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Chapter 4

Comparison of Mediterranean and North

Atlantic populations using DEB models

Abstract

Loggerhead turtles that nest in the Mediterranean sea are geographically and geneti-
cally distinct from the North Atlantic (NA) other populations of loggerhead turtles. The
individuals belonging to the Mediterranean population, even though belonging to the
same species, are consistently (at birth, puberty, and ultimate size) smaller than their
conspecifics of the North Atlantic population. Because of their geographical and genetic
isolation, the smaller size could be a result of environmental and/or physiological char-
acteristics. The aim of this study was to study the morphological (size) and physiological
(metabolism, growth, reproduction) traits of the Mediterranean loggerhead turtles, and
to compare the studied traits with those of the North Atlantic loggerhead turtles.

The research and comparison were performed in two steps: First, an analysis of size
(length and weight) data of the individuals from the two populations was performed.
Information gained by this approach was limited to empirical observations, and gave
only limited insight into the possible drivers and mechanisms for observed size differ-
ences. Second, a mechanistic modeling approach was used to study the physiology of the
Mediterranean loggerhead turtles, and thus obtain insights into the possible metabolic re-
sponses of the Mediterranean loggerhead turtles to their environment. An energy model
based on the Dynamic Energy Budget (DEB) theory was developed for the Mediterranean
loggerhead turtle population, and was then compared to the previously developed DEB
model for the North Atlantic loggerhead turtle population.

Results suggest that the Mediterranean loggerhead turtles have physiologically adapted
to the higher salinity and lower food availability of the Mediterranean sea. The physio-
logical condition indices (expected to be smaller for the Mediterranean loggerhead turtles
due to lower food availability) are similar between the populations, but markedly dif-
ferent between life events (hatching and nesting) within a population. Parameter values
and model predictions specific to the Mediterranean population suggest faster growth
and earlier maturation at smaller sizes compared to their North Atlantic relatives. This is
consistent with the pattern that has been observed previously, but in this study is linked
to physiological adaptations, some of which are empirically very hard to detect, such as
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70 Comparison of Mediterranean and North Atlantic populations using DEB models

a relatively small increase in the energy required for somatic maintenance, and a rela-
tively large decrease in the energy investment required to reach puberty and maintain
that level of maturity.

In addition to gaining an insight into the Mediterranean population, we detect interesting
patterns related generally to growth of earlier life stages, and to growth and maturation
in a variable environment. Namely, the faster growth of posthatchlings compared to
older life stages is predicted extremely well by the model while allowing the somatic
maintenance rate ([pM]) and energy conductance (v) to be estimated specifically for the
posthatchling data. The somatic maintenance rate is generally related to maximum as-
similation rate ({pAm}), and all three parameters seem to have a higher value in the
posthatchling stage. Parameters [pM] and {pAm} have been related to the “waste to
hurry” strategy, i.e. maximizing growth at a higher energetic cost during the period of
food availability, a pattern which is in accordance with the ecology of the posthatchlings.
Parameter v regulates reserve mobilization and maximum reserve density, influencing on
how much energy can an individual store, and how long it can survive starvation. Addi-
tionally, using the same mechanistic model and simulating a drastic change in the food
availability, we obtain a pattern of biphasic growth consistent with polyphasic growth
patterns suggested by other authors.

4.1 Introduction

Compared to the North Atlantic, the Mediterranean Sea is a relatively small basin
(2.5 million km2 [150], compared to 106.5 million km2, NOAA-facts), and its only com-
munication with other sea basins is with the Atlantic Ocean via the narrow Strait of
Gibraltar. The main characteristics of the Mediterranean Sea are (adapted from Refs.
[136] and [263, 150, 133]):

• From an oceanographic point of view, it is an evaporation basin. The resulting dif-
ference in salinity and water deficit sustain permanent currents across the Strait of
Gibraltar: a strong incoming surface current, and a weaker subsurface countercur-
rent.

• Can be roughly divided into two basins, the western and the eastern, connected by
a shallow Sicily Channel and the narrow Messina Strait.

• The two basins have different hydrological conditions, the eastern being more saline
and warmer.

• Due to a lack of nutrients, the Mediterranean is an oligotrophic sea and one of the
less productive seas in the world.
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• The large number of species inhabiting different types of environments make it a
biodiversity hotspot.

The loggerhead turtles present in the Mediterranean sea have probably evolved from
the North Atlantic loggerhead turtles more than 10,000 years ago [136]. Currently they
are the most abundant sea turtle species in the Mediterranean, having evolved into local
populations, and are one of two sea turtle species that nest in the Mediterranean (the
green turtle is the other one, [236]). All sea turtles in the Mediterranean are listed as
endangered and are protected [238, 236].

Defining the protection measures, apart from identifying the most important pressures,
requires an in depth knowledge of the ecology (habitat types, distribution, feeding, nest-
ing, and migration areas), and the biology (physiology, maturation, growth, and repro-
duction) of the species. Integrating and combining the information published on the
subject of the loggerhead turtles, and using the knowledge from the laboratory and field
studies focusing on incubation or physiology, satellite tracking, tagging and monitoring
programs, rescue and rehabilitation centers, and rearing and reproduction programs,
provides an overwhelming pool of information. In addition to research specific to the
Mediterranean region, the physiological and biological characteristics of the Mediter-
ranean loggerheads can be elucidated from the information about other loggerhead turtle
populations, and even other species of sea turtles or reptiles.

Generally the life cycle of the Mediterranean loggerhead turtles is very similar to that of
their North Atlantic conspecifics.

The Mediterranean loggerhead turtles need between 14 to 28 years to reach sizes between
66.5-84.7 cm curved carapace length (CCL), signifying sexual maturity [39, 181, 136, 232].
Mating and nesting occurs primarily in the east Mediterranean, with major nesting sites
and rookeries in Greece, Cyprus and Turkey [136]. In general, sea turtles nesting in
Greece are larger (mean size 83.55 cm CCL or 78.52 cm straight carapace length, SCL)
and have on average larger clutches (>105 eggs/clutch), than those nesting in Cyprus,
Libya, Tunisia, and Turkey: mean size 76.44 cm CCL (72.36 cm SCL), and clutches of <100
eggs/clutch (all values from Refs. [136, 77]). With a remigration interval (a period
between two nesting seasons) of approximately 2 years [26], the females lay on average
1.8 to 2.2 clutches [26] of on average 100 to 200 eggs each [136, 77]. The incubation lasts
lasts 50-60 days (duration of incubation being inversely proportional to the incubation
temperature [61, 142, 223, 187]), and the sex of the embryos is determined by temperature
in the last third of the embryonic development [156, 265]. Generally hatchlings weigh
around 16 g with a carapace length of 4.2 cm, but the size of hatchlings can vary between
nesting areas [136].

The loggerheads from the Mediterranean and the North Atlantic belong to the same
species, but are genetically different [181, 31], and do not interbreed even when sharing



72 Comparison of Mediterranean and North Atlantic populations using DEB models

the same feeding grounds [32]. The individuals from the two populations are mor-
phologically similar, but the Mediterranean loggerheads are smaller than their North
Atlantic relatives [232, 136]. Nesting Mediterranean females are possibly also younger
than the North Atlantic ones [39, 181], and compared to that of the North Atlantic log-
gerheads, the reproduction output of the Mediterranean loggerhead includes shorter
remigration intervals [26, 88], fewer clutches per season [26, 88, 237], but more eggs per
clutch [136, 77, 232].

Size dimorphism was also noticed within other species from both sea basins [45, 93, 69].
The observed variability in size and reproductive output is probably a result of multiple
factors. In general, possible explanations include:

• environmental effects, where more favorable conditions (higher food abundance
and temperature) in the North Atlantic result in faster growth rates and larger sizes
(e.g. in Ref. [17, 45]), while energy limited environments such as the Mediterranean
reward earlier maturation at smaller sizes [232, 106];

• environmental conditions, where more favorable (constant) conditions (such as
those in the Mediterranean with smaller environmental oscillations) support a
longer reproduction season and more individuals (denser populations), resulting
in smaller individuals due to less resources per individual ([109], p297);

• the genetic differences cause different growth and maturation potentials [9];

• the ecological pressures such as long (trans-oceanic) migrations favor larger sizes,
or higher adult predation favor earlier reproduction at smaller size (references in
[232]);

• the adaptations in feeding behavior result in different ecological niches [45].

The smaller size of Mediterranean hatchlings can probably be attributed to the smaller
size of the eggs [69, 96, 232, 1], even though incubating conditions such as humidity,
salinity, and temperature of the sand, have also been correlated to the size of hatchlings
within a population [223, 69, 184, 79, 169, 24], but see [187, 96, 184, 176].

The complex interactions between different environmental and physiological factors re-
quire a systemic approach, and are particularly hard to study because of the large num-
ber of possible combinations. Furthermore, with large variability within and between dif-
ferent loggerhead turtle populations, the consistent pattern of the smaller sizes reported
for the Mediterranean populations of the loggerhead turtles ([136, 64], and Appendix I
in [232]), in combination with the observed faster growth compared to that of the North
Atlantic loggerhead turtles in the Mediterranean [181], make a very interesting puzzle.
An additional part of the puzzle is whether the difference in size and the reproduction
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output is also a difference in the general condition of the animal, with smaller sizes at
specific life stages being correlated to the poorer condition of the individuals. The an-
swer to the puzzle might be found by exploring some or all of the mentioned possible
explanations, and testing various combinations of the environmental and physiological
factors. Even when taking only two populations into account, the Mediterranean and
the North Atlantic, an experimental setup for a study of such a large scope includes a
number of logistic constraints (time, equipment, permits, statistically valid number of
replicates, finances, etc.). Valuable insights can also be obtained by simulating specific
scenarios and analyzing the individual responses using mechanistic models that combine
existing data and knowledge, which was done in this study.

The aim of this research was to study the Mediterranean loggerhead turtle population,
and to gain additional insights by comparing the Mediterranean and the North Atlantic
populations. The comparison was done using two approaches: (1) a static approach, by
taking a "snapshot” of the morphology and the physiological condition of the individuals
within the two populations, and (2) a dynamic approach, by developing and then using
an energy-budget based mechanistic model specific to the Mediterranean population.
Results of the model specific to the Mediterranean population were compared to the
results of the previously developed model for the North Atlantic population (Chapter 3).
The environmental characteristics of the two sea basins were taken into the account
for the comparison. By explicitly modeling the environmental factors, it was possible
to elucidate the environmental effects and possible causes of the observed differences
between the populations.

4.2 Methods

Data necessary for the analysis was obtained by a comprehensive literature search for
data specific for the Mediterranean population, and by contacting personnel in various
aquaria and research programs to obtain data from controlled rearing conditions. All
code was written and executed in Matlab R2011b.

4.2.1 The static approach - Analyzing the “snapshots” of size and phys-

iological condition of individuals from the two populations

Size and physiological condition at two life-history events (hatching and nesting) were
studied for individuals from the Mediterranean and North Atlantic basins. Size is mostly
described by weight and length, so data on weight and carapace length were of primary
interest. For the analysis of the size (length and weight) at hatching, data reported at the
moment of hatching (leaving the egg) was pooled together with the data reported for
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the moment of emergence (leaving the nest). This was justified as the length does not
significantly change between hatching and emergence, and the decrease in wet weight
can be explained by dehydration [8]. Pooling the data for analysis increased the sample
size, as length and/or weight were mostly reported at emergence for the field incubated
nests (e.g. [223]), and at hatching for the laboratory incubated nests (e.g. [187]).

The ratio of the weight and length, generally referred to as the “condition index” of the
individual, is often used as an indication of the physiological condition of the animal:
a larger condition index means that the animal is better fed, i.e. has more energy avail-
able for various processes. The Fulton’s condition index (K = W/L3, g/cm3) was used
to test whether the difference in size correlates with the difference in the physiological
condition. The Fulton’s condition index was originally developed for fish, but has al-
ready been applied to many species of vertebrates, including sea turtles (see [222] for an
overview), and has the advantage of not assuming a “standard” or “healthy” value that
e.g. relative mass indices assume [222]. The condition index was calculated on the basis
of the mean size and weight at hatching and at nesting for each population. The chosen
condition index is dependent on the choice of the length measurement [222], but using
only one measure of length (SCL) prevented potential measurement-induced bias from
affecting the analysis. The average egg sizes were also compared, because it may explain
a large part of the hatchling size variation [69, 96, 232, 1]. The “condition index” of the
egg, akin to the Fulton’s condition index, i.e. the ratio of the egg mass (in grams) and
egg diameter (in centimeters) was used for the comparison.

All data used for the comparison is listed in Tables 4.1 and 4.2. The data was either avail-
able as a dataset, or reported as a mean with a range and/or standard deviation (SD).
For the North Atlantic population available datasets consisted of 94 weight and length
data points for hatchlings at emergence (each data point was a mean of measurements of
10 hatchlings from one nest, unpublished data obtained from L. Stokes), and 214 length
data for nesting females, reconstructed from the plotted length-to-width relationship in
Refs. [54, 28]. Weights of the North Atlantic nesting females were calculated using the
allometric equation W = 0.000282 · SCL2.823 [244], which yielded values consistent with
the reported weight range [204]. For the Mediterranean population, substantially fewer
datasets were available. The data for wild populations was mostly reported as a mean
with a range and/or standard deviation. In addition, a previously unpublished dataset
was obtained from a rearing and reproduction program in Antibes (France) (courtesy
of S. Cateau). The dataset contained measurements of weight at hatching and weekly
weight increase up to the age of 2 years for 21 juveniles, and measurements of size and
weight of two females reproducing in captivity. This data cannot be analyzed as a part
of the wild Mediterranean population even though the adults were obtained and re-
produced in the Mediterranean. The captive reared individuals experience considerably
more favorable conditions than the turtles in the wild, and are therefore expected to have
a better condition index and produce heavier hatchlings [109]. Consequently, the data
from the reproduction program was analyzed separately.
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Different types and amounts of data hindered an advanced statistical comparison. How-
ever, it was possible to gain some insight into the size distribution by visually analyzing
the distribution of values. The datasets available from the North Atlantic population
were first analyzed by a Lilliefors (normality) test at 5% significance level, and then
plotted as normalized histogram and normality plots. Data from the Mediterranean
population was included in the histograms as individual data points. In addition, the
dataset for captive-reared Mediterranean hatchlings was analyzed by a Lilliefors test at
5% significance level as well, and then statistically compared to the analogous dataset
for North Atlantic hatchlings. All data was used to calculate average condition indices
for each life stage within a population.

4.2.2 The dynamic approach - Development and applications of the

Dynamic Energy Budget (DEB) model

4.2.2.1 Constructing a DEB model for the Mediterranean loggerhead turtle popula-

tion

Zero-variate data consisted of data points containing the life history traits (age and size
at hatching and puberty, maximum reproduction etc) of the wild Mediterranean logger-
head turtles. For length, straight carapace length (SCL) was preferred because of better
accuracy of the measurements [212] and also consistency with Chapter 3, but length at
puberty and ultimate length are reported also as curved carapace length (CCL) because
it is the measurement of choice in most published literature on the Mediterranean log-
gerhead turtles. Some data is explained in more detail, and all data is presented in
Table 4.3.

• Hatching, emergence, birth.
Hatching (leaving the egg), emergence (leaving the nest), and birth (starting to feed)
occur several days apart. Age at hatching (49.08 d for 30ºC incubation, [187]) was
used to calculate the age at birth (55.18 d) by adding the average time required for
emergence (4.1 d, [70]), and two additional days until the onset of feeding [115],
assuming that the time from hatching until birth is relatively constant within a
species. From an energetic perspective, birth is the most important event, as it
denotes the transition between the embryo (does not feed or reproduce) and juve-
nile (does feed but does not reproduce). Birth was considered to be determined
by a single maturity threshold, because separate maturity thresholds could not be
differentiated using the available data (see Table 3.4 in Chapter 3). No substantial
difference in length has been detected between hatching and birth [115]. Length
(Lb

SCL = 4.1 cm) and wet weight (Wb
w = 16.1 g) at birth were calculated as mean

values from Refs. [136, 187].
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• Puberty

Puberty (start of allocation to reproduction) was, as for the North Atlantic pop-
ulation, considered equivalent to the event of first nesting. Only estimates were
available for age at puberty because puberty is generally not observed directly. Es-
timates mostly depend on the length defined as the “length at puberty” and on the
method used for estimation, and are reported as a range from 14.9 to 28.5 yr (CCL of
66.5 to 84.7 cm, [39]), 24 yr (69 cm CCL, [181]), and 23.5 to 29.3 yr (80 cm CCL, [34]).
A value of 20 years was used as the “observed value”, but was given low weight
in the parameter estimation procedure [126] due to a large variability of estimated
values. The length at puberty (L

p
SCL = 64.2 cm) was calculated as the average of

the smallest females nesting in the Mediterranean region (Greece, Turkey, Cyprus,
Tunisia) [136, 77, 232]. Using sources that report only curved carapace length (CCL),
the length at puberty was Li

CCL = 69 cm [136, 77]. For wet weight data only one re-
port [77] was found for the nesting Mediterranean loggerhead turtles. The report
is for the population nesting in Greece, the average size of nesting females was
reported to be 80 cm CCL, and the range of weight values to be 52.5-87 kg. A lower
value of this range was used as wet weight at puberty.

• Maximum life span and ultimate size

The maximum life span was assumed to be relatively consistent within a species, so
the same value as for the North Atlantic population was used (65 yr, [78, 214]). The
ultimate length (Li

SCL = 87 cm) was calculated as the average of the largest females
nesting in the Mediterranean region (Greece, Turkey, Cyprus, Tunisia) [136, 77].
The ultimate length calculated from the sources that report length in CCL was
Li

CCL = 91 cm [136, 77]. The length of the largest nesting female has been reported
for Greece as 95 cm SCL [136], but the maximum length (the length that individuals
can reach under ad libitum food) was assumed to be consistent within a species, so
a value of 130 cm SCL [65] was used. Data for the maximum weight was equally
scarce as data for the weight at puberty. The value indicated as the higher end of
the range for loggerhead turtles nesting in Greece (87 kg, [77]) was used.

• Reproduction

The maximum reproduction was expressed as the number of eggs per day by taking
into account the 3 nests (clutches) per nesting season [26], 160 eggs per clutch
[136, 77, 232], and remigration interval of 2 years [26]: Ri = 3 × 160/(2 × 365) =
0.6575 #/d. The energy content of an egg was 170 kJ [88].

The conditions in the Mediterranean were simulated using an average sea surface tem-
perature of the eastern Mediterranean basin (TMed = 21◦C, [133]), because most of the
activities of the Mediterranean loggerhead turtles are concentrated in the eastern part of
the Mediterranean sea [136].
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Uni-variate data are data sets that include different types of data-pairs of dependent
and independent variables. Temperature vs. incubation duration (data from [187]) and
length vs. clutch size (data from [232]) data sets relate to the individuals from the wild.
Age vs.length, age vs.weight, and length vs.weight data sets were obtained from the
Marineland (Antibes) rearing program (courtesy of S. Cateau), and represent captive-
reared individuals. The data includes measurements of two loggerhead turtles that
hatched in 2010 and were measured until they were 4 years of age, and of twelve or
six (depending on the data set) loggerhead turtles that hatched in 2011 and were mea-
sured until they were 3 years of age. The food was assumed ad libitum, and the reported
temperature (22 - 26ºC) was explicitly included by modifying all rates to the specific
temperature (see section Model formulation).

In addition to the listed zero-variate and uni-variate data, the same pseudo-data as for
the North Atlantic population was also used (see the Section 2.2 of Chapter 3).

Model formulation The set of assumptions made during model formulation for the
North Atlantic population of loggerhead turtles (see the Section 2.1 of Chapter 3) were
assumed to hold for the Mediterranean population of loggerhead turtles as well. The
main assumption was that loggerhead turtles of the Mediterranean population follow
the standard DEB theory and that their life history traits and important processes can be
described well by the standard DEB model.

The mechanistic modeling was performed in two steps (Figure 4.1). In the first step, the
parameter set specific to the North Atlantic (NA) population of the loggerhead turtles
(parsNA), obtained in the Chapter 3, was used in the combination with the environmental
conditions ( f and T) assumed for the zero-variate Mediterranean data. In this step,
no parameter estimation was performed, i.e. the parameter values were fixed. The
first step effectively simulated the responses of the North Atlantic individuals to the
Mediterranean environment, predicting their life history traits (i.e. zero-variate data),
and growth and reproduction (uni-variate data).

The second step was analogous to the model formulation for the North Atlantic logger-
head turtles (see Figure 3.2 in Chapter 3). In the second step, new parameter values
(parsMed, specific to the Mediterranean population) were estimated using the covariation
method, and the parsNA parameters as initial parameter values.

.
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Figure 4.1: A scheme of the modeling process. In the first step, the model was used to obtain the set of
predictions while keeping the parameter values specific to the North Atlantic (NA) population (parsNA) and
simulating the environmental conditions specific to the Mediterranean sea ( fMed, TMed). In the second step,
the covariation method was used to estimate the parameter values specific to the Mediterranean population
(parsMed), and obtain the predictions for zero-variate (life history traits) and uni-variate (dependencies) type

of data.

Environmental conditions that most influence the energy budget (and consequently the
parameter estimates and model predictions) are temperature and food availability, that
were either known (for captive-reared individuals) or assumed (for individuals in the
wild). The rates predicted by the model (kref) are all predicted for a reference tempera-
ture (Tref = 273 K), and then corrected to the temperature of the data set (T) in Kelvin
using the Arrhenius temperature (TA) (equation 1.2 in [109]):

k(T) = kref exp(
TA

Tref
−

TA

T
). (4.1)

Food availability was included as the scaled functional food response ( f ). The scaled
functional response is a saturating function denoting the feeding rate as a fraction of
the maximum for an individual of the same size [109]. As an estimate for the scaled
functional response, the ratio of the ultimate length and the maximum length can be
used, so fMed = Lm/Li = 0.706.

As with the North Atlantic population (see the Section 2.1 in Chapter 3), an individual
turtle was characterized in the model by three state variables: structure (i.e structural
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length, L), reserve, E, and maturity, EH, and ordinary differential equations (ODEs) were
solved for changes in the state variables to obtain model predictions such as growth
curves and reproduction output. The DEB model specifies that the size at specific life
events (birth, puberty) can be different at different food levels if the maturity mainte-
nance rate coefficient (k J) and somatic maintenance rate coefficient (kM) differ. It was
assumed that the k J 6= kM condition might reproduce the observed size dimorphism
between the two (North Atlantic and Mediterranean) populations.

Conversion of the abstract DEB variables into measured (observed) data such as length
and weight, requires conversion parameters (see Table 3 in Chapter 3). Converting dif-
ferent measures of length required special attention because data included two types of
carapace measurements, straight (SCL) and curved (CCL). One could convert one mea-
surement into the other using a conversion formula, and over the course of time, many
different conversion formulae were developed (cf. [64, 215, 4, 13, 178, 234]). However, by
using a conversion formula, a set of implied assumptions must also be made [64, 137],
and the step of converting the structural length (estimated by the model) to CCL via
SCL, and vice versa, would introduce an unnecessary source of error. Instead, in ad-
dition to the shape coefficient parameter used to convert the structural length into SCL
(henceforth marked as δSCL), a shape coefficient parameter δCCL was introduced to convert
the predicted structural length into CCL:

LSCL = L/δSCL, LCCL = L/δCCL, (4.2)

The shape coefficients not only depend on shape, but also on the contribution of reserve
to length. The compound parameter ω was used to account for the contribution of
reserve to weight, i.e. to convert the model output to total weight:

W = L3(1 + f ω), (4.3)

where f is the scaled food availability. The weight of adult (female) loggerhead turtles
will also have a contribution from the reproduction buffer [94], but the contribution of
the reproduction buffer to weight was here not included because the reproduction, i.e.
egg production, was assumed continuous (calculated by the function reprod_rate.m of
the DEBtool package,[112]). The clutch size (for the relationship of the clutch size to the
carapace length of the nesting female) was calculated by calculating the reproduction
rate for a certain length, and then transforming the value by using the average length of
the remigration interval, number of clutches per season, and number of eggs per clutch.

After the predictions were obtained using the parameter set specific to the North Atlantic
population (parsNA) (step 1 in the Figure 4.1), the parameters were estimated for the
Mediterranean population (parsMed)(step 2 in the Figure 4.1). Out of the 19 parameters of
the standard DEB model for the North Atlantic population, five parameter values were
estimated specifically for the Mediterranean population: [pM], v, Eb

H, E
p
H, and ha, and the
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additional parameter δCCL. Parameters z, κ, TA, and δSCL were considered species-specific
and the values estimated for the NA population were used. Consequently, maximum
specific assimilation ({pAm} = z[pM]/κ) also differed between the populations. The
parameters defining the maturity thresholds (Eb

H, and E
p
H ) were initially considered

species-specific and their values were not estimated, but the observed size difference at
birth and puberty could not be reproduced.The values of these parameters were therefore
estimated as well.

The differences between the data and the model predictions obtained using the estimated
parameters were expressed as the relative error. The relative error, RE, was calculated in
the same way as in Chapter 3: by dividing the absolute value of the difference between
the value of the data point, data, and the value estimated by the model, prdData, by the
value of the data point: RE=|data-prdData|/data. For data sets with more than one data
point (uni-variate data), the relative error was calculated as the sum of relative errors for
each data point, divided by the number of datapoints. The mean relative error of all data
points and datasets (MRE) was then used to compute the FIT value as 10 × (1 − MRE),
and compare the goodness of fit to other DEB models in the "Add my pet” library [110].
The possible FIT values range from −∞ to 10 [127].

4.2.2.2 Simulating the biphasic growth with the change in food availability

Chaloupka [40] had suggested that the growth of pelagic North Atlantic loggerhead
turtles is polyphasic, with a few growth “spurts” during the life cycle. Casale et al.
[38] concluded that the growth of the Mediterranean loggerhead turtles encountered in
the Adriatic cannot be represented using a single von Bertalanffy growth curve, sug-
gesting a polyphasic growth [38]. By describing the growth of pelagic loggerhead turtles
(CCL< 30 cm) by one von Bertalanffy growth curve [37], and that of larger (CCL> 30 cm)
loggerhead turtles by another von Bertalanffy growth curve [38, 39], the authors had in-
directly assumed a biphasic growth.

In this study, a biphasic growth was assumed based on a drastic change in the envi-
ronmental factors (temperature, and food type and availability) that loggerheads turtles
experience during the ontogenetic habitat shift, i.e. recruitment to neritic habitats [23].
In this simplified scenario, the first phase would represent the oceanic juvenile life stage,
with the loggerheads feeding on nutrient-poor pelagic prey, and the second phase the
neritic juvenile (and adult) phase(s), with the loggerheads feeding on nutrient richer
food. The phases were characterized by temperature and food availability. The temper-
ature was assumed to be constant and (because the data available for validation [37, 39]
describes only individuals in the Adriatic) equal to that experienced by the wild Mediter-
ranean loggerhead turtles in the Adriatic sea (T = 20◦C, [133]). The food was assumed
to differ between phases: the scaled functional response ( f ) in the second phase was
assumed to be equal to that of the wild Mediterranean loggerheads ( f2 = 0.7), while the
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scaled functional response in the first phase was assumed to be half of that: f1 = f2/2.
Growth was assumed to be of the von Bertalanffy type during the periods of constant
food, with the difference in the food availability resulting in different length at birth,
asymptotic length, and the von Bertalanffy growth rate.

The length at birth has in Chapter 3 been overpredicted by 22%, explanations for which
were discussed in Section 4.2. To reduce the error introduced by the model prediction,
the observed physical length at hatching (practically equal to the length at birth, [8]) was
used to calculate the structural length at birth using the shape coefficient (Lb = δSCL4.1).

The switch between phases was assumed to be triggered by reaching a certain size
(length) at which the loggerhead turtles can move to the habitat with the food of bet-
ter quality. Length of 30 cm CCL, used previously as the upper [37] or lower [38, 34]
length for a certain growth phase, was used to calculate L′, the length triggering the
phase switch (L′ = δCCL30). The asymptotic length was marked as L1∞

and the von Berta-
lanffy growth rate as r1B for the initial (lower) food availability that resulted in the scaled
functional response f1, and as L2∞ and r2B for the later (higher) food availability that
resulted in the scaled functional response f2. The length at time t during the first phase
was then calculated as:

L(t) = L1∞
− (L1∞

− Lb)e
−r1Bt, Lb = L(0). (4.4)

The time t′, i.e. the age when the switch occurs was calculated as:

t′ =
1

r1B
ln

L1∞
− Lb

L1∞
− L′

,

which made it possible to calculate the length at time t in the second phase as:

L(t) = L2∞ − (L2∞ − L′)e−r2B(t−t′), L′ = L(t′). (4.5)

The model predictions were calculated using two parameter sets: parsNA and parsMed (see
the Section 4.2.2.1 for details). The von Bertalanffy growth rate was calculated using the
somatic maintenance rate coefficient, kM, and the energy investment ratio, g, as:

r∗B =
kM/3

1 + f∗/g
, (4.6)

and then corrected for the effect of temperature using the equation 4.1.

Two data sets were used to reconstruct the growth curve, i.e. validate the model predic-
tions for the growth of loggerhead turtles: (i) growth rates calculated by length-frequency
analysis (5 datapoints in [37]), and (ii) age-at-length estimated by skeletochronology (33
datapoints in [39]). The relative error and the value of FIT were calculated in the same
way as described in the section 4.2.2.1.
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4.2.2.3 Modeling posthatchling growth

Results of the data analysis for captive reared posthatchlings of the North Atlantic pop-
ulation (Chapter 3) suggested that posthatchlings grow faster than older life stages, pos-
sibly due to intrinsic reasons (see Discussion of Chapter 3). Posthatchling growth was
explored further in this chapter because the obtained data (unpublished, courtesy of S.
Cateau) included data for posthatchling growth under known and controlled conditions.
Because higher observed growth rates might be specific to the posthatchling stage, only
data for this life stage was used for parameter estimation. The previously analyzed data
(Chapter 3) for the ’NA’ population (unpublished, obtained from L. Stokes) consisted of
two data sets: one of individual weekly measurements until the turtles were 10 weeks
(64 days) of age, the other of individual weekly measurements taken until the turtles
were 13 weeks (85 days) of age. The data for the ’Med’ population consisted also of two
data sets: one data set of 3 measurements per individual taken until the turtles were ap-
proximately 8 weeks (55 days) of age, and the other of 12 measurements per individual
taken until the turtles were 13 weeks (65 days) of age. All data that had been collected
simultaneously within a population (i.e. when the posthatchlings were of the same age),
were pooled together and reported as mean values to reduce the scatter introduced by
inter-individual variability. For the ’NA’ population, this yielded thirteen tL, tW, and LW
data pairs for one dataset (length and weight values calculated as a mean of 40 samples),
and ten tL, tW, and LW data pairs for the other data set (length and weight values calcu-
lated as a mean of 435 samples). For the ’Med’ population, one data set yielded three tW
data pairs, and the other nine tW data pairs. Because only wet weight-at-age data was
available for the ’Med’ population, size-at-age estimates obtained by length-frequency
analysis for loggerhead turtles encountered in the Adriatic sea [37] were used to validate
the model estimations.

The experimental conditions, i.e. the temperature and food availability, were reported for
all data sets. The posthatchlings from the Mediterranean (’Med’) population experienced
temperature of 23.5ºC, and food was assumed ad libitum ( f = 1) because the turtles were
fed to maximize growth (S. Cateau, pers.comm.). The temperature experienced by the
North Atlantic (’NA’) posthatchlings was modeled to be a constant 27◦C, but the food
availability was modeled in more detail, to include the change in the feeding regime:
food had been provided daily as 20% of the posthatchling’s mass for the initial 15 days,
and 8% of the posthatchling’s mass for the remainder of the experiment [223]. It was
modeled as f = 1, and f = 0.9, respectively.

Growth was assumed to be of the von Bertalanffy type during the periods of constant
food, with the difference in the food availability resulting in different length at birth,
asymptotic length, and the von Bertalanffy growth rate. The observed physical length
at hatching (practically equal to the length at birth, [8]) was used to calculate the struc-
tural length at birth to reduce the error introduced by the model prediction (see Sec-
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tion 4.2.2.2). The physical length at hatching had not been reported for the captive-
reared posthatchlings, but due to the similarity in weight at hatching with the North
Atlantic hatchlings, a similar length as that reported for the North Atlantic hatchlings
was assumed. Consequently, structural length at birth for both populations was calcu-
lated using the shape coefficient and the average length at hatching of the North Atlantic
hatchlings (4.5 cm SCL, see Table 4.1) as Lb = δSCL4.5. The asymptotic length and the von
Bertalanffy growth rate, marked as L1∞

and r1B (respectively) for the higher food avail-
ability, and as L2∞ and r2B for the lower food availability were calculated independently
for each scaled functional response ( f1 and f2, respectively). The length at time t was
calculated using the equations 4.4 and 4.5, with the time at change in food availability
known (t′ = 15 d).

Most parameters were assumed species-specific, with the exception of those most directly
related to the metabolism. Metabolic rates of loggerhead hatchlings had been observed
to be several times higher than those of loggerhead juveniles (see Wallace and Jones
[247] for an overview of metabolic rates of sea turtles). The energy conductance (v) and
the maximum surface-area specific assimilation rate ({pAm}) control the reserve dynam-
ics, which fuels metabolism: v controls the mobilization of the reserve, whereas {pAm}
controls its buildup. The surface-area specific assimilation rate is a primary parameter,
which is fixed by the compound parameter, z, known as zoom factor: {pAm} = z[pM]/κ.
Assuming κ and z to be species-specific, we directly coupled {pAm} and [pM]. Param-
eters which were estimated specifically for the datasets were therefore [pM] and v, but
{pAm} was affected as well. Parameters [pM] and v were used to calculate the compound
parameters kM and g, and therefore, together with food availability ( f ) and temperature,
determined the growth rate (see equation 4.6).

The primary parameters estimated specifically for each population were marked as ’vNA’
and ’vMed’, and ’[pM]NA’ and ’[pM]Med’, and estimated simultaneously from all population-
specific data using the weighted sum of squared deviation between data and predictions
as estimation criterion. These estimates were obtained from guessed initial estimates
with DEBtool routine nmregr.m, which uses the Nelder-Mead simplex method to find
the parameter estimates. The relative error and the value of FIT were calculated in the
same way as described in the section 4.2.2.1.

4.3 Results

4.3.1 Analyzing the “snapshots” of the size and physiology of individ-

uals from the Mediterranean and North Atlantic populations

Results of the data analysis for eggs, hatchlings, and nesting females implied that the size
difference is present in all three compared instances (Tables 4.1 and 4.2). Data availability
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hindered a more in-depth statistical analysis, but a visual analysis of the Mediterranean
data in the context of North Atlantic data distributions was consistent with the reported
[232] size dimorphism between the individuals from the Mediterranean (’Med’) and the
North Atlantic (’NA’) populations, with the difference being more pronounced at the
later life stage event (nesting).

For the size at hatching, all three datasets that were tested for normality (length and
weight at hatching for the ’NA’ population, and weight at hatching for the captive-
reared loggerheads reared in the Mediterranean), rejected the null hypothesis of the
samples coming from a normal distribution (p > 0.05). Histograms and normality plots
(Figure 4.2, panels a and b) suggested a few outliers with larger sizes, skewing the
distribution that otherwise resembled the normal one. The (non-parametric) Wilcoxon
rank sum test at a 5% significance level (p < 0.05) rejected the null hypothesis that
the weight samples of ’NA’ hatchlings and captive-reared hatchlings are independent
samples from the same distribution (p = 0.1148). Captive-reared hatchlings were heavier
than the wild (’NA’ and ’Med’) hatchlings (Figure 4.2, panel b), which is consistent with
the maternal effect, as implemented in the standard DEB model. The skewed distribution
towards larger hatchlings, i.e. the lack of outliers on the low end of the distribution range,
implied that a critical minimum, but not a maximum exists for size at hatching.

For the size at nesting, the distribution of length and weight of ’NA’ loggerhead turtles
was statistically not different (Lilliefors test, p < 0.05) from a normal distribution (Fig-
ure 4.3, panels a and b). The reported mean values for length and weight of the ’Med’
nesting loggerhead turtles were smaller than the mean of the ’NA’ loggerhead turtles
(Table 4.2). The reported minimum and maximum values suggested generally smaller
sizes at nesting, but we need to assume a normal distribution of nesting ’Med’ logger-
head turtle sizes as well. On one hand, the lengths of two females from the reproduction
program were within the observed range for ’Med’ loggerhead turtles, and were at the
lower end (80 cm SCL for one turtle) or below (70 cm SCL for the other turtle) of the range
reported for ’NA’ nesting females (Figure 4.2, panel a), suggesting that the females grew
up in the Mediterranean sea. The weights of the two females, on the other hand, were
above the Mediterranean range, and were close to the median values of the ’NA’ weight
distribution (Figure 4.3, panel b). The length of the females had not markedly changed
in the four years that the length had been measured, and the weight during that period
had been oscillating (unpublished data from S. Cateau). It can therefore be assumed
that both females had reached the asymptotic (ultimate) length. The observed weight,
but not length oscillations are consistent with a DEB-based interpretation. Length is di-
rectly related to the size of structure in DEB terms (via equation 4.2), and is expected
not to decrease unless under the conditions of prolonged starvation [109]. Weight has
contribution from both structure and reserve ([109], also see eq. 4.3), and can oscillate
depending on the food availability, reproduction cycle, etc [109, 94]. The relatively small
size of females in the reproduction program has two possible explanations: (i) The fe-
males experienced low food availability before they reached ultimate length, resulting in
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the small asymptotic (i.e. ultimate) length (Li = f L∞). (ii) Their ultimate length is the
result of the smaller genetically determined growth potential, implying that the females
are of the Mediterranean origin.

The calculated condition indices suggested that the differences between life stages were
markedly larger than the differences between the populations (Tables 4.1 and 4.2). The
condition indices were higher at hatching than at nesting: the condition index of the
hatchlings was 0.2140 for the North Atlantic individuals, and 0.2385 for the Mediter-
ranean individuals, whereas the condition index of the nesting adults was 0.1413 for the
North Atlantic individuals, and 0.1544 for the Mediterranean individuals. We refrained
from directly comparing the condition indices at certain life stages (e.g. the condition
index of the North Atlantic hatchlings to that of the Mediterranean hatchlings) because
the condition index calculated using just the mean size and mean weight of the each
population could not account for the interindividual variability. A more advanced anal-
ysis would require raw data for which individual condition indices could be calculated.
The egg “condition index” was also similar between the two populations (0.5340 for the
North Atlantic eggs, and 0.5578 for the Mediterranean eggs), suggesting that the ratio of
the weight and cubed diameter of the egg has an evolutionary constraint.

The condition indices of the two females in the reproduction program suggested a large
inter-individual variation (0.1959 and 0.2525), and was relatively low considering the
high food availability of the reproduction program. As noted, weight has been oscillat-
ing during the four years that the measurements have been taken, and a larger weight
than the one used in the analysis has been recorded at occasions. A possible explanation
of the weight reduction is the event of reproduction, however this explanation is not
very likely because the weight oscillations have been recorded in the same year for both
females whereas the reproduction events were a year apart (unpublished data obtained
from S. Cateau). Additionally, the measurements have been taken in December, while
the reproduction events usually take place from April until June (S. Cateau, pers.comm.).
Other possible explanations include water retention (K. Gobic Medica, pers.comm.), a de-
crease in the food availability, illness (causing a weight reduction), etc. The difference
in the condition indices of two females kept in the same rearing facility (i.e. under con-
trolled conditions), even if unexplained, does highlight the need for a statistically more
comprehensive analysis of the hatchlings and nesting females of each of the two stud-
ied populations that would include the standard deviations of the calculated condition
indices.

.
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Table 4.1: Overview of the data used in the analysis, and the calculated condition indices at hatching
calculated for the mean values on a population level. To avoid biases introduced by the choice of length
measurement, only straight carapace length (SCL) measurements were used. Length is expressed in cen-
timeters, and weight as wet mass in grams. The range (minimum and maximum) and/or the standard
deviation (SD) of the sample is given in the brackets where the information was available. The mean (in
bold font) was calculated as the average value of all available values (or means) reported for a population.
Data from the reproduction program is included as a separate group, with SCL at hatching unknown.
Data sources are indicated next to each data set, and the number of data points (N) is provided in the table

footer where the information was available.

Population Length (SCL) (cm) Weight (g) Condition index
North Atlantic Egg size egg diameter (cm) 39.4 (SD 3.8) [232]

4.25 (SD 0.14) [232] 42.58 (SD 1.78) [1]
mean 4.25 40.99 (0.5340)
Hatching 4.53 (SD 0.20) 19.42 (SD 2.31)

(4.17-5.23) [§] (14.9-29.47) [§]
4.6 (SD 0.11) 19.8 (SD 1.33)

(4.3-4.6) [185] (15.3-22.4) [185]
22.08 (SD 1.49) [1]

mean 4.57 20.43 0.2140
Mediterranean Egg size egg diameter (cm) 27.6 (SD 3.1) [232]

3.76 (SD 0.142)) [232] 30.48(SD 1.62) [187]
30.21 (SD 1.65) [187]
30.31 (SD 1.79) [187]

mean 3.76 29.65 (0.5578)
Hatching 4.29 (SD 0.09) [187](a) 16.74 (SD 0.82) [187](a)

4.24 (SD 0.10) [187](a) 16.72 (SD 1.02) [187](a)

4.22 (SD 0.10) [187](a) 16.59 (SD 0.90) [187](a)

4.04 (SD 0.7) [136](a) 15.30 (9.4, 21.4) [136](b)

4.0 (2.49, 4.93) [136](b) 16.30 (12, 21.5) [136](b)

4.1 (3.6, 4.5) [136](b)

3.98 (2.8, 4.5) [136](c)

3.91 (3.6, 4.2) [136](c)

mean 4.1 (4.14)(a-b) 16.33 0.2385 (0.2301)(a-b)

Mediterranean Hatching 21.02 (SD 5.80)
reprod. program
[§§] (16.7, 37.5)

Data sources for North Atlantic: Tiwari and Bjorndal [232], egg size: N = 48; Ackerman [1], egg size:
N = 45, hatchling size: N = 41; [§] Stokes (unpublished.data), N = 94 for length, and N = 94 wet weight
data; Reich et al. [185], N = 120 for length and N = 120 for weight,
Data sources for Mediterranean: Tiwari and Bjorndal [232],egg size: N = 23; Reid et al. [187], N = 10 for
each SCL data group, and for each wet weight data group; Margaritoulis et al. [136], overview of
published data on the Mediterranean population of loggerhead turtles; [§§] unpublished data obtained
from S. Cateu, reproduction program in Marineland (Antibes)
Data for loggerhead turtles in: (a)Greece; (b)Cyprus; (c)Turkey
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Table 4.2: Overview of the data used in the analysis, and the calculated condition indices at nesting
calculated for the mean values on a population level. To avoid biases introduced by the choice of length
measurement, only straight carapace length (SCL) measurements were used. Length is expressed in cen-
timeters, and weight as wet mass in kilograms. The range (minimum and maximum) and/or the standard
deviation (SD) of the sample is given in the brackets where the information was available. The mean (in
bold font) was calculated as the average value of all available values (or means) reported for a population.
Data from the reproduction program is included as a separate group, with SCL at hatching unknown.
Data sources are indicated next to each data set, and the number of data points (N) is provided in the table

footer where the information was available.

Population Length (SCL) (cm) Weight (kg) Condition index
North Atlantic Nesting 90.9 (SD 5.0) 103.95 (SD 17.21)

(76.801-100.276) [232] (63.9-152.44) [†]
92.01 (SD 5.34) 118.2 (SD 17.5)
(78.89-104.47) [54]* (89.70-170.90) [54]
90.9 (SD 4.9) 116.3 (SD 17.1)

(82-103) [54] (71.70-148.90) [54]
92.3 (SD 5.6) 114.7 (SD 20.3)

(81-110) [54] (79.60-180.70) [54]
94.73 (SD 5.29)
(80.72-107.34) [28]*
94.3 (SD 5.5)
(83.8-106.7) [28]

95.1 (SD 4.8)
(80.7-107.4) [28]

mean 92.89 113.29 0.1413

Mediterranean Nesting 79.43(SD 4.4) 67.26 (52.5, 87.00)[77](a)

(74.308, 84.37) [232](a)

78.45 (63.5, 87.0) [136](a)

78.85 (66, 95.00) [136](a)

78.75 (68.5, 90.00) [136](a)

73.1 (60.2, 83.90) [136](c)

73.2 (66, 87.50) [136](c)

72 (58, 87.00) [136](c)

78.7 (62.3, 83.20) [136](d)

mean 75.81 (78.68)(a) 67.26 0.1544 (0.1381)(a)

Mediterranean Nesting 80 100.3 0.1959
reprod. program
[++] 70 86.6 0.2525

Data sources for North Atlantic: Tiwari and Bjorndal [232], nesting females: N = 51; Ehrhart and Yoder
[54]: *values for SCL digitalized from Figure3, N = 102; other values from Table1: for SCL N = 84, and
N = 110, and for weight N = 47, N = 93, and N = 121. textitByrd et al. [28]: *values for SCL digitalized
from Figure3, N = 112; other values from Table1 for SCL N = 41, and N = 84 ; [†] The weight was
calculated from data in Ehrhart and Yoder [54] and Byrd et al. [28] using the allometric equation from
Wabnitz and Pauly [244], N = 214;
Data sources for Mediterranean: Tiwari and Bjorndal [232], nesting females: N = 14 (Greece);
Groombridge [77]; Margaritoulis et al. [136], overview of published data on the Mediterranean population of
loggerhead turtles; [++] unpublished data obtained from S. Cateu, reproduction program in Marineland
(Antibes)
(a) Data for loggerhead turtles nesting in Greece; (b) Data for loggerhead turtles nesting in Cyprus; (c) Data
for loggerhead turtles nesting in Turkey; (d) Data for loggerhead turtles nesting in Libya;
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Figure 4.2: Results of the morphological size comparison: the distribution and measurements of length
(panel a) and weight (panel b) at hatching. The data for the North Atlantic population is presented as
histogram and normality plots. The data for the Mediterranean population is included in the histogram
plots as individual data points, with the type of data (mean from a sample, or an individual measure-
ment) taken into account by adjusting the ”visual weight” of data: the height of the plotted data point
corresponds to 1/2 (if point represents the sample mean) or 1/4 (if the point is an individual data point)
of the height of the highest histogram bar in that plot. To account for the difference between the Mediter-
ranean subpopulations and also to identify the individuals from rearing facilities, data for hatchlings are

plotted with different symbols.
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Figure 4.3: Results of the morphological size comparison: the distribution and measurements of length
(panel a) and weight (panel b) at nesting. The data for the North Atlantic population is presented as his-
togram and normality plots. The data for the Mediterranean population is included in the histogram plots
as individual data points, with the type of data (mean from a sample, or an individual measurement) taken
into account by adjusting the ”visual weight” of data: the height of the plotted data point corresponds to
1/2 (if point represents the sample mean) or 1/4 (if the point is an individual data point) of the height of
the highest histogram bar in that plot. To account for the difference between the subpopulations nesting
in Greece and those nesting in Turkey, Libya and Cyprus, and also to identify the individuals from rearing

facilities, the points are plotted with different symbols.
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4.3.2 DEB model

Model predictions were first obtained using the parameter set specific to the North At-
lantic population, ’parsNA’, and then using the parameter set specific to the Mediter-
ranean population, ’parsMed’. Initially, individuals were assumed to experience a lower
food availability in the Mediterranean sea than in the North Atlantic [130, 171, 263],
resulting in a lower scaled functional response: fMed < fNA. The analysis of the physio-
logical indices suggested however a similar condition index of the individuals belonging
to the two populations (see Section 4.3.1). To account for the possibility of the individ-
uals having the same scaled functional response, both scaled functional responses were
simulated in each step. In total, four scenarios were tested:

• 1.1 ’parsNA + fMed’: parameter set estimated for the North Atlantic population and
the assumed scaled functional response of 0.71

• 1.2 ’parsNA + fNA’:parameter set estimated for the North Atlantic population and the
assumed scaled functional response of 0.81

• 2.1 ’parsMed + fMed’: parameter set estimated for the Mediterranean population and
the assumed scaled functional response of 0.71

• 2.2 ’parsMed + fNA’: parameter set estimated for the Mediterranean population and
the assumed scaled functional response of 0.81

Model predictions with the parameter set specific to the North Atlantic population:

Scenarios 1.1 and 1.2 The calculated mean relative error of all predictions was similar in
both scenarios: 0.2190 (FIT=7.8164) in scenario 1.1 (’parsNA + fMed’), and 0.2308 (FIT=7.69)
in scenario 1.2 (’parsNA + fNA’).

Model predictions for zero-variate data differed between scenarios 1.1 (’parsNA + fMed’)
and 1.2 (’parsNA + fNA’) because the predictions for life history traits, such as size and
reproduction, strongly depend on the assumed food availability [109]. Zero-variate data
predictions for scenario 1.1 are presented in Table 4.3. Scenario 1.2 yielded the same
zero-variate data predictions that were obtained as the model estimations for the North
Atlantic population and can be found in the Table 4 of Chapter 3. Mean relative error
of the zero-variate data was 0.1695 for scenario 1.1, and 0.2077 for scenario 1.2. Com-
pared to the observations, predictions for the lower food level (scenario 1.1) suggested
approximately 35% larger size (length and weight), 20% larger length at puberty, 7%
larger weight at puberty, 4% smaller ultimate length, 15% smaller ultimate weight, and
64% smaller maximum reproduction rate. The age at puberty was predicted to be close
(19.8 years) to the value taken as the observed age at puberty (20 years). Predictions for
the higher food level (scenario 1.2) were also 36% larger for the length at birth, and 20%
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larger for the length at puberty, but the weight at birth was now overpredicted by 46%
and the weight at puberty by 19%. The ultimate size was overpredicted by 10% (length)
and 38% (weight), and the maximum reproduction rate by 30%. The prediction for the
age at puberty (13.20 years) was lower than the value used as “observed” data.

Model predictions for uni-variate data were mostly lower than the observed data (Figures
4.5, 4.6, and 4.7, with predictions of the 1.1 scenario plotted as dashed gray lines). When
comparing the two scenarios (1.1 and 1.2), predictions did not differ for the captive-
reared individuals, because the food availability for that data was in both cases assumed
ad libitum. The mean relative errors of uni-variate data were similar (0.2467 for scenario
1.1 and 0.2437 for scenario 1.2).

Table 4.3: Comparison between observations and model predictions, for the scenarios marked as 1.1
(parameter set estimated for the North Atlantic population and the assumed scaled functional response
of 0.71), and 2.1 (parameter set estimated for the Mediterranean population and the assumed scaled func-
tional response of 0.71). The relative errors (column 5) were calculated for the predictions in the scenario

2.1. Temperature was assumed constant with T = 21◦ C [133].

Data
Predicted
(scenario
1.1)

Predicted
(scenario
2.1)

Ob-
served

Relative
error

Observed,
range

Unit Reference

age at hatching 49.55 48.45 49.08 0.0128 45.8-55.8 d [187]

age at birth 57.79 56.53 55.18 0.0245
2-3 d after
emergence

d [70][§]

age at puberty 19.79 11.67 20.00 0.4167 14-28 yrs [39, 181]
life span 66.40 61.51 67.00 0.0090 65+ yrs [215, 78]
SCL at birth 5.563 5.56 4.10 0.3560 2.5-4.9 cm [187, 136]
SCL at puberty 77.11 66.03 64.20 0.0285 55-69 cm [136, 77, 232]
CCL at puberty 83.21 71.25 69.00 0.0326 60-78 cm [136]
ultimate SCL 83.57 83.57 87.00 0.0394 77-91 cm [136, 77, 232]
ultimate CCL 90.19 90.19 91.00 0.0089 85-99 cm [136]
wet weight at birth 21.7 21.77 16.10 0.3523 9.4-21.5 g [136]
wet weight at
puberty

36.47 57.78 52.00 0.2986 52.5 kg [77]

ultimate wet
weight

73.96 73.57 87.00 0.1499 87 kg [77]

initial energy
content of the egg

197.75 197.93 170.00 0.1643 165-260 kJ [88]

maximum repro-
duction rate

0.2389 0.5867 0.6575 0.1077
0.3452-
0.8630

eggs/
day

[136, 77, 232]

[§] unpubl. data obtained from L. Stokes
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Estimating the parameters for the Mediterranean population: Scenarios 2.1 and 2.2.

The parameters [pM], v, Eb
H, E

p
H, and ha were first estimated assuming the lower food

availability (scenario 2.1, ’parsMed + fMed’), and the estimated parameters are presented in
Table 4.4. The main differences in the values were for the following three primary param-
eters: volume-specific somatic maintenance ([pM]), energy conductance (v), and maturity
at puberty (Ep

H). The estimated value of the somatic maintenance rate (13.65 J/d.cm3) was
higher than the value for NA (13.25 J/d.cm3), the estimated value of the energy conduc-
tance (v) was slightly higher (0.0723 cm/d compared to 0.0708 cm/d), and the maturity
at puberty (Ep

H) was lower (5.713e + 07 J compared to 8.73e + 07 J) (Table 4.4). The esti-
mated value for the maturity at birth parameter (Eb

H), which was expected to differ in
the same way between populations, was the same as the value estimated for the North
Atlantic population, suggesting it was not defined well by the data as the maturity level
at puberty was. The model predictions obtained in this scenario (’parsMed + fMed’) had the
best fit to the observed data (mean relative error 0.1909; FIT=8.1) and are presented in
Table 4.3 (columns 2 and 4) and Figures 4.4, 4.5, 4.6, and 4.7. These model predictions
will be discussed later in more detail.

Next, the scenario 2.2 (’parsMed + fNA’) was tested. The parameters were again estimated
using the Mediterranean data, and the obtained parameter values were close to those of
the North Atlantic population (v = 0.07225 cm/d, [pM] = 13.89 J/d.cm3, Eb

H = 3.81e +
04 J, E

p
H = 1.241e + 08 J; see column 3 of Table 4.4 for comparison). Most zero-variate

predictions were larger than observed, the reproduction rate by as much as a factor of
two (1.054 egg/day). The age at hatching and age at birth were close to the values
observed in nature, and the age at puberty was underpredicted. The mean relative error
of all predictions was 0.2233 (FIT=7.77), with the mean relative error of zero-variate
predictions being 0.2347, and the mean relative error of uni-variate predictions being
0.2170. Some uni-variate predictions (for datasets tL and tW) had a relative error close
to 1.

Finally, the parameter f was allowed to be estimated together with other parameters
that were estimated for the Mediterranean population. The value of around 0.72 was ob-
tained ( f = 0.7228), with values of parameters [pM], E

p
H, and v being very similar to that

estimated in scenario 2.1 ([pM] = 13.72 J/d.cm3, E
p
H = 5.953e + 07 J, v = 0.07907 cm/d;

see column 2 of Table 4.4 for comparison).

Model predictions with the parameter set specific to the Mediterranean population:

Scenario 2.1. All predictions of the model for zero-variate data were realistic (Table 4.3,
columns 2 and 6). Predictions for length and weight at birth, and for the initial energy of
an egg would probably be improved by adjusting the maturity at birth (parameter Eb

H)
which was poorly defined by data. The predicted length at puberty was very close (4%
larger) to the average of minimum nesting sizes reported for Mediterranean loggerhead
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turtles [77, 136]. The average of minimum nesting sizes (used as the “observed data”)
was influenced by the proportion of values reported for different subpopulations of the

Table 4.4: List of primary and auxiliary parameters estimated for the loggerhead turtle (Caretta caretta)
of the Mediterranean population. The shape coefficient δSCL was used to convert the predicted structural
length into straight carapace length (SCL), as was done for the North Atlantic population. The additional
shape coefficient δCCL was used to convert the predicted structural length into curved carapace length (CCL)
for the Mediterranean population, and into an unspecified length measurement for the North Atlantic
population, therefore the parameter values cannot be directly compared between populations. Parameters
estimated in the previous chapter for the North Atlantic population are listed in column two as C. caretta
’parsNA’. Parameters for two other sea turtles in the "Add my pet" library are given for comparison: Kemp’s
ridley (Lepidochelys kempii, [179]), and leatherback turtle (Dermochelys coriacea, [105]). Typical values for a

generalized animal with maximum length Lm = zL
re f
m (for a dimensionless zoom factor z and L

re f
m =

1 cm), were taken from Lika et al. [126] and Kooijman [109], Table 8.1, p300. All rates are given for the
reference temperature of 20◦ C. Parameters for the Mediterranean population (’parsMed’) were estimated
while assuming fMed = 0.71. Not all parameters were estimated for the Mediterranean population - the
estimated parameters are indicated with a number ’1’ in the estimated (Est) column and presented in bold

font.

Parameter
Est.

C. caretta,
’parsMed’

C. caretta,
’parsNA’

L. kempii D. coriacea
Typical value
(gen. animal)

Unit

z 0 44.32 44.32 25.02 51.57 Lm/L
re f
m -

{Fm} 0 6.5 6.5 6.5 6.5 6.5 l/d.cm2

κX 0 0.8 0.8 0.8 0.206503 0.8 -
κP

X 0 0.1 0.1 0.1 0.2 0.1 -
v 1 0.072288 0.07084 0.0424059 0.0865079 0.02 cm/d
κ 0 0.6481 0.6481 0.692924 0.916651 0.8 -
κR 0 0.95 0.95 0.95 0.95 0.95 -
[pM] 1 13.65 13.25 20.1739 21.178 18 J/d.cm3

k J 0 0.002 0.002 0.002 0.002 0.002 1/d
[EG] 0 7847 7847 7840.77 7843.18 2800dV J/cm3

Eb
H 1 3.809e+04 3.809e+004 1.324e+04 7.550e+03 0.275 z3 J

E
p
H 1 5.713e+07 8.73e+007 3.6476e+07 8.2515e+07 166 z3 J

ha 1 1.44e-10 1.85e-010 1.42057e-09 1.93879e-09 10−6z 1/d2

sG 0 0.0001 0.0001 0.0001 0.01 -
Tre f 0 293.15 293.15 293.15 293.15 293.15 K
TA 0 7000 7000 8000 8000 8000 K
δSCL 0 0.3744 0.3744 0.3629 0.3397 >0 -
δCL 1 0.3470a 0.347a - - - -
dV = dE 0 0.28b 0.28 b 0.3 0.3 0.3 -
{pAm} 0 933.1c 906.1c 728.426 1191.41 22.5 z J/d.cm2

a Shape coefficients cannot be directly compared because they do not convert the same carapace length:
for the Mediterranean population the curved carapace length has been reported, whereas for the North
Atlantic population the type of length measurement has not been reported.
b Value from Kraemer and Bennett [115].
c Primary parameter calculated from the primary parameters κ and [pM] and the compound parameter z
as {pAm} = z[pM]/κ.
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Mediterranean loggerheads. The Greek subpopulation comprises the largest propor-
tion of the Mediterranean population [136], but almost half of the available data related
to other subpopulations (see Table 4.2). Females start nesting in Libya and Cyprus at
smaller sizes than in Greece [77, 136], lowering the average minimum nesting size. The
predictions for age at puberty being lower than data used as “observed values” suggests
that, if the loggerhead turtles experience relatively constant conditions throughout their
life, they start allocating to reproduction several years prior to the age estimated as age at
puberty. This is consistent with the results for the North Atlantic population (Chapter 3).

The model reproduced growth in length, and length to weight relationship of captive-
reared juveniles well (Figure 4.6), and growth in weight was reproduced reasonably well
(Figure 4.5, and panel a in Figure 4.7). Individuals kept at very similar conditions had
exhibited markedly different growth patterns (for example, see Figure 4.5 panel c, and
Figure 4.6 panel b), and the relative error for those datasets contributed substantially to
the overall mean relative error. The clutch size as a function of carapace length (Figure 4.7
panel b) was predicted satisfactory in terms of the relative error 0.0842), and the trend
(slope) of the prediction could be adjusted by considering ecological implications such
as the optimal clutch size. Incubation duration as a function of temperature (Figure 4.7
panel c) was predicted reasonably well. The prediction for the incubation duration would
probably be improved by adjusting the maturity at birth and initial energy of an egg.

Figure 4.4: Incubation duration as a function of incubation temperature - data and model predictions.
The predictions obtained using the parameters specific to the Mediterranean population (parsMed, column
2 of Table 4.4) are shown as full lines, and the predictions obtained using the parameters specific to the
North Atlantic population (parsNA, column 3 of Table 4.4) are shown as dashed gray lines. The scaled

functional response was assumed to be 0.71. Data from Reid et al. [187].
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Figure 4.5: Comparison between observations and model predictions for the age to weight relationship of
the captive reared posthatchlings and juveniles. Food was assumed ad libitum and the temperature differed
between data sets (see Appendix A for more details). The predictions obtained using the parameters
specific to the Mediterranean population (parsMed, column 2 of Table 4.4) are shown as full lines, and the
predictions obtained using the parameters specific to the North Atlantic population (parsNA, column 3 of

Table 4.4) are shown as dashed gray lines. Datasets are plotted separately for better readability.
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Figure 4.6: Comparison between observations and model predictions for the age to length (panels a
and b), and length to weight (panel c) relationships of the captive reared posthatchlings and juveniles.
Food was assumed ad libitum and the temperature differed between data sets (see Appendix A for more
details). The predictions obtained using the parameters specific to the Mediterranean population (parsMed,
column 2 of Table 4.4) are shown as full lines, and the predictions obtained using the parameters specific
to the North Atlantic population (parsNA, column 3 of Table 4.4) are shown as dashed gray lines. The

symbols for data correspond to those in Figure 4.5.
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Figure 4.7: Clutch size as a function of carapace length. The scaled functional response was assumed
to be 0.71, and temperature to be TMed = 21◦ C, [133]. The predictions obtained using the parameters
specific to the Mediterranean population (parsMed, column 2 of Table 4.4) are shown as full lines, and the
predictions obtained using the parameters specific to the North Atlantic population (parsNA, column 3 of

Table 4.4) are shown as dashed gray lines.

4.3.3 Simulating biphasic growth with a change in food availability

The change in food availability was modeled as f1 = f2/2, and f2 = 0.71, while keeping
the values of all other parameters constant, reproduced the pattern of biphasic growth
and well described the length-at-age data for the Mediterranean loggerhead turtles in
the Adriatic (Figure 4.8). Predictions calculated with the parameter values specific to
the Mediterranean population (parsMed) had a marginally smaller mean relative error
(MRE = 0.1630) and hence a higher value of FIT (8.37) than the predictions calculated
with the parameter values specific to the North Atlantic population (parsNA) (MRE =
0.1671, FIT= 8.33). The von Bertalanffy growth rate (at reference temperature, Tref =
273 K and calculated using the parsMed parameters) in the first nutrient poor (“oceanic”)
phase (equation 4.4) was 6.36e−4 d−1 , and in the second, nutrient richer (“neritic”) phase
(equation 4.5), it was lower: 4.73e−4 d−1. Very similar growth patterns were observed and
successfully reproduced by a DEB model for other organisms experiencing periods of
two different (constant) food densities (cf. Figures 4.2 and 6.3 in Ref. [109]), with slightly
smoother transitions between two parts of the growth curves due to reserve dynamics
that smooth out the changes in environmental food availability. The "smoothing out”
would probably not be visible for the growth curves of loggerhead turtles because of a
very large time scale and therefore low resolution of data and plotted predictions.

.
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Figure 4.8: The model predictions for the growth of the Mediterranean loggerhead turtles experiencing
a change in the food availabilities during their life cycle. Food availability in the first part (oceanic phase)
was assumed to be lower than that of the second part (neritic phase), with the relationship between two
scaled functional responses being f1 = f2/2. The predictions calculated using the parameter values specific
to the Mediterranean population (parsMed) are shown with full lines, and the predictions calculated using
the parameter values specific to the North Atlantic population (parsNA) are shown with dashed lines
(for parameter values see Table 4.4). The dotted line represents the classic von Bertalanffy growth curve
obtained assuming the constant food availability and using the parsMed parameters. Data taken from

Refs. [39] and [37].

4.3.4 Posthatchling growth

The model predictions described the first 10 to 13 weeks of growth for the North At-
lantic and Mediterranean captive reared posthatchlings well (Figure 4.9). The overall
goodness of fit was extremely high, with the value of FIT=9.1. Somatic maintenance rate
([pM]), energy conductance (v), and maximum assimilation rate({pAm}) had a higher
value than when the parameters were estimated using data for all life stages (cf. Ta-
ble 4.4), and all three were larger for the Mediterranean posthatchlings than for the
North Atlantic posthatchlings (Table 4.5). When calculated for the same (reference) tem-
perature Tref and f = 1, the von Bertalanffy growth rate of the posthatchlings reared
in the Mediterranean was higher than that of the posthatchlings from North Atlantic:
rBMed = 3.88e−4 d−1, and rBNA = 3.09e−4 d−1. After correcting all rates for the temperature
present in the rearing facilities, the von Bertalanffy growth rates, as well as observed and
calculated absolute growth rates, were similar (Table 4.5). The contribution of reserve to
weight (ω), a compound parameter used to calculate the wet mass (equation 4.3), had a
similar value for both populations (Table 4.5) which is an interesting result in the context
of similar condition indices of hatchlings obtained in the Section 4.3.1 (Table 4.1).

.
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Table 4.5: Estimated primary parameters v and [pM] (with standard deviations in brackets) for the North
Atlantic and the Mediterranean captive reared posthatchlings. The values of compound parameters kM,
g, and ω are listed as well. All parameters are listed at the reference temperature, Tre f = 273 K. The von
Bertalanffy growth rates (rB) are presented at the reference temperature and at the actual temperature
of the dataset (temperature-corrected von Bertalanffy growth rates, rTB). Absolute growth rates were
calculated as the change in length between the first and the last measurement, divided by the time in days,

and then transformed into a yearly growth rate.

Parameter
North
Atlantic

Mediter-
ranean

Unit Comment

energy
conductance, v

0.07141
(0.002111)

0.08582
(0.00980)

cm/d
standard deviation of the parameters
is given in brackets

volume specific
somatic
maintenance rate,
[pM]

17.1
(0.2803)

22.86
(0.7194) J/d.cm3 standard deviation of the parameters

is given in brackets

surf.area specific
maximimu
assimilation rate,
{pAm}

1169.37 1563.27 J/d.cm3
directly linked to [pM] when κ and z
are assumed constant:
{pAm} = z[pM] κ

somatic
maintenance rate
coefficient, kM

0.0022 0.0029 1/d kM = [pM]/[EG]

energy investment
ratio, g

0.7394 0.6647 - g = [EG]/(κ ∗ {pAm}/v)

contribution of
reserve to weight, ω

2.3690 2.6353 -

von Bertalanffy
growth rate, rB

3.09e-004 3.884e-004 1/d at f = 1 and Tref

von Bertalanffy
growth rate, rB

1/d 5.45e-004 5.20e-004
at f = 1 and TNA = 27◦C, and
TMed = 23.5◦C

absolute growth
rates

22.04
(23.22)*,
23.06
(23.10)*

(23.49),
(23.44)

cm/yr
The values in brackets were
calculated for the predicted, rather
than measured length.

* For the North Atlantic population, datasets for 10 and 13 weeks yielded different growth rates (see
Section 4.2.2.3 for details).



100 Comparison of Mediterranean and North Atlantic populations using DEB models

Figure 4.9: Results of the model estimations for hatchling growth. Panels a to c in Row 1: The North
Atlantic population - weight increase with time (panel a), length increase with time (panel b), and the
relationship of weight to length (panel c); v = 0.07141 cm/d, [pM] = 17.1 J/d.cm3. Panels d to e in Row 2:
The Mediterranean population - weight increase with time (panel d), length increase in time (panel e), not
used in parameter estimation (also please note a different scale); v = 0.08582 cm/d, [pM] = 22.86 J/d.cm3.
The parameters [pM] and v were estimated separately for each population, while the values of other

parameters were fixed at species-specific values (see Table 4.4)

4.4 Discussion

In this study the loggerhead turtles from the Mediterranean population were analyzed,
and compared to the loggerhead turtles from the North Atlantic population. The result
of smaller individuals of the same species residing in the Mediterranean was not surpris-
ing [45, 93, 69, 232], and the data analysis suggested that the size dimorphism is present
during the whole life cycle. Our results are consistent with that of a previous study [232],
reporting that the Mediterranean eggs and nesting adults are smaller compared to the
North Atlantic and South Atlantic eggs and adults. In this study, analyzing the mor-
phology, physiological (condition) index, and the physiological processes of loggerhead
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turtles inhabiting sea basins with different environmental conditions, made it possible to
explore how environmental conditions, physiological characteristics, or the interaction
of the two might result in size dimorphism.

The results of the first (“static”) part of the comparison between the North Atlantic and
the Mediterranean population (section 4.3.1), can be discussed in the context of environ-
mental (abiotic) drivers, as the metabolic drivers (processes such as growth, maturation,
and reproduction) that influence the morphology have not been addressed at that point.
Results of the model simulation which reproduced the biphasic growth (section 4.3.3),
provided a glimpse into the effects of food availability on growth.

The second (“dynamic”) part of the comparison included the physiological characteris-
tics. Defining and developing an energy-based model of the loggerhead turtle (Chap-
ter 3) allowed us to study and test a variety of properties that would have otherwise
been hidden (see the “Discussion” section of Chapter 3). Applying the same theoretical
and practical framework to another (Mediterranean) population of the loggerhead turtle
made it possible to compare the parameter values and the implied properties between
the two (North Atlantic and the Mediterranean) populations. The results are to a large
extent discussed in the context of Piovano et al. [181], the only paper to our knowledge
explicitly taking into account the origin (North Atlantic or Mediterranean) of loggerhead
turtles, while observing their growth rates in the Mediterranean sea. The results are also
discussed in the context of the results and insights into loggerhead turtle physiology
gained in Chapter 3.

4.4.1 Influence of the environment on the loggerhead turtles

Food availability in the environment. The size of the loggerhead turtles, when ana-
lyzed at stages encompassing the whole life cycle (from hatching to reproduction) fol-
lowed a general pattern that can be interpreted as: smaller (Mediterranean) females pro-
duced smaller eggs, smaller eggs resulted in smaller hatchlings, and smaller hatchlings
grew into smaller adults, that later produced smaller eggs. In other words, the smaller
size of the hatchlings and adults from the Mediterranean population could be a conse-
quence of solely smaller and lighter eggs. Smaller eggs could be a result of the lower
food availability in the Mediterranean sea [130, 171, 263] that also induced the smaller
size of the adult females. The food availability in the environment generally has a direct
link to the ultimate size of individuals [109], which was confirmed in this study for log-
gerhead turtles while simulating the bi-phasic growth: loggerhead turtles experiencing
lower food availability (“oceanic phase”) had an asymptotic length which was only half
of the ultimate (asymptotic) length of the same loggerhead turtles in the nutrient richer
environment (“neritic phase”) (Section 4.3.3).

The results are realistic because within the same population the individuals that stay in
the oceanic environment indeed experience lower food availability compared to those in
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the neritic environment [80, 242], which has been correlated to the size and reproduction
of the females [80, 242], and the size of the hatchlings [242]. The effect on reproduction
has been reported mostly for the length of the remigration interval [80], while the egg
size has generally been uniform within a population [232] with most of the egg size vari-
ability (within a population) attributed [125] to the amount of albumin (effectively water
content), rather than yolk content. Yolk content provides energy for the development
and might influence the size of the hatchlings, therefore the egg size variability within a
population is probably not correlated with the hatchling size variability within that pop-
ulation, but eggs from different populations, having a different yolk content (e.g. [1]),
could be correlated to the size of hatchlings. Egg size could differ between populations
exposed to markedly different environmental conditions given enough time for adap-
tations: loggerhead turtles "follow” the optimal egg hypothesis [232] which describes
balancing the energy available for reproduction between the fitness gained by producing
a larger egg and the fitness lost by producing fewer eggs (Brockelman, 1975 and Smith
and Fretwell, 1974 cited in Ref. [232]). The eggs of the Mediterranean loggerhead turtles
are on average smaller than the eggs of the North Atlantic loggerheads [232, 88], which
could be a result of a prolonged lower resource (food) availability and could account for
most of the observed size differences.
Comparison of condition indices of individuals from the two populations at hatching
and nesting produced a somewhat surprising result. Based on the different food avail-
ability experienced by individuals [130, 171, 263], the condition indices of individuals
belonging to a same life stage but to a different population, were expected to markedly
differ. However, the individuals from different populations (represented by an average
value for that population) differed more between life events, than they did between pop-
ulations. It is possible that the Mediterranean loggerhead turtles have physiologically
adapted to the nutrient poorer environment of the Mediterranean sea, resulting in their
physiological condition being similar to that of the North Atlantic loggerhead turtles
despite less favorable conditions. However, a more comprehensive analysis of the con-
dition indices would be required for such conclusions. As noted in the Section 4.2, the
condition indices were calculated on the basis of mean population values due to the
lack of appropriate data. Consequently, the calculated indices could not account for the
interindividual variability.

The incubating environment can also have an effect on the size of the hatchling, and
later life stages. Generally, when two populations have been analyzed simultaneously
(e.g. [69]), most of the observed size variability between populations was explained by
the initial egg size, and the reported correlation between hatchlings sizes and the abiotic
factors (temperature, humidity, and salinity of the incubating environment) was mostly
reported for individuals belonging to a same population.
Incubating environment in the nests, however, can be very different between the North
Atlantic and the Mediterranean nesting beaches, and may be responsible for some of
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the difference in sizes of hatchlings. Incubation at colder (and moister) sites generally
yields heavier and longer hatchlings ([223, 69, 184, 79, 169], but see [187, 96, 184, 176]),
and high salinity in the incubating environment (mirroring the physiological effects of a
dry incubating environment) yields smaller hatchlings [24]. Nesting locations for each
of the populations show great variability in the average incubation duration, hatchling
size, and hatchling sex ratio [256], suggesting markedly different incubation conditions
within a single population. Making comparisons on the basis of population-specific abi-
otic factors is therefore extremely susceptible to source-based bias in the available data.
Some general patterns can however be explored. The average incubation temperatures
of nests on Mediterranean beaches (Cyprus and Turkey, [98, 72]) have been reported to
be higher than those on North Atlantic beaches (Georgia, [124]), the higher temperature
in natural nests being often combined with a drier substrate [184]. This suggests that
the smaller size of the Mediterranean hatchlings is the result of warmer and drier nests.
The correlation temperature and humidity with size at hatching has, however, exhibited
some inconsistencies. The temperature has been observed to negatively correlate with
wet (but not dry) mass or length of lizards [96], with weight and flipper area of green
turtles [69], and with length, but not wet mass of loggerhead turtles [184]. Weight and
length at hatching generally seem to be correlated for loggerhead turtles [223], so the
reported [184] correlation of the temperature with length but not weight suggests that
the temperature influences the two size traits in a different way. The nest humidity has
been reported to positively correlate with the length and wet mass of loggerhead turtles
[184], but the driest nests produced the longest hatchlings of leatherback turtles [176].
In addition to temperature and moisture (humidity) affecting the hatchling morphology
independently [79], a combination of the effects can be present, with higher moisture
inducing a lower incubation temperature [79]. Nest temperature and moisture also indi-
rectly affect the size because they affect the incubation duration [262, 79] which has been
reported to correlate with the size at hatching [79, 96], and with the utilization of yolk
during embryonic development [79].

Salinity of the eastern Mediterranean sea (38-39 ppt, [133]) is higher compared to that
of the North Atlantic (35-36 ppt, [226, 172]) which could induce higher salinity of the
sand and amniotic fluid, contributing to the abiotic drivers of the size difference. The
shell of the sea turtle egg allows the (osmotic) absorption of water by the embryos dur-
ing embryonic development, resulting in heavier eggs in moister environments [176].
Even though there were no available published studies on the effect of salinity on the
embryonic development of sea turtles in general, or of loggerhead turtles specifically,
a negative correlation has been reported [24] between salinity and the hatchling mass
and hatching success of a (freshwater) snapping turtle. Higher salinity could be low-
ering the water potential of the nest sand and reducing the osmotic water absorption,
or even causing dehydration of the egg. The resulting higher osmolarity of the amni-
otic fluid would cause less favorable conditions for the embryonic development. Even
though the effect of salinity has been significant in the aforementioned study, Bower
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et al. [24] have investigated a much wider salinity range (0-70 ppt) and lower water po-
tentials (< −10 kPa to < −4900 kPa) than those generally experienced by sea turtle eggs
and nests. The salinity of the sand in the parts of the beach where the loggerhead tur-
tles nest is probably more influenced by rainfall than nest inundation by sea water (K.
Lohmann, pers.comm.), and the drier environments have been found to produce larger
hatchlings and to have a higher hatching success than the wet ones [176], suggesting
that the salinity or dryness of the sand does not have a negative effect on the size of the
embryos. Furthermore, the water present in the amniotic fluid of leatherback turtles can
support the whole embryonic development [176]. All sea turtles are extremely capable
osmoregulators [188, 189, 161, 8], and can probably regulate the salinity of the amniotic
fluid to match that of favorable developmental conditions. Whether they do this in the
Mediterranean at a higher energetic cost (which might have an impact on size) could
not be deduced, as there is a lack of reports comparing the salinity and osmolarity of
amniotic fluid in the Mediterranean and the North Atlantic turtle eggs.

Other pressures present in the environment. In addition to the abiotic environmental
characteristics (food availability, temperature, salinity, etc) that might exert pressures on
the loggerhead turtle, factors such as predation and anthropogenic pressures can also
result in evolutionary size selection. The lack of small outliers when size at hatching
was investigated (Figure 4.2 in Section 4.3.1) suggests that there is a (perhaps ecologi-
cally induced) minimum size at hatching. Because of their size, hatchlings are the most
vulnerable of the loggerhead turtle post-embryonic life stages [202]. Furthermore, being
smaller implies feeding on smaller food particles, and requiring more food particles to be
ingested (possibly over a longer period) for a certain energy gain. Hatching at a smaller
size would thus prolong the period of sensitivity connected to the size, both in terms of
predators, and the available food sources.

Smaller size and younger age at nesting, as identified in this study (see also [181]),
might be a result of the selection driven by anthropogenic pressures. The main source of
loggerhead turtle mortality in the Mediterranean is bycatch [160], with other significant
anthropogenic pressures such as shipping, (over)fishing, and mass tourism [239] also
having a high probability of interaction and a negative impact on the loggerhead turtles.
Such pressures exert a strong evolutionary incentive for the Mediterranean loggerhead
turtles to breed at a younger age, which needs to happen at a smaller size in an energy
limited environment. Strong anthropogenic pressure (commercial harvesting) has been
reported to drive down the age and size at first breeding of also fish and predators in
the marine ecosystems [235, 211].
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4.4.2 Influence of physiology on the loggerhead turtles

What happens when a North Atlantic turtle lives in the Mediterranean sea? The
Mediterranean sea was characterized by lower food availability than the North Atlantic,
resulting in a scaled functional response fMed = 0.71, and the average temperature of the
east Mediterranean sea, TMed = 21 C [133]. Using the DEB-parameter set estimated on
the data for the North Atlantic population (’parsNA’) to obtain the biological response of
individuals (as was done in Section 4.2.2.1), we have simulated what the response of the
North Atlantic individuals would be to the Mediterranean environment.

Predictions calculated using the ’parsNA’ parameter set suggested that the North Atlantic
loggerhead turtles would reach the asymptotic size that is now observed for the Mediter-
ranean turtles. They would start reproducing at the similar size as they do in the North
Atlantic (model predicts the length at puberty, Lp, to be around 76 cm SCL (83 cm CCL)
for the North Atlantic loggerhead turtles in both North Atlantic and the Mediterranean),
but at the Lp they would be around 50% older than in the North Atlantic. If a lower sea
temperature would be assumed based on the information that the North Atlantic logger-
head turtles mostly forage in the western (cooler, [133]) Mediterranean basin [31, 181], the
predicted age difference would be even larger. Additionally, the reproduction rate at the
maximum size predicted by the model was only 25% of that predicted (and observed)
in the North Atlantic. The predicted size at maturity, and the reproductive output of
the North Atlantic loggerhead turtles could not be compared with observed (reported)
values, because individuals from the North Atlantic generally do not reproduce in the
Mediterranean [32]. However, the physiological (bone structure) changes typical for mat-
uration have been observed in the samples of North Atlantic loggerhead turtles encoun-
tered in the Mediterranean [181]. In their discussion, Piovano et al. [181] hypothesize
that the North Atlantic individuals grow slower, but mature at a smaller length in the
Mediterranean than they do in the North Atlantic. The length at puberty for the North
Atlantic environment used in Ref. [181] (87 cm CCL) could have been an overestimate
(see Chapter 3), in which case the length at puberty of North Atlantic loggerhead turtles
could be similar in both sea basins. The slower growth and consequently larger age,
but similar length at puberty in both sea basins, would be consistent with predictions
obtained by our model. Furthermore, the extremely low prediction for the reproduction
rate would explain why the North Atlantic loggerhead turtles do not reproduce in the
Mediterranean.

When the predicted growth of the North Atlantic loggerhead turtles is compared to the
data for growth of the Mediterranean loggerhead turtles experiencing the same condi-
tions (dashed and full lines in Figures 4.5 and 4.6), the model predicted that the growth
of the North Atlantic loggerhead turtles would be slower than that of the Mediterranean
loggerhead turtles, which is in accordance with the results in Piovano et al. [181]. Even
though a difference in growth rates was present, it was not drastic (see also Figure 4.8).
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Therefore, other factors such as different temperature and food availability, differing
between the areas frequented by individuals of the two populations, probably had a
significant role in the observed difference in growth rates [181] as well.

What can the DEB parameters specific to the Mediterranean population infer about the

population. Testing several scenarios of parameter combinations and environmental
characteristics (see Sections 4.2.2.1 and 4.3.2), we were able to identify that the best fit
of model predictions to observed data was obtained when parameter values differed
between populations while the food level in the Mediterranean sea was assumed to be
lower than in the North Atlantic. The estimated parameters that differed the most and
have the largest biological and ecological implications were: volume-specific somatic
maintenance ([pM]), energy conductance (v), and maturity at puberty (Ep

H).

A slightly higher value of the volume-specific somatic maintenance parameter ([pM]) for
the Mediterranean loggerhead turtles might be linked to the energetic costs of osmoreg-
ulating via the lachrymal salt gland. The lachrymal salt gland in the orbital cavity allows
the sea turtles to regulate their osmolarity within 4 days after drastic change in salinity
(between salt and fresh water, or experiencing the double salt load), making them excel-
lent osmoregulators [188, 189, 168]. The higher salinity of the Mediterranean sea might,
however, cause higher energetic costs of osmoregulating. On one hand, the loggerhead
turtles have often been found in brackish estuarine waters [102], and the “Standard per-
mit conditions for care and maintenance of captive sea turtles” [60] instructs that the
water salinity should be maintained between 20 and 35 ppt, suggesting that the lower
salinity level has few, if any, negative effects on the sea turtles. On the other hand, it has
been hypothesized that areas of higher salinity might act as a barrier for the loggerhead
turtles generally experiencing a lower salinity, i.e. that the North Atlantic loggerhead
turtles avoid the north part of west Mediterranean, and the east Mediterranean basin
because of higher salinity [31, 192]. A physiological (salinity) barrier would explain why
the North Atlantic loggerhead turtles mostly feed around the north African coast, while
the ones hatched on the Mediterranean beaches feed around the European costs [31].
The “salinity barrier” hypothesis (sensu Carreras et al. [31]) is based on correlations and
therefore, as noted by the authors [31] themselves, could be wrong: the North Atlantic
loggerhead turtles could be staying in the areas with lower salinity simply because they
are following sea currents [31], magnetic cues, or due to other food or habitat preferences
(K. Lohmann, pers.comm., R. Reina, pers.comm.). Nonetheless, the higher salinity would
influence sea turtle’s metabolism through direct drinking of sea water [8], and through
ingesting food, as invertebrates have been found to contain three times the concentration
of salt compared to sea turtles [161]. With more salt in the bloodstream/organism, the
salt glands have to secrete more, also causing dehydration [161]. It would be interesting
to see whether the Mediterranean loggerhead turtles drink more sea water to account
for possible dehydration, or possibly have a higher tissue density, and whether their salt
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glands continuously secrete more to balance the higher salinity of the Mediterranean,
especially in the eastern part where majority of the Mediterranean loggerhead turtle
activities occur.

The costs of somatic maintenance are via [pM] directly linked to the surface area specific
maximum assimilation rate ({pAm}), under certain assumptions (the values of the zoom
factor, z, and allocation to somatic maintenance and growth, κ, not differing between
populations) as was done in this study (see Section 4.2.2.1). The parameter {pAm} is
a primary parameter that controls the assimilation flux, thus resulting in more energy
being assimilated (and therefore available for growth and reproduction). The energy
allocation strategy which includes a higher value of [pM] and {pAm} has been named
“waste-to-hurry” [106].

The energy conductance (v) controls the reserve mobilization. A higher value of v

causes faster reserve mobilization, which translates into faster growth and maturation,
and lower reserve density, which affects survival during starvation. The combination of
higher values of all three parameters ([pM], {pAm}, and v) results in individuals growing
and maturing faster and at smaller sizes, which captures the pattern observed in the
posthatchling stage, but also in the Mediterranean in general [181]. The survival under
conditions of low food availability is directly linked to the maximum reserve density,
[Em], a characteristic which is also affected by parameters {pAm} and v. [Em] will largely
depend on the proportion of increase in the parameters: relatively larger increase of
{pAm} will result in a higher maximum reserve density, and vice versa.

Faster growth and earlier maturation at a smaller size have three main energetic bene-
fits: (i) cumulative energy invested into growth is smaller in comparison to growing to
a larger size, (ii) the total metabolic maintenance, which is paid per unit of (structural)
volume is smaller, and (iii) puberty can be reached at lower food levels. The strategy
can therefore be beneficial in resource depleted environments with short periods of food
availability because faster growth uses the (temporarily) available resources to rapidly
increase in size, and smaller size at sexual maturity typically requires less energy to
complete a reproduction cycle [106, 103]. The post-hatching period would be one of
the examples where such a strategy would be beneficial to rapidly increase in size, and
indeed the observed faster growth of posthatchlings was predicted extraordinarily by
allowing [pM] (and consequently {pAm}) and v to have higher values than estimated for
older life stages (see the Section 4.3.4). However, when the whole life-cycle of loggerhead
turtles is considered, “waste to hurry” (costly increase in size and shorter period of cop-
ing with starvation) does not seem to be a likely evolutionary strategy for a long-lived
species in a resource-depleted environment. Furthermore, a relatively large difference in
the energy conductance would result in a large difference in condition indices, which was
not the case (Tables 4.1 and 4.2). Indeed, when relative differences between the param-
eters (estimated on data which includes adults) are calculated, the energy conductance
is larger by 0.2%, and the volume-specific somatic maintenance by 5.8% (a difference of
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less than 1 J/d.cm3 of structure). The smaller size and age at puberty (and birth) could
be more directly connected to other parameters, e.g. levels of maturity.

Levels of maturity (maturity at birth, Eb
H, and maturity at puberty, E

p
H) are linked to

the transitions between life stages (birth and puberty, respectively), allowing for the
transitions to happen once enough energy has been invested into maturation, regardless
of size or age [109]. Consequently, different sizes can be observed at the same life stage
transitions. The size at birth and puberty are influenced by the maintenance ratio (k =
k J/kM, where kM = [pM]/[EG]). A decrease in k (for example due to an increase in [pM])
results in a decrease in size (length) at birth and puberty, and vice versa ([109], p306).
The estimated maturity at birth (Eb

H) did not differ much between the two populations,
probably due to scatter in data resulting in the parameter being less clearly determined
by data than maturity at puberty was. When the level of maturity at puberty (Ep

H)
was kept fixed (constant) during the parameter estimation, the length at puberty (Lp)
predicted for the Mediterranean population was smaller than Lp predicted for the North
Atlantic population, but the observed difference in length between the two populations
could not be reproduced. Only when the maturity puberty threshold was estimated
in conjunction with other parameters, could the observed length difference at puberty
be reproduced. The difference between the puberty maturity levels was striking: the
Mediterranean loggerhead turtles need to invest 20 MJ less to reach puberty, and allocate
40 kJ/d less to maintain the maximum level of maturity (Figure 4.10, panel b), yet the
end result in terms of proportions of allocated energy in a daily energy budget was
practically identical (Figure 4.10, pie charts in the first row).

When the estimated maturity levels were analyzed in the context of the observed Lp

data, a pattern emerged: 24.6% smaller Mediterranean loggerhead turtles had a 21.33%
lower value of maturity at puberty. This suggested that maturity switches happen at
a certain ratio of maturity level and structural volume, maturity density, rather than the
absolute level of maturity. Switches at maturity density could be included in the model
with the Matlab functions get_lb_md and get_lp_md in the DEBtool package [112] (for
more details see the online comments file [114], pages 6-9).

DEB model predictions for the Mediterranean loggerhead turtle population. The
model fitted most of the observations well, with the largest mismatch between predic-
tions and observations present for age at puberty; a situation consistent with the model
predictions for the North Atlantic population (Chapter 3). The predicted length at pu-
berty was very close to the "observed” length at puberty, but it is interesting that the
model overpredicted the length at puberty for the Mediterranean population, and un-

derpredicted it for the North Atlantic population. As discussed in Chapter 2, “length
at maturity” has been found to greatly vary among individuals of the same population,
and might not be the best indicator of the loggerhead turtle’s sexual maturity [16]. How-
ever, considering that the deviations between the model predictions and the data were
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relatively small (2 cm SCL, i.e. 3%, for the Mediterranean population, and 4 cm SCL, i.e.
5%, for the North Atlantic population), and a more reliable alternative is lacking [16], the
length of an individual can be used for a first quick deduction about the developmental
stage of the encountered individual.

.

Figure 4.10: A visualization of the energy budget at birth, puberty, and ultimate size: pG - growth flux,
pR - maturation/reproduction flux, pM - somatic maintenance, and pJ - maturity maintenance, presented
as fractions of the mobilization flux (pie charts) and as absolute values (in Joules) in parallel with the same
fluxes calculated for the North Atlantic individuals (histograms). Fluxes for the Mediterranean individuals
(’Med’) are calculated using the parameters parsMed (see Table 4.4) experiencing the scaled food availability
of f = 0.71, and fluxes for values for the North Atlantic (’NA’) individuals using the parameters parsNA

(see Table 4.4) experiencing the scaled food availability of f = 0.81.

The prediction that the Mediterranean loggerhead turtles reach maturity earlier than
their North Atlantic conspecifics (13 years compared to 14 years), is consistent with the
earlier maturation of the Mediterranean loggerhead turtles suggested by Casale et al.
[38] and Piovano et al. [181], but the predictions for age at puberty are either at the low
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end of the estimated range [34, 38] or they are lower than the age at puberty [181]. Our
results suggest that the Mediterranean loggerhead turtles start allocating to reproduction
several years prior to what has been estimated as age at puberty by other authors, which
is consistent with the conclusions for the North Atlantic loggerheads in Chapter 3.

One possible explanation is the difference between physiological maturation (and change
in energy allocation tracked by the model) and the act of reproduction and/or nesting
(often taken as a reference event for other methods of estimating age at puberty) as has
been discussed Chapter 3.

Another explanation would be a change in some of the characteristics which were as-
sumed to be constant in the model setup: the environmental parameters (food avail-
ability and temperature), and/or the population-specific parameters. When all of the
parameters (environmental and individual) are assumed constant during the entire life
cycle, the result of a standard DEB model for post-embryonic growth is a classic von
Bertalanffy growth curve ([109], see also Figure 4.8, dotted lines). Considering the very
good fit of the biphasic growth curve to the observed data (Figure 4.8, full lines), and
faster growth of posthatchlings (Section 4.3.4), some of the parameters could change
during the life cycle.

The large observed difference in the growth rates between the individuals from the same
rearing conditions (Figures 4.5 and 4.6) could not be reproduced well with a single
parameter set. DEB theory assumes that parameter values are individual-specific and
would have no problem in capturing this pattern if the parameters were estimated for
each data-set, but this was not done as one of the aims of this study was to obtain a
set of parameters that can describe reasonably well the whole Mediterranean popula-
tion. Exploring the observed differences, especially between two individuals exhibiting
markedly different growth while reared in the same facility (Figure 4.5, panel d, and Fig-
ure 4.6, panel b), does however suggest a couple of possible explanations in the context
of the insights obtained in this study.

(i) The drastic difference might be a result of feeding regimes: if they were fed a per-
centage of their weight, a turtle with smaller weight would get less food, and less food
would result in slower growth and smaller size.

(ii) It is possible that the juveniles, even though they are offspring of the same female
(S. Cateau, pers.comm.), are offspring of different males, possibly resulting in different
growth potentials. The adults in the reproduction program were individuals of unknown
age and origin encountered in the wild. The females might be of Mediterranean origin
because their length falls within the range for the Mediterranean population, and it was
relatively constant during the duration of the reproduction program (data available start-
ing from 2005). The males, however, are larger and some could be of the North Atlantic
origin, especially considering that the North Atlantic males are often encountered in the
Mediterranean [35]. The loggerhead turtles exhibit multi-paternity, and clutches carrying
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genetic markers from as many as five males have been documented [261]. Considering
the insights obtained by this study, it would be interesting to see if faster growing turtles
carry genetic markers specific for the Mediterranean region, while the slower growing
ones carry genetic markers specific for the North Atlantic region. If so, the main source
of difference would be the growth potential defined by the genetic (metabolic) character-
istics.

The extremely good prediction for the maximum reproduction rate (Table 4.3), but the
less satisfactory prediction for the clutch size as a functions of carapace length (Fig-
ure 4.7) implies that the allocation to reproduction was predicted well, but the calcula-
tions for the clutch size were not adequate. It is interesting that the model predicted,
for the Mediterranean as well as for the North Atlantic population (see Chapter 3), a
steeper trend than the data suggests, because the reproductive output of the Mediter-
ranean loggerhead turtles, compared to that of the North Atlantic ones, includes shorter
remigration intervals [26], fewer clutches per season [26, 81], yet more eggs per clutch
[136, 77, 232, 204].

The calculation for the clutch size was performed in the simplest way, but it was also
relatively rigid, assuming a consistent number of eggs per clutch, number of clutches
per season, and length of the remigration interval within a population. Even though
this approach did not affect the accuracy or quality of the prediction for total seasonal
reproductive output, an alternative approach might be more suitable. The alternatives
include: (i) measuring the total seasonal reproductive output rather than clutch size;
(ii) allowing values of other parameters involved in the reproduction (such as k J , the
maturity maintenance) to be estimated, and (iii) introducing additional parameters (e.g.,
number of clutches as a function of length). Measuring the total seasonal output of
individual loggerhead turtles over several seasons would provide the raw data, but such
studies are often hindered by logistics [237, 232, 26]. The parameter k J in most species
has values close to or the same as the value (0.002 J/d) used in this study [126, 109].
Furthermore, when the parameter k J was estimated on the data for the North Atlantic
or Mediterranean loggerhead turtles simultaneously with other parameters, values close
to 0.002 J/d (0.0015 to 0.0018 J/d) were obtained. The third option, i.e. the introduction
of additional parameters, therefore might be justified. The additional parameter should
have a biological meaning, so it can be introduced in a way which is consistent with
the DEB theory. Ideally, it would be able to reproduce the observed variability in the
number of eggs per nest [136, 77, 232, 204], balancing the available energy to account for
a trade-off between the clutch frequency and the clutch mass [94].

Do posthatchlings just “waste to hurry”? Estimating parameters separately for the
posthatchlings data sets, we obtained higher values for specific somatic maintenance,
[pM], energy conductance, v, and (via [pM]) the maximum assimilation, {pAm}. The
larger (compared to older life stages) value of [pM] and {pAm} for posthatchlings, which
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was the case for both the Mediterranean and the Atlantic population, might relate to the
“waste-to-hurry” phenomenon to boost growth and account for faster movement [106],
i.e. strategies to decrease the risk of predation [202]. The larger estimated value of pa-
rameter v means a faster mobilization rate of reserve, which implies a lower maximum
reserve density if the specific assimilation rate would be constant: [Em] = {pAm}/v.
However, by fixing the zoom factor in which the ratio of {pAm} and [pM] occurs (z =
κ{pAm}/[pM]) to reduce degrees of freedom, and assuming that the proportion of the en-
ergy allocated to growth and maintenance (κ) does not change (see also Section 4.2.2.3),
an increase in [pM] directly translates to an increase in {pAm}. When {pAm} and v values
of posthatchlings and adults are compared (Table 4.6), the difference in values of {pAm}
between life stages is larger than the difference in v, resulting in a different maximum re-
serve density for the two life stages, with [Em] being larger for posthatchlings (Table 4.6).
Because the maximum reserve density is positively correlated with a condition index
(weight over cubed length), [Em] can be discussed in the context of condition indices cal-
culated previously (Section 4.3.1). The values of the [Em] for adults and posthatchlings
of both populations are indeed analogous to their condition indices, with the values sim-
ilar between the same life stages of both populations, but higher for posthatchlings than
adults of both populations (Table 4.6).

Table 4.6: A comparison of the primary parameters [pM], v, and {pAm} for posthatchlings and adults
of the Mediterranean and the North Atlantic population, and the calculated maximum reserve density,
[Em] = {pAm}/v, for each of the two life stages for each population. The calculated condition indices
from Table 4.3.1 are also listed for comparison, as [Em] is positively correlated with the condition index.
Units: [pM]: J/d.cm3, {pAm}: J/d.cm2, v: J/d, [Em]: kJ/cm3 (all referring to the surface area or volume of

structure), condition index: kg/cm3 (physical length cubed).

North Atlantic Mediterranean

posthatchlings∗
[pM] {pAm} v [Em] [pM] {pAm} v [Em]

17.1 1169.37 0.07141 16.37 22.86 1563.27 0.08582 18.21
condition
index at
hatching

0.2140 0.2385

adults [pM] {pAm} v [Em] [pM] {pAm} v [Em]
13.25 906.1 0.07084 12.79 13.6 933.1 0.072288 12.90

condition
index at
nesting

0.1413 0.1544

’*’ Individuals were captive reared.

A higher reserve density suggested by the results for the posthatchling stage might be
beneficial during the first few days or weeks, as posthatchlings need to rapidly absorb
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(internalize) whatever is left of their yolk sac at the moment of hatching, and also need to
sustain a prolonged period of swimming while getting accustomed to a new food source.
The difference between the [Em] of the North Atlantic and Mediterranean hatchlings
could be a consequence of the rearing conditions (e.g. different food quality or different
conditions in the holding tanks), feeding conditions of the mothers at egg laying (North
Atlantic posthatchlings were obtained from nests encountered in the wild, whereas the
Mediterranean ones were part of a reproduction program in an aquarium), or a data
artifact.

4.4.3 Interactions of physiology and the environment

Biphasic growth curve resulting from the change in food availability. We were able
to test the influence of food availability on the growth pattern by simulating the change
in food availability as the only difference between the two parts of the life cycle (relevant
Sections: 4.2.2.2 and 4.3.3). The simulated conditions resemble those of the oceanic stage
followed by the neritic stage, i.e. an ontogenetic shift connected with the recruitment to
the nutrient rich habitats [20]. The assumption that the loggerhead turtles in the oceanic
environment experience a substantially lower food availability resulting in half of the
scaled functional response of the loggerheads in the neritic habitat, is not unrealistic. The
nutrient quality of food and the costs of searching, ingesting, and digesting food were
included in the scaled functional response ( f ) [109]. Food in the oceanic environment is
less abundant, and has less energy per unit volume [80, 177], resulting in lower nutrition
of individuals in the oceanic habitat 242, 80.

The model was again the standard DEB model, the parameters were those previously
estimated for the North Atlantic (parsNA) or the Mediterranean (parsMed) population, and
the ontogenetic shift was assumed to occur after a threshold size (30 cm CCL). A simple
way to test whether different parameter values and/or constant food can reproduce the
data well resulted in a biphasic growth curve obtained by two different parameter sets,
and the classic von Bertalanffy growth curve obtained by the (parsMed) parameter set,
all suggesting that the combination of ’parsMed’ parameters and two f s results in the
predictions that best fit the data.

Considering that the data was obtained by different methodologies, and was published
and analyzed separately with von Bertalanffy growth models with different parameter
values [39, 38], the excellent fit of a single DEB model demonstrated some of the possi-
bilities and strengths of a mechanistic approach.

Studying the growth of posthatchlings. Predictions for the growth of posthatchlings
obtained using the parameters specific to the posthatchling data captured the process
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of growth in a mechanistic way while accounting for changes in the experimental con-
ditions. Studying the growth of captive reared posthatchlings from the Mediterranean
and North Atlantic populations (relevant Sections: 4.2.2.3 and 4.3.4) made it possible to:
(i) study the effects of (known) food availability and temperature on growth rates; (ii)
compare the growth of the posthatchlings of Mediterranean and North Atlantic origin;
(iii) compare the growth of the posthatchlings to the growth of older life stages.

A smaller variety of data and information was taken into account than the full DEB
model would require, however while for the full DEB model the environmental condi-
tions (food availability and temperature) often needed to be assumed (Section 4.2.2.1),
for the posthatchling growth they were known, and could explicitly be accounted for. In
combination with the mechanistic model, this made it possible to detect the differences
in growth rates that would have otherwise been masked.

Conclusions based solely on empirical data analysis (e.g., fitting to a von Bertalanffy
growth curve) would suggest that both Mediterranean and North Atlantic posthatch-
lings grow at a very similar rate (von Bertalanffy coefficients 5.45e-4 d−1 and 5.20e-4 d−1,
respectively). From this, one might conclude (considering both were reared in captivity)
that the two populations are physiologically the same. However, the rearing tempera-
tures were not the same: 23.5ºC for the Mediterranean posthatchlings, and 27ºC for the
North Atlantic posthatchlings. Although the standard DEB model was simplified to the
post-embryonic von Bertalanffy growth, the important difference was that the three pa-
rameters (rB, Lb, and L∞) have a particular physiological meaning and co-vary in a very
special way when different food levels and temperatures are compared. When the von
Bertalanffy growth rates at the reference temperature and same food availability were
calculated, the difference between growth rates was evident, highlighting the physiolog-
ical difference between the populations.

Parameter wise, the main differences that resulted in the different growth rates were
values of the parameters [pM], v, and {pAm} (which was linked to [pM], see Section
4.2.2.3). The pattern is in accordance with the hypothesized acceleration in growth and
development of posthatchlings (see the Discussion of the Chapter 3). Considering that
the difference in salinity between the Mediterranean and the North Atlantic could cause
differences in the somatic maintenance of the two populations due to the cost of the salt
gland activity (see Section 4.4.2), the higher somatic maintenance of the posthatchlings
compared to that of adults could also be a consequence of the salt gland activity, and
the higher value for Mediterranean hatchlings might be linked to higher salinity of the
Mediterranean sea. Nicholson and Lutz [161] suggested that the salt gland activity of
hatchlings is higher than that of juveniles, which they attributed to a larger relative
size of salt glands (0.3% body mass of hatchlings, compared to the 0.05% body mass of
adults, [161]). Future research could aim to modify the standard DEB model to include
the changes in parameter values, and to compare the new model predictions to the
observations.
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A note on growth models. Testing more (logistic, Gompertz, or von Bertalanffy) equa-
tions had been suggested [63], but often among these empirical (static) models, the von
Bertalanffy growth curve is identified as the best fitting model (e.g. [173, 181, 39, 37]).
Within a certain study, the size span represented in a sample is often limited, and the
food availability and temperature are indirectly assumed constant. The authors’ best fit-
ting models, even though describing the studied data well (e.g. the model suggested in
[39] or [181]), predict unrealistic values when extended to predict smaller carapace sizes
than those which had been included in the analysis. This suggests that the whole growth
curve cannot be represented by such a model.

Perhaps the most interesting static growth model has been suggested is the polyphasic
growth model suggested by Chaloupka [40], albeit requiring six parameters to obtain a
single growth curve of pelagic juvenile loggerhead turtles (eq. 1 in Ref. [40]). A simpler
version, such as a biphasic growth resulting from the ontogenetic shift, i.e. recruitment
to the neritic habitats noticed for loggerhead turtles of a certain size (40-50 cm SCL in the
North Atlantic [13] and 30-35 cm CCL in the Mediterranean [38]), would be consistent
with the good fit obtained by the von Bertalanffy model fitted to a specific size span
which does not include the ontogenetic shift [38, 181, 14].

A very similar growth pattern was observed for yellowfin tuna, with juvenile growth
rates prior to recruitment several times higher than expected based on the von Bertalanffy
growth curve [62]. The authors do not provide a model, but refer to the growth pattern
as the “multistanza growth”, and conclude that the “mechanisms such as acquisition of
sexual maturation, development of the swim bladder, as well as changes in habitat and
prey with size/age could explain the growth phases” [62].

The major drawback in studying and comparing growth rates using static models such
as the ones discussed, are the unavailability of data and the limitations of its use, and
the limitations of the models used to calculate the growth rates. Because parameters are
obtained by curve fitting on the available data, parts of the growth curves describing
a size span with sparse data are not defined well. In addition, to keep the number of
parameters relatively low, constant conditions need to be assumed.

Growth models obtained in this study are all dynamic (mechanistic or process) growth
models, because their parameters have a direct link to the underlying physiological pro-
cesses. The link makes it possible to obtain different growth curves by varying the factors
that affect those processes. In this study, food availability and population-specific char-
acteristics were varied, but other factors such as temperature can also be tested. Certain
changes in physiology connected to recruitment had also been observed in loggerhead
turtles [120, 138, 91]. The physiological changes can be explored as changes in the pa-
rameters values, such as those connected to maintenance ([pM]), energy mobilization (v),
or energy allocation (κ).
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4.5 Conclusion

Even though one of the main motivations for this study was the size dimorphism re-
ported between the loggerhead turtles from the Mediterranean and the North Atlantic
populations, the Dynamic Energy Budget (DEB) approach made it possible to study ad-
ditional properties that are connected not only to the size of the individuals, but also to
the metabolism, energy allocation, and the implied properties.

The large susceptibility of the calculated von Bertalanffy growth rates to the environ-
mental and physiological characteristics highlights the importance of knowing the expe-
rienced environmental conditions and the population of origin when comparing growth
rates of individuals. Generally, an increase in temperature results in a higher von Berta-
lanffy growth rate and a higher absolute growth rate (expressed as change in length or
mass over time). An increase in food availability results, somewhat counter-intuitively,
in a lower von Bertalanffy growth rate, but yields a faster absolute growth rate.

The very good fit of the the biphasic growth curve (obtained by simulating the change
in food availability) to the data published and modeled separately with two different
growth models, consolidates the hypothesis of the polyphasic (or multistanza, [62])
growth suggested for the loggerhead turtles [40], and at the same time demonstrates
the strength and possibilities of a mechanistic approach. Exploring other possible rea-
sons for the growth pattern to exhibit multiple stages, such as the physiological changes
related to the recruitment to neritic habitat or other developmental transitions [62, 113],
will provide new insights into the biology and physiology of loggerhead turtles.

Our research demonstrated that the size dimorphism between the loggerhead turtles of
the Mediterranean and the North Atlantic populations was probably influenced by the
interaction of the environment and the population-specific (metabolic) characteristics of
loggerhead turtles. The genetic separation between the two populations [31, 32, 181]
implies that inheritance of the specific metabolic traits is possible. Different environmen-
tal (food, temperature, salinity) conditions that the individuals (belonging to the two
populations) are experiencing, imply that certain ecological pressures are present. The
difference in physiological characteristics, such as higher somatic maintenance and less
energy required for maturation and maturity maintenance, could be adaptations to the
environmental factors such as high salinity (the energetic cost of increased salt gland ac-
tivity increasing the maintenance costs), and/or low food availability (reaching puberty
at a smaller size and having more energy for reproduction).

Keeping in mind the observed effects of the environmental and the population-specific
metabolic factors, the differences in growth, maturation, reproduction, and size between
the North Atlantic and the Mediterranean loggerhead turtles, as reported in Refs. [181]
and [232], can be fully reproduced by differences in four DEB primary parameters: [pM],
{pAm}, v, and E

p
H.
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(i) The Mediterranean loggerhead turtles grow and mature faster than the North Atlantic
loggerhead turtles in the Mediterranean sea, due to the larger assimilation and mobiliza-
tion fluxes (regulated by the parameters {pAm} and v), but are smaller due to a higher
value of the somatic maintenance rate ([pM]);

(ii) The Mediterranean loggerhead turtles are smaller than the North Atlantic loggerhead
turtles at first nesting, due to a lower value of the maturity-at-puberty parameter (Ep

H);

(iii) The smaller ultimate size of Mediterranean loggerhead turtles is a consequence of
low food availability in the Mediterranean sea, but the reproduction output is compara-
ble to that of North Atlantic individuals (and much larger than that of North Atlantic
loggerhead turtles exposed to such low food levels) because more energy is available for
reproduction due to a lower maturity maintenance (proportional to E

p
H).

(iv) In addition, a higher cost of maturity maintenance of North Atlantic fully grown
adults provides a metabolic explanation for the observation that North Atlantic females
do not nest in the Mediterranean.

The lower value of the maturity level at puberty (Ep
H) of Mediterranean loggerhead turtles

revealed an interesting observation that, even though the energy invested into maturity
was lower, the ratio of the energy and the structural volume at puberty was very similar
to that of North Atlantic loggerhead turtles. The observation implies that the maturity
thresholds might not be connected to the absolute value of the energy invested in mat-
uration (E∗

H), but rather the ratio of the invested energy and the structural volume, a
property which can also be considered maturity density ([E∗

H]). The applicability and
evolutionary implications of the maturity density as a threshold have yet to be explored.
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