was represented by a single population (See Supplementary Table S1 for details).

SSD in marine turtles

Availability of body sizes for both sexes within a single population varied widely among the seven species of
marine turtles (Supplementary Table S2). By far the most data were available for the green turtle (Chelonia
mydas ), which yielded credible estimates from 18 studies (Fig. 1A), with six populations for the loggerhead
(Caretta caretta ), four populations for the olive ridley (Lepidochelys olivacea ), three populations for the
hawksbill (Eretmochelys imbricata ), two populations for the leatherback (Dermochelys coriacea ), and two
studies for the Kemp’s ridley (Lepidochelys kempii ), and a single population of the flatback (Natator depres-
sus ). The sex-specific means and samples sizes are shown in Figure 1B and summarised in Supplementary
Table S2. For the species for which we have estimates from five or more populations (C. mydas , C. caretta
), it is noteworthy that the degree and direction of SSD varies.

Figure 1A also illustrates the regression of sex-specific mean values (male vs female) for all populations.
Neither the slope nor the intercept of this regression differed significantly from the null expectation (slope:
t(33)=0.052, teit=2.034, p=1; intercept: t(33)=-0.514, t.i1=2.034, p=0.611). The upper 95% confidence
interval of the regression is slightly below the 1:1 line, indicating a weak female-biased SSD. Examination of
the scatter suggests that this overall pattern is driven largely by C. mydas .

Comparisons of SSD in marine with non-marine aquatic turtles

Regression Approach .- Figure 2 illustrates separate regressions of male versus female body size for marine
and NMAT with 95% confidence intervals and the 1:1 line (null hypothesis) for comparison. The regression for
marine turtles using only the species-mean data (Fig. 2A) was: male CL = -2.4647 4+ 1.0014 (female CL) ad}]
12=0.99, p<0.0001). Neither the slope nor the intercept differed significantly from the null expectation (slope:
t(4)=-0.001, tc,it=2.267, p=0.99; intercept: t(4)=-1.874, tcrit1=2.267, p=1). The 95% confidence intervals of
this regression overlap or encompasses the 1:1 line.

By contrast, NMAT exhibit a wide range of departures from equality in size, mostly in the direction of larger
female size (Fig. 2A), which is reflected by a slope of 0.76. The 95% confidence intervals overlap the 1:1
line only in the domain of the very smallest species (< 15cm CL). The ANOVA (Table 1a) indicated an
overall significant effect of female size on male size, but also a significant interaction between female size
and habitat, indicating that this effect differed between marine and non-marine habitats. In other words, in
conjunction with the results of the regressions, this means that females are on average larger than males in
NMAT, but sexes do not differ in size in marine turtles.

SDILqr Approach .- Figure 2B illustrates SDIpgr values for all 94 species of aquatic turtles (87 non-marine,
seven marine). The values for marine turtles are very close to or overlapping the null expectation of no sexual



size dimorphism (SDIjgr = 0). The mean SDIj gr for marine turtles was 0.027 £ 0.0103, and ranged from
0.002 to 0.067, whereas the mean SDIj,gr for NMAT was an order of magnitude higher and biased towards
females (0.337 + 0.0419, range -0.215 to 1.684). ANOVA (Table 1b) indicated that these distributions were
significantly different (Fy 92=4.339, p=0.04). Furthermore, the range of values was considerably larger in
non-marine turtles (1.899) than in marine species (0.066).

DISCUSSION

Our comprehensive review of the literature permitted the first definitive statistical evaluation of the degree
of SSD in marine turtles, reflecting information from all seven extant species. Our analysis revealed a striking
lack of SSD (Fig. 1), a pattern that is notably distinct from NMAT, which typically exhibit female-biased
SSD (Fig. 2). Female-biased SSD is typically interpreted as a response to fecundity selection, in the absence
of male combat, which should result in larger male size via sexual selection (Berry & Shine, 1980). Marine
turtles do not exhibit male combat and therefore would be expected to exhibit female-biased SSD, with all
other conditions remaining the same. Whatever the sources of selection, differences between sexes in body
size arise due to differences in growth rates over the same prematuration interval or due to differences in the
prematuration duration of growth (Bernardo, 1993; Cox & John-Alder, 2007; J. Stamps & Krishnan, 1997;
J. A. Stamps, 2008). A third possibility is differential, size-specific mortality that influences one sex more
than the other(DeGregorio, Grosse, & Gibbons, 2012; Roosenburg, 1991). The lack of SSD in marine turtles
thus requires an understanding of what kind of selection is prohibiting differentiation in size between sexes.
We suggest that this is due to both the high energetic cost of locomotion in the marine environment coupled
with frequent long-distance movements by both sexes.

It is well-established that the marine environment imposes strong selection on body form of large, widely-
foraging vertebrates (Frank E Fish, 1993, 1998; Frank E. Fish, Howle, & Murray, 2008; Kelley & Pyenson,
2015; Seibel & Drazen, 2007; Webb, 1988; Webb & De Buffrénil, 1990; Williams Terrie, 1999), driven princi-
pally by selection for drag reduction and therefore cost-efficient swimming (Frank E Fish, 1993, 1998; Webb,
1988; Williams Terrie, 1999). Saltwater is denser and has both higher dynamic and kinematic viscosities than
freshwater (Vogel, 1994). Consequently, we would expect from first principles that the marine environment
establishes a different selective milieu on sexual dimorphism.

Marine turtles are morphologically distinctive among all aquatic turtles in several ways. First, marine turtle
limbs reflect strong selection for specialised locomotion, both in form and in function. While all limbs are
modified into flippers, the forelimbs are hypertrophied and modified into broad, distally tapered, rigid, wing-
like flippers (Davenport, Munks, & Oxford, 1984; Renous, de Broin, Depecker, Davenport, & Bels, 2007;
Wyneken, 1997). Apart from the external wing-like shape itself, the underlying bony architecture is distinct
in marine turtles (Renous et al., 2007). In particular, the humerus is flattened compared to other turtles
(Renous et al., 2007; Wyneken, 1997) and biomechanical analyses indicate that this confers great strength
and hydrodynamic efficiency (Dickson & Pierce, 2019).The locomotory pattern of marine turtles consists of a
synchronous upward/downward sweeping motion of the fore flippers that generates thrust (Davenport et al.,
1984; Wyneken, 1997), similar to the pattern in other marine tetrapods that have flippers (Clark & Bemis,
1979; Walker, 2002). That such derived flippers have convergently evolved across multiple lineages of other
marine tetrapods, including seals, penguins, and plesiosaurs (Wyneken, 1997), indicates strong selection for
efficient long-distance swimming. It is well established from mathematical modelling that flapping appendages
in large aquatic animals permit efficient and rapid propulsion (Blake, 1981; Walker, 2002; Walker & Westneat,
2000).

The second morphological specialisation of marine turtles is the extraordinary streamlining of their body
form (Davenport et al., 1984; Wyneken, 1997). This stereotypic streamlining is evident throughout their
evolutionary history including the oldest known definitive species, Desmatochelys padillai (Cadena & Parham,
2015), and across an order of magnitude range in body size from the smallest living species Lepidochelys
kempii (763 cm carapace length) to the largest known species, the extinct Archelon ischyros (Wieland, 1896),
which exceeded 400 cm in carapace length. A further adaptation evident in D. coriacea are the longitudinal
dorsal ridges on the carapace that enhance hydrodynamic performance (Bang, Kim, Lee, & Choi, 2016).



Taken together, these specialisations indicate that selection has optimised marine turtle morphology for
energetically efficient swimming. Indeed, a key feature of marine turtle biology is their capacity to exploit
resources across vast geographic expanses. Both sexes of all seven species of marine turtles undertake long-
distance, sometimes trans-oceanic migrations covering many hundreds to thousands of kilometers (Boyle et
al., 2009; Graeme C Hays, Houghton, & Myers, 2004; Graeme C. Hays, Mortimer, Ierodiaconou, & Esteban,
2014; Graeme C. Hays & Scott, 2013; Luschi, Hays, & Papi, 2003; Plotkin, 2003, 2010; Shillinger et al.,
2008). Two species (D. coriacea and L. olivacea ) are oceanic, pelagic, widely-foraging predators (Graeme
C Hays et al., 2004; Plotkin, 2010; Shillinger et al., 2008). Satellite tagging studies show that D. coriacea
achieves a mean speed of 33-49 km/d, with a maximum of 62 km/d (Shillinger et al., 2008) andL. olivacea
a mean of 28.32 km/d and a maximum of 79.4 km/d (Plotkin, 2010).

Despite their having evolved unique morphology among turtles for efficient swimming, this high vagility
lifestyle still entails substantial energetic expenditure. Unfortunately, few quantitative data on the energe-
tic requirements of swimming in adult marine turtles are available. However, Prange (1976) studied the
metabolic cost of swimming in juvenile Chelonia mydas . By extrapolating these costs, he estimated that
the energetic demand for a long-distance migration of adults between breeding and feeding grounds would
require approximately 21% of their body mass in fat stores. Given the common body form and long-distance
movement of all marine turtle species, it is not far-fetched that these energy requirements are incurred by
all of the species.

Because the high energetic costs of sustained swimming are incurred by both sexes, neither sex can allocate
significant energy to continued growth after maturation and therefore neither sex can achieve a larger size
than the other (Bernardo, 1993; Cox & John-Alder, 2007; J. Stamps & Krishnan, 1997; J. A. Stamps, 2008).
For instance, female-biased SSD is usually attributed to fecundity selection, but the ability for female marine
turtles to allocate energy to enhanced post-maturation growth in response to fecundity selection appears to
be prohibited by their costly locomotion. An analysis of growth rates in different populations of loggerhead
turtles instantiates that the cost of achieving larger size comes at the expense of reproductive frequency
(Hatase & Tsukamoto, 2008). Thus, the capacity to continue to grow and produce eggs come into close
conflict because of the energetic background costs of locomotion (Hatase & Tsukamoto, 2008). A further
indication that marine turtles lack discretionary energy for continued growth that could produce SSD is found
in their unusual post-maturation growth patterns. Marine turtles exhibit determinate-like growth (Omeyer,
Fuller, Godley, Snape, & Broderick, 2018), a pattern which is unlike other turtles (Congdon, Gibbons, Brooks,
Rollinson, & Tsaliagos, 2013; Gibbons, Semlitsch, Greene, & Schubauer, 1981; Lindeman, 1999) and in fact
unlike most other ectotherms (Bernardo, 1993; Gotthard, 2001; Sebens, 1987; Tilley, 1980) which exhibit
indeterminate growth.

In conclusion, our study demonstrated that, unlike NMAT, marine turtles are not sexually size dimorphic,
and we argued that this difference is due to the distinct selective milieu imposed by the oceanic environment.
Hence, future studies should acknowledge this distinction and no longer group marine turtles with NMAT as
numerous studies have previously done. We also note that, where data are available for multiple populations
of the same species (Figure 1A), the magnitude and direction of SSD vary. This indicates that the common
practise of basing a species-level trait estimate on a single population likely introduces error variance in
comparative datasets. Further, we note that in our comprehensive dataset, the sample size for females was
more than 20 times that for males, and in the case of N. depressus , only a single male has been measured.
This unbalanced sample size between sexes is likely due to the oversampling of nesting fmales; future studies
need to be deliberate about acquiring male data on marine turtle males.
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Table 1. Analyses of Variance (ANOVAs) modelling the degree of difference
in body size between males and females in non-marine versus marine turt-
les. (a) Analysis of mean body size between males and females (b) Analysis
of SDI; grvalues.

Source of

variation DF type IIT SS F-ratio prob>F
(a) Mean body 3 45163.097 426.5480 <0.0001
size MODEL-

adjusted

R?=0.932099

Effects

Female Carapace 1 13054.492 369.8839 <0.0001
Length

Habitat Type 1 29.788 0.8440 0.3607
Habitat Type X 1 226.311 6.4123 0.0131
Female Carapace

Length

Error 90 3176.414

corrected total 93 48339.511

(b) SDILcr 1 0.6204 4.3387 0.04
MODEL- adjusted

R2= 0.034656

Effects

Habitat Type 1 0.6204 4.3387 0.04
Error 92 13.1547

corrected total 93 13.7751

Figure Legends

Figure 1. Sex-specific body size data for seven species of marine turtles based on a new, comprehensive
literature review (Supplementary Table 2). A. Male versus female carapace length for 36 populations of all
seven species of marine turtles: green (green cross: Chelonia mydas ), loggerhead (dark grey circle: Caretta
caretta ), Kemp’s ridley (red diamond: Lepidochelys kempii ), olive ridley (red square: Lepidochelys olivacea



), hawksbill (orange inverted triangle: Eretmochelys imbricata ), flatback (black cross: Natator depressus
) and leatherback (blue triangle: Dermochelys coriacea ). The red line is the 1:1 line, representing the null
hypothesis of no SSD. The blue line is the regression (male CL = 0.38804 + 0.9611 (female CL); adj 12=0.96,
p<0.0001), and the dotted lines are the 95% confidence intervals. See text for statistical details. B. Mean
adult body size of the seven species of marine turtles with symbols as in Figure 1A. Number in parentheses
is the total sample size across all studies, and error bars indicate 1 Standard Error (SE)

Figure 2. Comparisons of SSD in marine (symbols as in Figure 1) and non-marine (black open circles)
aquatic turtles. A. Plot of female to male carapace length of marine versus non-marine aquatic turtles.
The red line is the 1:1 line, representing the null hypothesis of no SSD. The solid lines represent the linear
regressions and the dotted lines show the 95% confidence intervals. The regression for the marine turtles
(blue) is: male CL = -2.4647 + 1.0014 (female CL) adj r?=0.99, p<0.0001). The regression for the non-
marine turtles (black) is: male CL = 0.5345 + 0.7684 (female CL) adj r?=0.78, p<0.0001). See text and
Table 1A for statistical details. B. Comparison of Sexual Dimorphism Index (SDIpgr) values for marine
versus non-marine aquatic turtles (symbols as Fig. 1, Fig. 2A). The vertical red line represents the null
hypothesis of no sexual dimorphism (SDI,gr = 0). See text and Table 1B for statistical details.
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