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Chapter 5

Effects of environmental change and

plastic ingestion on the energy budget of

loggerheads

Abstract

Loggerhead turtles are vulnerable to natural and anthropogenic environmental pressures
due to their longevity, global distribution, and their migratory way of life. Two signifi-
cant environmental conditions, temperature and available food, have been correlated to
growth, reproduction, and maturation of loggerhead turtles, often accounting for most
of the observed variability. With the current and expected environmental changes, pat-
terns in the environmental conditions could change as well, resulting in different food
availability and temperature in habitats used by loggerhead turtles. Another important
pressure is the plastic pollution (i.e. anthropogenic debris) present in all the oceans.
Over 267 marine species have been reported to have ingested plastic. Sea turtles are con-
sidered particularly prone to ingestion of anthropogenic debris, and ingestion of plastic
has been reported in as many as 76% of the studied loggerhead turtles. The problem has
been recognized, but the effects of plastic ingestion on the energy budget and the life
cycle has not yet been studied in detail. In addition, genetic variability present between
loggerhead turtle populations might affect the metabolic responses to the environmental
pressures.

We used the previously developed energy budget (DEB) model for loggerhead turtles
of the North Atlantic and Mediterranean populations to study multiple aspects of envi-
ronmental conditions independently, and to understand how each condition affects the
relevant process and life history traits. The results suggest that the ultimate size (length
and weight) is primarily affected by food availability, and that growth and maturation are
primarily affected by temperature, whilst also showing correlation with available food.
Reproduction is affected by both food and temperature, with the former influencing the
size of the reproduction buffer, and the latter influencing the rate of the related processes
(such as vitallogenesis). Length at puberty varied between scenarios, but only by a small
proportion, suggesting that interindividual variability plays a larger role for length at
puberty than the environmental factors do.
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120 Effects of environmental change and plastic ingestion on the energy budget of loggerheads

The effects of plastic ingestion were studied using the same DEB model, but using the
framework of assimilation units. The severity of the effects on the energy budget (and
consequently growth, maturation, and reproduction) resulting from ingestion of plastic
and other inert debris depended on the amount of the ingested debris, and their resi-
dence time relative to that of food. When the residence time of debris was assumed to
be equal to that of food, amounts of debris taking up more than 14% of the digestive
system volume of loggerhead turtles substantially decreased their fitness and impeded
reproduction. When the residence time of the debris was assumed to be three or more
times longer than that of food, a very similar condition (decreased overall fitness and
reproduction) resulted from only 3.4% of the gut volume being occupied by inert debris
.

The insights gained by the study allow us to better understand what the driving sources
of the observed variability in growth rates, maturation, reproduction, and size are, and
to predict to some extent what the metabolic responses would be under the present
environmental pressures and the predicted environmental changes.

5.1 Introduction

The loggerhead turtles are on the IUCN list of the endangered species, they are included
in the CITES convention, and are protected by various national and international laws
[236]. Due to their long life, long period required to obtain puberty and reproduce, mi-
gratory way of life, and global distribution, they are extremely vulnerable to natural and
anthropogenic environmental pressures [41, 195, 256]. Protection measures require an
understanding of the pressures, ecology, and biology of the species. A variety of anthro-
pogenic and environmental pressures are significant despite the protection. In addition
to the pressures present on land, be it natural (predators, nest infestations etc) or anthro-
pogenic (pressures related to tourism), the abiotic and biotic conditions in the marine
environment (food availability and temperature, natural predators, bycatch, etc.) also
greatly determine the success of protection measures and their effect on the population
dynamics therefore needs to be understood.

The number of predators feeding on an individual decreases as an individual increases
in size: the faster the growth, the larger the chances of survival. Interindividual dif-
ferences in growth rates can be caused by a variety of factors, ranging from genotype
and environmental conditions experienced during the first year of life [223, 132], to en-
vironmental conditions (food and temperature) experienced during the whole life time
[13, 12]. The variability in the observed growth rates of loggerhead turtles had been par-
tially attributed to interindividual variability within [25] or between populations [181].
Most often however, it had been either partially [25, 181] or mostly [15, 17] attributed
to the differences in experienced temperature and food abundance. Loggerhead turtles
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are a migratory species, and both males and females had been observed to follow certain
types of temperature and food fronts [71], and/or exhibit fidelity to specific feeding areas
[170, 180]. Growth can be up to 30% faster in a neritic habitat [215], a habitat character-
ized by food of higher energy content and higher temperatures [177], lending support to
the hypothesis that food and temperature are the main causes of different growth rates.

A direct correlation between growth rates and reproduction output had already been
suggested [17], but not quantified. Different habitats, characterized by food and temper-
ature, can lead to drastically different adult sizes, and different reproduction patterns
[82, 177, 80, 242]. The length of the remigration interval (period between two nesting
seasons) had been found to correlate with the average sea surface temperature [216],
and so did the length of periods between two clutch depositions within a single nesting
season [203, 86, 144]. Large scale environmental fluctuations, such as the North Atlantic
Oscillation and the El Niño Southern Oscillation had been shown to account for a large
part of nesting variability [201, 190, 92]. In the context of the ongoing climate changes,
global environmental oscillations might exhibit different patterns in the near future, with
a different combination of changes in temperature and productivity. Studying “climate
change effects on key habitats for sea turtles”, and “the effects of climate change on sea
turtles at sea” had been recognized as two primary goals in the review “Climate change
and marine turtles” [84], and several studies on the impact of climate changes on the
distribution of loggerhead turtles exist (e.g. [256]). However, the mechanisms by which
changes in food availability and temperature independently influence the time required
to grow, and/or accumulate the required energy for maintenance and reproduction have
not been specified or quantified. To do so, it is important to explore how each of the two
environmental factors affects the energy budget and processes such as growth, matura-
tion, and reproduction of loggerhead turtles.

Another global pressure is the increased amount of anthropogenic debris (around 80%
of which is plastic, [152]) in the oceans [7, 50, 95, 101, 230, 76, 118, 200, 152, 243, 231]. Sea
turtles are “peculiarly prone to eat plastic scraps and other buoyant debris and to tangle
themselves in lines and netting discarded by fishermen” [30], especially in the oceanic
habitat [30, 233, 36, 255], but also in transitional and neritic habitats [233, 140, 206, 207,
121, 27]. Six out of seven sea turtle species had been recorded already in 1997 [117] to
ingest anthropogenic debris, and the incidence of anthropogenic debris encountered dur-
ing necropsies had increased [157] since. Loggerheads are opportunistic predators and
eat whatever resembles food, including plastics and other marine debris [75, 159, 233, 11].
Different proportions of loggerhead turtles with ingested anthropogenic debris have been
reported, incidence ranging from 20 or 30% [75, 66, 121] to as high as 50 and 75% [36, 233]
of turtles studied. The occurrence of debris ingestion will probably increase, as the size
of the (plastic marine debris) particles is in most cases smaller than 2.5 mm and is de-
creasing [154, 51], making them easier to swallow. In some areas small plastic particles
(microplastics) are more abundant than plankton [153]. High concentrations of floating
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plastic items, microplastic particles, and other marine debris have been recorded, some
since 1970s, in all the world’s oceans [46, 7], from the Arctic [167], the North [119, 154]
and South [155] Atlantic ocean, the Pacific ocean [73, 51, 221], to the Mediterranean
sea [47, 29, 225] and waters off Australia [191]. Anthropogenic marine debris had been
identified as one of the research priorities for sea turtles [250], with an extremely high
probability of ingestion and/or entanglement upon encounter [254]. Ingested plastic can
block, damage, or reduce the volume of the digestive system [220, 75, 207], resulting in
less ingested and/or digested food and even death [140, 36, 121]. Under the assumption
that it does not cause lethal obstruction or damage to the digestive system, ingestion of
marine debris effectively dilutes the ingested food. Food dilution studies on sea turtles
are rare, as it is hard to experimentally conduct them for as long as a loggerhead turtle
can live (65 years or more, [78]). The only laboratory study exploring the effects of food
dilution on posthatchlings of loggerhead turtles [146] reported that the compensation for
food dilution by feeding rates does not occur. There are no similar studies done on juve-
nile and adult individuals, and the sub-lethal consequences of ingestion of plastic might
be even more severe than currently thought. So far, the problem had been recognized,
but the effects of plastic ingestion had not been studied from a mechanistic approach,
and the effects on the energy budget have remained unquantified.

In this study, we aim to decipher

(i) the effects of temperature and food availability, and

(ii) the mechanisms and consequences of plastic ingestion

on growth, maturation, and reproduction of loggerhead turtles. A set of realistic scenar-
ios were tested, and the results discussed in the context of available data.

5.2 Methods

5.2.1 Effect of the environmental characteristics (temperature and food

availability) on growth, maturation, and reproduction

The simulations were performed using the standard DEB model (see Section 2.1 in Chap-
ter 3 for definitions and equations). A single (North Atlantic) population was studied in
more detail to reduce variability introduced by differences between populations. Because
the effects of food availability on the energy budget were studied, it should be noted that
the assimilation flux (pA), quantified as:

pA = κX pX = {pAm}V2/3 f , (5.1)
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depends on the food quality and quantity. The coefficient κX is the assimilation efficiency,
i.e. the proportion of the ingestion flux (pX) which enters the reserve. The value of κX =
0.8 (a value consistent with the assimilation efficiency assumed for loggerhead turtles
also by other authors [80]) is generally assumed constant, however this can depend on
the type of food, as well as the abundance of food - changes in the gut residence time,
often inversely correlated to the food abundance, can increase or decrease the proportion
of assimilated food. The surface area specific assimilation rate, {pAm}, can also be written
as a product of a dimensionless food quality parameter (sX), and a reference surface area
specific assimilation rate ({pref

Am}), where sX = 1 for standard food quality (see Section 2
in [114]). The half-saturation constant, K, used to calculate the scaled functional response:

f =
X

X + K
(5.2)

is in fact also a function of the food type, because it depends on {pAm}:

K =
{pAm}

κX{Fm}
. (5.3)

The parameter {Fm} relates to the surface area of an organism, and incorporates the dis-
tinction between the food density expressed per unit of surface area of the environment
or per unit of volume of the environment. For simplicity, we used a standard value
of the maximum specific searching rate ({Fm} = 6.5 1/d.cm2, [127]), so the expression
(5.3) resulted in the half-saturation coefficient with units of J/l (dimensions of energy
per volume of the environment), which are also dimensions of food density. Whether K

and food density should be expressed as energy per volume or energy per surface area
of the environment depends very much on the feeding strategy of individuals: some
might feed on pelagic organisms and search for food in the substantial part of the water
column, whereas others might focus on the benthic communities. For the former, food
density should be expressed with relation to volume, and for the latter with relation to
surface area of the environment (see Section 2.1 in Ref.[109], p25). Because feeding strat-
egy of sea turtles is not well defined on the “feeding in volume - feeding on surface area
spectrum”, it is not clear how exactly one should express food density. To avoid nota-
tional complexity, we follow the approach in Ref. [109] and scale the food availability by
the half-saturation coefficient, arriving at a dimensionless scaled food density, x = X/K.

Considering that DEB primary parameters were known (Table 5.1), K could be calculated
(equation 5.11). Values of the parameters κX and {pAm} were assumed to be constant
through out the life cycle, therefore only changes in food quantity were taken into ac-
count, while assuming food of very high (and constant) quality that can be assimilated
with 80% efficiency.
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Table 5.1: The list of standard DEB model primary and auxiliary parameters used for the simulations.
Symbols, values, and units for North Atlantic (’parsNA’) and Mediterranean (’parsMed’) population specific
parameter values are listed. Parameter values that were estimated independently for each population
are marked with bold font. Notation: square brackets, [ ], indicate parameters normalized to structural
volume, and curly brackets, { }, indicate parameters normalized to structural surface area. More details

are available in the online DEB notation document (www.bio.vu.nl/thb/deb/deblab/).

Parameter Symbol Value

parsNA
parsMed Unit

Maximum searching rate {Fm} 6.5 6.5 l/d.cm2

Digestion efficiency (of
food to reserve)

κX 0.8 0.8 -

Defaecation efficiency (of
food to faeces) κP

X 0.1 0.1 -

Maximum specific
assimilation rate

{pAm} 906.1 933.1 J/d.cm2

Energy conductance v 0.0708 0.0723 cm/d
Allocation fraction to
soma

κ 0.6481 0.6481 -

Reproduction efficiency κR 0.95 0.95 -
Somatic maintenance [pM] 13.25 13.6 J/d.cm3

Maturity maintenance
rate coefficient

k J 0.002 0.002 1/d

Specific cost for structure [EG] 7847 7847 J/cm3

Maturity at birth Eb
H 3.809e+04

3.809e+04 J

Maturity at puberty E
p
H 8.73e+007

5.713e+07 J

Weibull aging
acceleration

ha
1.85e-
010

1.44e-10 1/d2

Gompertz stress
coefficient

sG 0.0001 0.0001 -

Reference temperature Tref 293 293 K
Arrhenius temperature TA 7000 7000 K
Shape coefficient δSCL 0.3744 0.3744 -
Specific densities dV , dE 0.28 0.28 g/cm3

The changes in the environmental conditions were simulated for the North Atlantic log-
gerhead turtles (parameters ’parsNA’ - column 3 of Table 5.1) as an increase or decrease
in the average sea temperature, and an increase or decrease of the available food. The
effects of temperature on the energy budget were explored for the range of sea temper-
atures that had been reported for the North Atlantic loggerhead turtles (between 16◦ C
and 30◦ C, [83]).
For scenarios of different food levels, the scaled food availability (x = X/K) that resulted
in the scaled functional response of 0.81 (approximation for the North Atlantic popula-
tion) was considered to be the reference food availability (xref), and the food availability
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was then modeled to be 20, 30, and 100% higher, and 10, 20, 30, and 50% lower than
the reference value. First the scaled functional response was calculated for each food
level, and then the growth, maturation, and reproduction of the loggerhead turtles were
predicted. The value of K, calculated using equation 5.3 and parameters listed in Table
5.1, was 174.25 J/l. Functional response, calculated using the scaled food density

f =
x

x + 1
, (5.4)

is equivalent to that in equation 5.2.

Food availability and temperature were assumed to be constant for the duration of a
simulation, because loggerhead turtles keep their body temperature relatively stable (by
following thermoclines [85]), and can also actively search for food to satisfy their energy
needs. The model does allow exploring fluctuating environmental conditions, as well as
changes in the average conditions at some point in the life cycle, but this was beyond the
scope of this study.

After separately studying the effects of temperature and food availability on growth,
maturation, and reproduction of loggerhead turtles from a single (North Atlantic) pop-
ulation, the metabolic responses of North Atlantic loggerhead turtles were compared to
that of Mediterranean loggerhead turtles. The emphasis of Chapters 3 and 4 has been on
estimating the parameter values (presented in Table 5.1) for the North Atlantic and the
Mediterranean population (respectively), and comparing the populations with regards
to the morphology and physiology (explored through the parameter values), while the
environmental characteristics were merely a background setting. The emphasis in this
study is on the environmental characteristics and the metabolic responses, i.e. model
predictions obtained by using the previously estimated parameter sets. The example of
North Atlantic loggerhead turtles living in the Mediterranean sea is a perfect case for a
a physiology vs. environment study, because (based on the previous results that define
what the influence of the environment on the predicted values would be) we can identify
those predicted values that are a consequence of the physiology. The Mediterranean and
North Atlantic loggerhead turtles in their main habitat (East Mediterranean and North
Atlantic, respectively) experience the same temperature, but different food levels: the
East Mediterranean was characterized by T = 21.7◦ C [133] and f = 0.71, and the North
Atlantic by T = 21.8◦ C [83, 85] and f = 0.81. Differences in the metabolic responses
(growth, maturation, and reproduction) between the North Atlantic loggerhead turtles
in the North Atlantic, and Mediterranean loggerhead turtles in the Mediterranean that can-
not be accounted for by the difference in food availability are therefore a consequence
of physiological differences. At the same time, the North Atlantic loggerhead turtles
while in the West Mediterranean are experiencing the same food level ( f = 0.71) but differ-
ent temperature than the Mediterranean loggerhead turtles in the East Mediterranean:
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T = 19◦ C and T = 21.7◦ C (West and East Mediterranean, respectively, [133]). Con-
sequently, differences between metabolic responses of those North Atlantic loggerhead
turtles (living in the Mediterranean) and the Mediterranean loggerhead turtles, that can-
not be accounted for as an effect of temperature, are probably a result of physiological
differences.

DEB-related variables (energy in reserve, volume of structure, and energy invested into
maturity) are studied alongside the more frequently reported properties (such as phys-
ical length, and relationship of weight and fecundity to length). Reproduction was as-
sumed to occur every two years. All simulations were performed in MatlabR2011b.

5.2.2 Anthropogenic marine debris

Loggerhead turtles are opportunistic omnivores [177], and while feeding they also in-
gest anthropogenic debris, including tar, styrofoam, fibers, soft plastic, and microplastic
particles [140, 233, 121, 131, 75]. The ingested anthropogenic debris (the majority of it
being plastic and not undergoing any degradation in the digestive track [158]) has no
digestible energy, but it does influence the assimilation by occupying volume in the di-
gestive system. Therefore, the model needs to track both energy and volume. We use
the concept of Synthesizing Units [107] and follow the assimilation units (AU) which
assimilate energy from food. Following the notation in Ref. [108], the environmental
density of food was marked with X, and that of anthropogenic debris (plastic particles)
with Y. The assimilation units can either be processing food, blocked by plastics, or free
i.e. not bound to any particle. The proportions (θ) of each group of AUs are therefore:
θX (bound to food), θY (bound to plastic), and θ-(free). The proportions of the AUs add
up to one: θX + θY + θ- = 1. When we know the binding affinities, bi, of substrates to the
AUs, and the rates of substrate release, ki, (where i = X, Y), the dynamics of the different
proportions of AUs can be described as follows:

dθX

dt
= bXθ-X − kXθX, (5.5)

dθY

dt
= bYθ-Y − kYθY, and (5.6)

dθ-
dt

= −bXθ-X + kXθX − bXθ-Y + kYθY. (5.7)

Steady states of the proportions (θ∗) can then be written as:

θ∗X =
bX

kX
θ∗- X, (5.8)
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θ∗Y =
bY

kY
θ∗- Y, and (5.9)

θ∗− = (1 +
bX

kX
X +

bY

kY
Y)−1. (5.10)

In order to calculate the energy assimilated by the assimilation units, we also need to
know the conversion success of a substrate (X or Y) to reserve (E) (marked as yEX for
food, and yEY for plastic), and the maximum surface-area specific ingestion rate ({JXm}
for food, and {JYm} for plastic particles). Using the steady state proportions (equations
5.8 and 5.9), the assimilation mass flux (JEA) for an animal of structural volume V can be
written as:

JEA = V2/3{JXm}yEXθ∗X + V2/3{JYm}yEYθ∗Y.

Because plastic has no digestible energetic value (yEY = 0), the second term is equal to
zero, and the assimilation is proportional to the fraction of AUs processing food only
(θ∗X). Substituting θ∗- in equation 5.8 with the expression 5.10, and replacing the ratio of
the binding affinity (b) and the release rate (k) for a substrate with the half saturation
constant for that substrate (classic Holling type II response curve):

KX = kX/bX, and KY = kY/bY, (5.11)

we obtain:

θ∗X =
X

X + KX(1 + Y/KY)
.

The expression for the assimilation flux is then:

JEA = {JAm}V2/3 X

X + KX(1 + Y/KY)
. (5.12)

Equation 5.12 is equivalent to equations 5.1 listed earlier, the only difference being the
property of interest (energy or mass, respectively).

The equation for f , which was used for the simulations, can be written both using the
absolute and the scaled food and plastic densities (cf. equations 5.2 and 5.4) as:

f =
X

X + KX(1 + Y/KY)
=

x

x + 1(1 + y)
. (5.13)
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When we compare the two expressions for the scaled functional response ((5.2) and
(5.13)), the only difference is the expression for the half-saturation coefficient:

K = KX(1 + Y/KY).

The new half-saturation coefficient is larger, with the increase proportional to the con-
centration of plastic particles Y. This means that, compared to an environment where no
plastic particles are present, the scaled functional response will be lower, even though
the food density X did not change.

For simplicity, we assumed that the binding affinity and the release rate of the AUs for
the ingested plastic particles are equal to those of food particles, leading to equal half-
saturation constants (KX = KY). This allowed us to calculate the concentration of plastic
particles (Y) because the ratio of the AU processing food and AU processing plastic
particles in the steady-state is directly proportional to the densities of food and plastic
particles:

θ∗X
θ∗Y

=
X

Y
, i.e. Y = (θ∗Y/θ∗X)X. (5.14)

We assumed that the food density (X) corresponds to the scaled functional response of
f = 0.81. Knowing the half saturation constant (K) for food from (5.3), we calculated
using (5.2) which food density corresponds to f = 0.81, and marked it as Xre f .

Loggerhead turtles do not discriminate between prey and plastic items [159], resulting
in the proportion of food and plastic entering the digestive system equal to X/Y. i.e.
the proportion of food and plastic in the environment. The proportion of anthropogenic
debris in the volume of the stomach contents of all loggerhead turtles in a study by Frick
et al. [66] has ranged from 0 to 25.7%, but when the whole digestive system is consid-
ered it can be higher. The intestine contents in Tomás et al. [233] have contained a larger
proportion of anthropogenic debris than stomach contents, with the “mean percentage
of debris items with respect to the total 41.56%, (S.D. 28.59) and both types of items
appeared mixed in the digestive tracts” [233]. Because the assimilation of nutrients oc-
curs across the whole digestive system, values also higher than 25% of volume [66] were
simulated in our study.

Assimilation units are linked to the surface area of the digestive system [109], not its
volume. Taking 25% of the gut volume as a reference value for plastic ingestion, the
reference ratio of the AUs (rre f = θ∗Y/θ∗X) was calculated by converting the value expressed
per gut volume (0.25) into a value expressed per surface area:

0.25
V

=
rre f

V2/3 → rre f = 0.3969.
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By inserting the calculated values for Xre f and rre f into (5.14), we obtained the approx-
imation for the plastic density in the environment, which was marked as Yre f . We then
used (5.13) to explore the effects that different (10, 20, 30, and 50% larger and smaller)
plastic densities (Y) have on the scaled functional response.
Finally, because the residence time of plastic in the digestive system of sea turtles ranges
from several weeks [140] to several months [131], whereas the mean passage time of
food had been reported as 9 to 13 days [240], we assumed a lower release rate for plastic
particles (kY < kX), leading to a proportionally lower half-saturation constant (KY < KX).
We explored the effects of different KY values while assuming a certain density of debris
(Y). Based on the observed ratios of residence times of food and of plastic items, it was
assumed that the release rate of debris was 1.25 times slower (resulting in a residence
time of 11 to 16 days), 2 times slower (residence time of 18 to 26 days, [140]), and 3, 5,
and 10 times slower (residence time 27-130 days, [131]) than the residence time of food.
The implications for the difference residence times on growth and reproduction were
studied via the effect on the scaled functional response using (5.13). For all simulations
the temperature was assumed constant (T = 22◦ C), and the parameters for the North
Atlantic population (column 2 in Table 5.1) were used.

5.3 Results

5.3.1 Environmental characteristics (temperature and food availability)

The effects of changes in food density. The effects were substantial on the ultimate
size (Table 5.2 columns 5 and 6, Figure 5.1 panels e and f) and reproduction (Table 5.2
column 7, and Figure 5.1 panels h and i). Effects on growth and maturation were smaller
(Table 5.2 column 3, and Figure 5.1 panels e and g), except for the 50% decrease in food
density, which exhibited a substantial effect on growth and maturation. Length at pu-
berty was affected by the food density, but the effect was only marginal, with the largest
reduction in size (5.7%) for the 50% lower (than reference) food density (Table 5.2 col-
umn 4).
The assumed reference (scaled) food density (marked as Xref, or xref when scaled) re-
sulted in a relatively high scaled functional response ( f = 0.81). Because the functional
response is a saturating function, a relative increase or decrease in food density did not
result in the same relative increase or decrease of the scaled functional response f : a 50%
increase in food density resulted in 6.79% increase of f , whereas a 50% decrease in food
density resulted in a 15.93% decrease of f (more than a double relative difference). The
difference in the ultimate length (relative to the reference length at f = 0.81) was equiv-
alent to the relative difference in f (6.7% for the 50% higher and 15.9% for the 50% lower
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Figure 5.1: Model predictions for a set of food densities (relative to the reference food density giving a
scaled functional response of 0.81) at a temperature of T = 22◦C. Panel a: Food availabilities calculated
as 20%, 50%, and 100% higher than the reference food level (dashed lines), and 10%, 20%, 30%, and 50%
lower than the reference food level (full lines). Panel b: scaled reserve density (dotted line) in relation to the
scaled functional response (full line), with the initial fluctuations in the scaled reserve density observable
during the first short period. The scaled functional response of an individual is, at a constant feeding
regime, equal to the scaled reserve density (ratio of the reserve density and maximum reserve density).
Here an adjustment in the scaled reserve density of hatchlings as they start feeding can be observed. Panels
c, d, g, and h: three of the main DEB state variables - reserve (panel c), structural volume (panel d), and
energy invested into maturation (panel g), i.e. reproduction (panel h). The exact time when the plateau in
the cumulative energy invested into maturation is reached corresponds to puberty, after which allocation
to reproduction starts (see section 2.1 in Chapter 3 for more details). Panels e, f, and i: Observable
equivalents of DEB state variables - length (panel e) is connected to the structural volume, weight (panel f)
has contributions from structure, reserve, and the reproduction buffer, and fecundity (panel i) (calculated
for reproduction events two years apart) is directly connected to the size of the reproduction buffer via
energy allocated to reproduction. Colors and line-types in panels b to i correspond to the type and color

of lines in panel a.
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food density, Table 5.2 and Figure 5.1, panel e). The growth, maturation, and reproduc-
tion, however, did not scale with f in the same manner as the ultimate size. A higher
food density did result in faster growth and maturation, but a 50% increase in food den-
sity resulted in 8% smaller age at puberty (length at puberty only slightly smaller than at
lower food densities) and 43% larger fecundity, whereas the equivalent decrease in food
density resulted in 80% higher age at puberty and 85% smaller fecundity (Table 5.2 and
Figure 5.1, panels e, g, i).

Table 5.2: Model predictions for a set of different food densities at the temperature T = 22◦ C. The food
density (first column) is expressed as an increase or decrease relative to the reference food density that

resulted in f = 0.81, see Section 5.2.1 for details. The reference values are indicated in bold font.

Change Scaled Age at Length at Ultimate Ultimate Max.
in food funtional puberty puberty length weight fecund.

density (%) response (-) (yr) (cm SCL) (cm SCL) (kg) (# egg)
+100 0.895 10.11 76.57 105.9 186.7 - 226.1 1068
+50 0.865 10.71 76.63 102.3 166.7 - 197.6 897
+20 0.836 11.38 76.7 99 145.8 - 173.5 747

- 0.81 12.14 76.77 95.86 130 - 152.3 627
-10 0.793 12.71 76.8 93.88 120.5 - 140.1 537
-20 0.773 13.52 76.88 91.52 111.3 - 126.4 448
-30 0.749 14.74 76.96 88.65 98.6 - 110.7 345
-50 0.681 22.30 77.21 80.57 69.6 - 72.9 89.07

The effects of temperature. Temperature was varied between 16 and 30◦ C. Temper-
ature affects all metabolic rates; the effects were substantial for maturation (Table 5.3
column 2, Figure 5.2 panel g), growth (Figure 5.2 panels c, d and e), and reproduction
(Table 5.3 column 6, Figure 5.3 panels h and i). The effect on length at puberty (Table 5.3
column 3) and ultimate length was negligible (Table 5.3 column 4, and Figure 5.3 panel e),
and the effect on ultimate weight (Table 5.3 column 5, and Figure 5.3 panel f) directly
reflected the fluctuations of the reproduction buffer (Figure 5.3 panel h).

The effects of temperature on rates depend on TA, the Arrhenius temperature calculated
in Chapter 3 as 7000 K. The relationship between the temperature and the rates was
not linear: for example, a temperature difference of 2 degrees resulted in a difference
of approximately 2 years of age at puberty only within a certain range (18 to 26◦ C),
whereas outside of that range the age at puberty differed 1 year (between 26 and 30◦ C)
or 4 years (between 16 and 18◦ C). The reproduction output was also affected by the
temperature (Table 5.3 column 6, and Figure 5.3 panel i). The production of eggs includes
various rates such as vitallogenesis, energy mobilization, chemical transformations etc
[128, 49], implying that when food is abundant, the available time becomes the limiting
factor. If individuals of the same size, experiencing the same food density, are exposed
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to different temperatures during the year, their reproduction output will be different
(Figure 5.3 panel i).

Mechanisms of temperature effects on maturation, growth, and reproduction are impor-
tant when studying the correlations between the global temperature changes or environ-
mental oscillations and metabolic responses of sea turtles (e.g. [92, 203, 201]), and using
the conclusions from those studies for conservation activities.

Table 5.3: Model predictions for a set of temperatures at the food availability resulting in a scaled
functional response of f = 0.81.

Temperature Age at Length at Ultimate length Ultimate weight Max. fecund.
(degree C) puberty (yr) puberty (cm SCL) (cm SCL) (kg) (# eggs)

16 20 76.98 95.36 127.8 - 141.2 364
18 16.82 76.77 95.68 130.7 - 145.4 439
20 14.28 76.78 95.82 129.8 - 149 522
22 12.14 76.77 95.87 130.5 - 152.7 627
24 10.35 76.78 95.88 131.1 - 156.7 723
26 8.84 76.77 95.88 131.1 - 160.8 847
28 7.56 76.64 95.89 130.1 - 166.3 999
30 6.49 76.77 95.89 130 - 172.6 1154

Effects of physiological variability. When we compared the responses of different
populations experiencing the same temperature but different food level (Mediterranean
and North Atlantic individuals in their main habitat), an older age at maturity at a 3 to
5% smaller size and a smaller reproduction output were expected for the Mediterranean
loggerhead turtles (see Table 5.2, and Figure 5.1). However, the Mediterranean turtles ob-
tained maturity at a younger age (10.74 years, Figure 5.3 panel e), a substantially (15.5%)
smaller size (65.1 cm SCL, Figure 5.3 panel c), and their reproductive output was several
times higher than expected (around 500 eggs at 85 cm SCL, Figure 5.3 panel g).

When responses of different populations experiencing the same food level but differ-
ent temperatures (2◦ C difference) were compared (Mediterranean and North Atlantic
individuals in the East and West Mediterranean, respectively), Mediterranean individu-
als were expected to reach maturity at an age 2 years earlier than their North Atlantic
conspecifics, at the same length, and reach approximately the same ultimate size with
a slightly higher reproduction output (see Table 5.3, and Figure 5.2 for the predicted
values). However, the results were again drastically different (see Figure 5.3), with the
predicted age at puberty of individuals more than 10 years apart (10.74 years for the
Mediterranean, and 24 years for the North Atlantic individuals), thedifference between
a size at maturity of 16 cm SCL (65.1 cm SCL for the Mediterranean and 81.43 cm SCL for
North Atlantic individuals), and a reproduction output three times higher for Mediter-
ranean individuals (see Figure 5.3 panel g). The ultimate size was indeed the same in
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Figure 5.2: Model predictions for a set of temperatures (16◦ C, 18◦ C, 20◦C, 22◦ C, 24◦ C, 26◦ C, 28◦ C,
and 30◦ C) shown in panel a at the food availability resulting in a scaled functional response of f = 0.81.
For description of panels b to i see description of Figure 5.1. The lines in panels b to i correspond to the

color-coded lines in panel a.
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both populations, and the growth rates were slightly lower for the North Atlantic indi-
viduals (see Figure 5.3, panel c).

One of the interesting results obtained during model simulations was the implication
that (in the Mediterranean) North Atlantic individuals experience a slightly lower food
level than Mediterranean individuals: the same scaled functional response ( f = 0.71)
can be a result of different food densities if the half-saturation coefficient is different
(see equation 5.2). The half-saturation coefficient (equation 5.11) of Mediterranean indi-
viduals is higher than that of North Atlantic individuals as a consequence of a higher
value of {pAm} (Table 5.1) . This is consistent with the observation that North Atlantic
loggerhead turtles stay in the areas with lower productivity within the Mediterranean
sea (north-western basin) , whereas the Mediterranean loggerhead turtles remain in the
areas with higher productivity (south-eastern basin) [31, 192]. However, the fact that
scaled functional responses of the individuals from two populations are equal, suggests
that the difference in the productivity of the areas is not the cause of different growth and
maturation rates which have been observed [181]. Indeed, when the same temperature
was simulated for individuals from both populations, the growth rates were practically
indistinguishable. The results would therefore imply that temperature (which is indeed
different in eastern and western basin of the Mediterranean sea, [133]) is the main envi-
ronmental driver for the observed difference in growth rates of individuals belonging to
different populations.

The reproduction output (Figure 5.3, panels f and g) was higher than that expected in the
context of previous results obtained under similar food density and temperature. This
could be explained by a lower level of maturity at puberty specific for Mediterranean
population (see Section 4.3.2 of Chapter 4), i.e. the difference in the cumulative energy
that needs to be invested into maturation before reaching puberty (Figure 5.3, panel e).
The level of maturity at puberty is correlated to the daily cost of maturity maintenance
[109], which implies that the daily cost of maintaining maturity is lower for the Mediter-
ranean loggerhead turtles, and they can allocate more energy into reproduction than the
North Atlantic ones, resulting in more eggs at a certain body size. The fluctuation of
energy within the reproduction buffer (Figure 5.3, panel f) simulates the reproduction
(egg deposition) occurring every two years for all turtles. The amplitude of the fluctu-
ations indicates how much energy was stored in the reproduction buffer between two
nesting seasons, as the result of the available food (input of energy) and metabolic ex-
penses (e.g. maintenance). More energy stored in the reproduction buffer resulted in
more eggs, and consequently larger fluctuations in mass (Figure 5.3, panel d). The pre-
diction of a higher age at puberty for the North Atlantic loggerhead turtles living in the
Mediterranean (Figure 5.3, panel c) results from the need to accumulate the same amount
of energy for maturation regardless of the food level (plateau of the curves), and is con-
sistent with the observations [181]. The extremely low fecundity predicted by the model
for the North Atlantic loggerhead turtles in the Mediterranean (black circles in panel g)
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Figure 5.3: Model predictions for North Atlantic and Mediterranean loggerhead turtles to the age of 65
years. Legend in the top left corner provides a summary of simulation setups: Full blue lines in panels a
to f and blue symbols in panel g are model outputs when using the parameter set specific to the North
Atlantic population (parsNA, Table ??), and characterizing the environment with a constant temperature
of 21.8◦ C [85] and food density resulting in a scaled functional response of f = 0.81. Full yellow lines
in panels a to f and yellow symbols in panel g are model outputs when using the parameter set specific
to the Mediterranean population (parsMed, Table ??), and characterizing the environment with a constant
temperature of 21.7◦ C [166] and food density resulting in a scaled functional response of f = 0.71. These
two cases simulate the North Atlantic and Mediterranean individuals in their primary habitats (North At-
lantic and Mediterranean, respectively). Dashed black lines in panels a to f and black symbols in panel g are
model outputs when using the parameter set specific to the North Atlantic population, and characterizing
the environment with a constant temperature of 19◦ C [133] and food density resulting in a scaled func-
tional response of f = 0.71. This case simulates North Atlantic individuals living in east Mediterranean
sea. Panels a and b show change in two DEB state variables: reserve and structure, as a function of time.
Panels c and d show observable quantities related to the two DEB variables: length as a function of time,
and weight as a function of length; change in length is directly related to change in structure, whereas
change in weight is related to change in structure and reserve, which includes also the reproduction buffer
- dynimcs of the reproduction buffer are given in panel f. Panel e shows energy invested into maturation
as a function of time; maturity is the third DEB state variable which cannot be directly observed, but
obtaining the maximum level of maturity corresponds to puberty and denotes start of energy investement
inot reproduction, which can be observed subsequently as nesting. Panel g gives a seasonal reproduction

output (number of eggs) as a function of carapace length.
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offers a reason for lack of observations of nesting North Atlantic loggerhead turtles in
the Mediterranean [181].

5.3.2 Ingestion of non-digestible anthropogenic marine debris

In all cases, ingestion of marine debris resulted in a lower scaled functional response ( f )
(Tables 5.4 and 5.5 and Figure 5.4). As f accounts for the perceived food level, this means
that individuals ingesting debris perceive less food, which results in slower growth and
maturation, and a smaller reproduction output (Tables 5.4 and 5.5). At a scaled functional
response of f ≤ 0.65, North Atlantic loggerhead turtles cannot obtain enough energy to
reach puberty or reproduce.

When the residence time of food and plastic debris was assumed to be equal, all densities
of debris resulting more than 14% of the gut volume occupied by debris translated into
a scaled functional response too low to sustain reproduction (Table 5.4 and Figure 5.4
panel a).

Table 5.4: Effects of plastic ingestion on growth and reproduction. Different (scaled) densities of plastic
anthropogenic debris were simulated for a duration of 66 years, see Section 5.2.2 for details. In the first
column, an increase or decrease in the (scaled) density of plastic is expressed, relative to the reference
density equivalent to 25% [66] of the volume of the digestive system being taken by anthropogenic debris.
In the second column, the ratio of steady states of assimilation units handling debris particles (θ∗Y) and
assimilation units handling food particles (θ∗X) is displayed. In the third column, the percentage of the
digestive system (volume) occupied by anthropogenic debris is displayed. In the fourth column, the ratio
of the new half-saturation coefficient relative to the half saturation coefficient calculated for a control
scenario without anthropogenic debris (Kref, equation 5.3) is displayed. In the fifth column, the resulting
scaled functional response ( f ) is given. In the last three columns the physical length (Lw), wet mass (Ww),
and seasonal fecundity (F) of an individual (North Atlantic female) are given. The row containing data
for the reference concentration of anthropogenic debris is marked with bold font, and the row containing

data for the control scenario (no ingested plastic) is in bold italic font.

Change Steady Volume Half sat. Scaled Length, Weight, Fecund.,
in debris state of digest. coeff. rel. funct. Lw Ww F

density (%) θ∗Y/θ∗X sys. (%) to Kref response, f (cm SCL) (kg) (#)

+50 0.595 45.93 3.54 0.546 64.670 31.91 0
+30 0.516 37.06 3.20 0.571 67.599 37.31 0
+20 0.476 32.86 3.03 0.585 69.165 40.45 0
+10 0.437 28.84 2.86 0.598 70.806 43.95 0

— Reference 0.40 25.00 2.70 0.613 72.525 47.86 0
-10 0.357 21.35 2.52 0.628 74.331 52.23 0
-20 0.317 17.89 2.35 0.644 76.228 57.13 0
-30 0.278 14.64 2.18 0.661 78.225 63.34 20
-50 0.198 8.84 1.85 0.698 82.548 80.18 122
-75 0.099 3.13 1.42 0.750 88.672 108.15 286

-100 (no debris) 0.000 0.00 1.00 0.810 95.774 147.33 507
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Figure 5.4: The change in the scaled functional response for a range of (scaled) food densities, depending
on the concentration of anthropogenic plastic debris (panel a), or the residence time of debris (panel b).
Food level is expressed relative to the food level that results in the scaled functional response of 0.81,
see Section 5.2.1 for details. The change in the half-saturation coefficient can also be observed: the half-
saturation coefficient of each curve can be read as the value on the x-axis for which the value on the y-axis
is 0.5 (indicated by the horizontal line). Panel a: Numbers in the legend refer to an increase or decrease
relative to the reference plastic debris concentration (the case of debris taking up 25% of gut volume). The
numbers in brackets indicate the proportion of the gut (digestive system) taken up by plastic and other
non-degradable anthropogenic debris for different scenarios. The residence time of marine debris was
assumed to be equal to the residence time of food. Panel b: The numbers in the legend refer to the factor
by which the residence time of debris is increased compared to the residence time of food. The percentage
of volume taken up by debris was assumed to be 3.4%, similar to the mean volume of anthropogenic debris
in stomach contents of all loggerhead turtles in a study by Frick et al. [66]. The curve marked as ”control”

was plotted for a scaled functional response when no debris is ingested. See Section 5.2.2 for details.

When a longer residence time of debris (plastic) particles was assumed, even a “small”
volumetric percentage of debris (3.4%) had substantial consequences on the scaled func-
tional response (Tables 5.5 and Figure 5.4, panel b) and, consequently, the energy budget
of loggerhead turtles. Residence time of several weeks [140], that is, 3 times longer than
that reported for food [240], resulted in a scaled functional response too low to reach
puberty and reproduce (Table 5.5). An average residence time of several months [131],
that is 5 and 10 times longer than food particles, would most probably result in death as
the sea turtles at the age of 66 years weighed 36 and 14.5 kg, respectively (last two rows
of Table 5.5).



138 Effects of environmental change and plastic ingestion on the energy budget of loggerheads

Table 5.5: Effects of plastic ingestion on growth and reproduction. Different residence times of an-
thropogenic debris, resulting in different half-saturation coefficients of debris and food (KY 6= KX) were
simulated. In the first column, the ratio of food and debris half-saturation coefficients is given, where the
longer residence time results in proportionally lower half-saturation coefficient. The residence times are
expressed relative to the residence time of food (based on values in Refs [240, 140, 131]). In the second
column the residence time of debris was calculated in days. In the third column the ratio of the new (total)
half-saturation coefficient relative to the half saturation coefficient calculated for a control scenario without
anthropogenic debris (Kref, equation 5.3) is given. In the fourth column the scaled functional response ( f ),
see Section 5.2.2 for details. In the last three columns the ultimate physical length (Lw), ultimate wet mass

(Ww), and maximum seasonal fecundity (F) are given.

KX/KY Residence time Half sat. coeff. Scaled funct. Length, Lw Weight, Fecund.,
of debris (d) relative to Kref response, f (cm SCL) Ww (kg) F (#)

1.00 9 - 13 1.45 0.746 88.225 105.94 273
1.25 11 - 16 1.56 0.731 86.519 97.74 226
2.00 18 - 26 1.90 0.691 81.775 77.00 103
3.00 27 - 39 2.36 0.644 76.203 57.06 0
5.00 45 - 65 3.26 0.567 67.060 36.27 0
10.00 90 - 130 5.52 0.436 51.581 14.48 0

5.4 Discussion

5.4.1 Is the energy budget realistic?

A large part of this study relies on the assumption that the estimated DEB parameters,
and the resulting energy budget of the loggerhead turtles, are realistic. To assess and
appropriately interpret the results, we should therefore first evaluate the validity of the
energy budget, with emphasis on the parts of the budget most directly linked to the
studied scenarios of different food levels, temperatures, and plastic ingestion. Hence,
processes of assimilation (and ingestion), as well as processes of growth, maintenance,
and reproduction (see Figure 5.5 and Section 5.2.1), are first discussed in more detail.

The diet of loggerhead turtles was simplified to food whose assimilation contributes to
the energy budget equally regardless of age, i.e. life stage (modeled as a constant value
of the surface-area specific assimilation rate, {pAm}). For those loggerhead turtles that
start feeding on markedly different food after recruiting to neritic habitats, additional
assumptions may be needed to make simulations with more complex combinations of
food densities possible. For example, in addition to temperature and food quantity,
the model could be modified to include the change in food quality via a change in
the parameter {pAm}. Simplifying food to a single general food type has, however, a
biologically realistic justification, adding to the applicability of the results. Namely, all
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Figure 5.5: A schematic representation of the standard DEB model: pA - assimilation, pC - mobilization,
pS - somatic maintenance, pG - growth, pR - maturation/reproduction flux, and pJ - maturity maintenance.

Modified from Kooijman [109].

loggerhead turtles spend a large part of their life in the oceanic habitat [23], and during
that period the food quality does not markedly change. Some of the loggerhead turtles
leave the oceanic habitats at a certain size or after obtaining puberty [177], but some
of them remain in the oceanic habitats for the majority of their life [82, 80, 177]. Even
though a range of food densities, scaled functional responses, and temperatures were
simulated, these factors were considered constant throughout a simulation. The results
therefore need to be considered in the context of this simplification, as they only directly

relate to the loggerhead turtles that do not experience drastically different environmental
conditions during their life.

Another assumption related to food was that assimilation efficiency is high (κX = 0.8).
The assimilation efficiency that had been measured previously by various authors for
pond turtles and sea turtles (feeding on food of similar protein content as the food of
pelagic and neritic loggerhead turtles) was 80% (see [80]). However, there is an important
conceptual difference between the assimilation efficiency which had been measured and
reported by other authors (i.e. the difference between the energy content of the ingested
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food and the excreted faeces - the digestion efficiency) and the assimilation efficiency in
DEB terms (i.e. the assimilation of energy from food to reserve, κX, or the cost of con-
verting the food compounds into the form of the reserve - the specific dynamic action).
The energy gain per unit of food in DEB is lower than the digestion efficiency because
the energy needed for conversion of food into reserves needs to be paid as well [109],
with the energy cost of feeding proportional to the feeding rate. A value of κX could
have a different value than the one used in this study, as it is very sensitive to the type
of food (for examples, see “Add my pet library”, 110). The process of energy ingestion
and assimilation of energy into reserve could be studied in more detail to obtain more
accurate values for κX.

The maximum daily food intake that had been assumed in Ref. [80] (41% of body mass
for the smaller 70 kg oceanic adults feeding on tunicates (pyrosomas), and 16% of body
mass for the larger 90 kg neritic adults feeding on clams, [80]), would translate into a
daily intake of approximately 8 897 kJ (19.3 kg) from pyrosomas or 28 454 kJ (3.7 kg) from
clams (calculated based on the values presented in [80]). If we assume such large amount
of ingested food (with the intake passage time of 9 to 13 days, [240]) is realistic, the cal-
culated DEB assimilation flux (pA) of 1205 kJ d−1 at 23◦ C would imply an extremely low
(DEB) assimilation efficiency (kX ≈ 0.1). On one hand, a difference in the interpretation
of the assimilation efficiency might account for the discrepancies in the energy budget as
calculated by the DEB model compared to that calculated by Hatase and Tsukamoto [80].
On the other hand, while a low κX could be justified by an extremely low quality of food
and by high costs of foraging, it would also imply an extremely high Food Conversion
Ratio (FCR). For example, with an assimilation efficiency of κX = 0.1, a loggerhead turtle
would require 110 kg of clams or 1 764 kg of pyrosomas to increase 1 kg in weight (within
the range from 0.5 kg to 5.3 kg). The same turtle with an assimilation efficiency κX = 0.8
(a value used in the model) would need 13.83 kg wet mass (or around 4.1 kg dry mass
when the average tissue density of 0.3 is assumed) of clam meat, or 462 kg wet mass (or
around 46 kg of dry mass when the average tissue density of 0.1 is assumed) of pyro-
somas for the same increase of 1 kg. A FCR of 4 for clam meat seems reasonable when
compared to the values for other vertebrates [253], and FCR of 46 (or food conversion
efficiency of 46% for dry mass, i.e. 0.5% for wet mass) seems consistent with the values
reported for food conversion efficiency from krill to seals and from krill to whales [42].
Knowing the energy value of plankton (310 J kg−1 wet mass, with 100% edible parts) and
clams (4940 J kg−1 meat wet mass, with 40% edible parts, all values from [80]), it is pos-
sible to calculate the amount of food a loggerhead turtle would need to daily ingest to
satisfy its energy budget. Assuming the energy budget (determined by the parameters
in Table 5.1) is correct, an adult loggerhead turtle of 150 kg would need to ingest around
4 to 5 kg of plankton daily, or 1.25 kg of clams, which seem to be reasonable values. Val-
ues of around 19 kg of plankton or 3.7 kg of clams daily [80] seem somewhat large, as
for captive reared sea turtles, a daily food intake of 1% body weight satisfied the basal
metabolic needs of juvenile loggerheads [163], and captive reared sea turtles were suc-



§5.4 Discussion 141

cessfully reared when fed the commercial diet at a daily rate of 5% body weight while in
the posthatchling stage, and 0.8% body weight when older [67].

Generally, the somatic part of the energy budget (the κpC branch in Figure 5.5) seems
realistic as the energy needs for growth and maintenance (FCR, and observed food intake
for metabolic needs) can be satisfied by the energy that the model predicts is allocated
for those processes.

The reproductive part of the energy budget (the (1 − κ)pC branch in Figure 5.5) as pre-
dicted by the DEB model is also realistic: The egg energy value of 170-210 kJ [88] and the
DEB predicted daily energy flux to reproduction (pR) of 201.5 kJ d−1 (at 23◦ C), amounts
to approximately one egg per day, or energy for 730 eggs allocated between nesting
seasons that are two years apart. Allocation of that reproduction output into clutches
results in 5 clutches of 146 eggs each, as observed in nature [237, 81]. Moreover, when
the energy invested into maturity maintenance is integrated over two years between the
nesting seasons, and added to the energy invested into reproduction during the same
period, a value of around 300 MJ is obtained (127 MJ for maintenance and 147 MJ for
reproduction investment, at the temperature of 23◦ C). The value is slightly smaller, but
within the same order of magnitude as the reproduction costs (434 MJ, including migra-
tion and nest excavation)calculated for neritic Pacific loggerhead turtles [80]. The energy
budget (as defined by DEB parameters) therefore seems realistic.

5.4.2 Effects of the environment (food density and temperature) on

growth, maturation, and reproduction of loggerhead turtles

Processes such as growth, maturation, and reproduction, as well as life history traits
such as ultimate size, age and size at puberty, are a result of abiotic (environmental
characteristics) and biotic (individual characteristics) factors. A process model such as
a DEB model makes it possible to separate the characteristics (and effects) of the envi-
ronment from the characteristics of the individual (Chapter 4). Furthermore, because
the DEB model is a mechanistic model, it was possible to independently explore the en-
ergy budget at different food densities and different temperatures, and use the gained
knowledge to interpret the results of a more complex scenario (Section 5.3.1). While ex-
ploring the effects of the environment on growth rates, it became clear that growth rates
derived from capture-mark-recapture data (e.g. [38]), growth marks on the bones (e.g.
[25, 39]), or length frequency analysis (e.g. [34, 13]) should not be directly compared
unless it is known that the individuals experienced the same or similar environmen-
tal conditions. Direct comparison could be misleading because different environmental
conditions might result in the observed growth rates being similar between individuals
belonging to different populations and/or life stages [15, 17].
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The temperature and food availability presented in the section 5.3.1 represented a some-
what arbitrarily chosen, yet realistic range. The temperature range was between 16 and
30◦ C, based on data presented in [85, 83]. The loggerhead turtles in the North At-
lantic rarely experience sea temperatures outside this range, even during winter [83].
The body temperature of juvenile, subadult and moderately active adult chelonid turtles
corresponds to the surrounding water temperature [183], but the adults are more effi-
cient than juveniles in keeping their body temperature close to optimal values ([91, 85]).
Therefore, juveniles might experience even lower temperatures than 16◦ C during winter,
which might slow down their growth and maturation.

One of the results obtained by studying the effects of different (scaled) food densities
was an insight into the relation between a difference in food density (a property of
the environment) and a difference in the scaled functional response (the environment as
perceived by the individual) directly resulting in differences in observable quantities (age
and size at puberty, ultimate size, and fecundity) (Table 5.2 and Figure 5.1). Explored
food densities ranged from those resulting in a very high scaled functional response
( f = 0.9) to those barely sustaining reproduction ( f = 0.68). Values outside this range
are probably rarely present in nature, as the maximum scaled functional response ( f =
0.999) is reached at extremely high food densities (23 times, or 2222.22% higher than
the value taken as the reference), and a lower scaled functional response is evolutionary
unfavorable, as it does not support reproduction (see Table 5.4). Keeping in mind the
implications of the saturating relationship of food density with the scaled functional
response is important for populations living at lower food densities (e.g. individuals
in the Mediterranean sea, or in the oceanic habitats) as at the lower end of the food
density range, a smaller reduction in food availability always results in a larger decrease
of the scaled functional response due to the nonlinear nature of the relationship. It is
important to keep in mind that food intake is a saturating function of food density when
studying the correlation of primary productivity with growth of loggerhead turtles, or
constructing population models and conservation methods based on such correlations.

While the predicted growth rates can be more or less directly compared to the growth
rates observed in an environment similar to one assumed in the simulations, the repro-
duction output needs to be evaluated with respect to the observed [88, 232] trade-off
between the number of clutches per season, eggs per clutch, and remigration intervals.
We simplified the model by assuming that nesting occurs every two years if there is
enough energy stored in the reproduction buffer. The simplification resulted in predic-
tions for an extremely small (e.g. 90 eggs, Table 5.2) or large (e.g. 1154 eggs, Table 5.3)
reproduction output in a nesting season. Even though nests of less than a hundred, and
nests of more than 200 eggs have been observed [151, 136, 88, 204], it is more likely that
those loggerhead turtles with more energy available will have shorter remigration inter-
vals (i.e. reproduce every year), whereas those with less energy available will have longer
remigration intervals (i.e. reproduce three or more years apart). This is consistent with
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the previously found correlation between remigration intervals and sea surface temper-
ature [216], and is one of the possible explanations for remigration intervals having a
modal value of 2-3 years, yet ranging from 1 to 7 years [26].

Our analysis suggested that variability of food abundance has a much stronger effect
on reproduction than variability of temperature. In the previous studies, a higher tem-
perature at breeding sites had been found to correlate to the shorter period between two
clutch depositions within a single nesting season [203, 86, 144], probably by influencing
the processes of vitallogenesis [128]. However, there was no observed correlation to the
number of clutches per nesting season [144]. This is consistent with the assumption that
the energy is invested into the reproduction buffer throughout the year [109], and not
just at breeding sites, implying that at a higher food level more energy will be contin-
uously invested into the reproduction buffer. In the context of continuous investment
into reproduction, the mentioned observation is also consistent with the previously ob-
served [145] correlation of the nesting abundance and temperature at feeding sites, where
temperature could positively correlate with food abundance [177, 17].

In addition to the scenarios of several constant temperatures and food densities tested in
this study, a temporary increase or decrease in temperature or food availability could be
simulated. Compensatory growth had been observed [193] in sea turtles experiencing an
increased food level after a period of decreased food availability, but the consequences
of the compensation on the energy budget later in life are unknown [149], and could be
studied using the DEB model presented here. The frequency and length of the migra-
tions could also be integrated into the model through influence on the energy budget in
proportion to the traveled distance [80, 109] . This might give a more realistic range of
predictions for growth and maturation, and account for some of the observed intrapop-
ulation variability in the growth rates, size and age at sexual maturity.

The environmental conditions and scenarios explored in this study concentrated on the
loggerhead turtles in the marine environment, i.e. while they are at sea. However, envi-
ronmental changes affect, in addition to marine habitats, also the nesting beaches. Loss of
nesting beaches due to coastal land loss [55], as well as change in survivability [227, 176]
and proportion of hatchling sexes [84, 256, 227] due to changes in the incubating condi-
tions, can additionally influence the dynamics of the loggerhead turtle populations, but
were outside the scope of this study.

A number of implied properties could also have been studied using the DEB model.
Examples of such additional properties are: daily energy budget at different life stages,
i.e. expenses for maintenance and other metabolic processes at different temperatures;
intensity of food density fluctuations that an energy buffer (reserve) can handle without
affecting the budget; food density (i.e. scaled functional response) at which all available
energy is required by the processes of maintenance, resulting in no growth or reproduc-
tion, etc.
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5.4.3 Anthropogenic pressure: plastic and other non-digestible marine

debris

We have explored the long-term effects of plastic (anthropogenic debris) ingestion under
two hypotheses: (i) the ingested debris pieces have the same residence time as food, and
(ii) the ingested debris pieces have a longer residence time than food. Different amounts
and residence times of the ingested debris were simulated. Plastic was considered to be
an inert material, not undergoing any degradation. Degradation in the digestive track
tested for some types of plastic labeled as biodegradable proved to be negligible after
almost two months [158], so the simplification was justified.

The simulated environmental densities of the debris resulted in 0 to 50% of the gut
volume being taken up by debris, with the density that resulted in 25% of the gut volume
being taken up by the plastic debris taken as a reference density. Even though most
reported values for stomach volume percentage occupied by debris have been below
25% (mean value of 3.2%, [66]), three important points are (i) that the values up to 25%
of stomach contents have been recorded in the same study [66], (ii) that the debris load
(as percentage of volume) of the whole digestive system is higher than that of a stomach
[233], and (iii) that marine debris “enters the digestive system in similar proportion as
prey items” [233], suggesting that 50% of a full digestive system might consist of non-
degradable marine debris. Values higher than 50% of gut volume are not likely, as this
much debris inhibited 65% of the assimilation units (Table 5.4 column 2), and would
probably result in death by starvation. Anthropogenic debris had often been reported as
percentage of dry mass of gut contents, making up on average 1.7% [36] or 2.2% [121] of
total gut content’s dry mass. The proportions might seem lower than proportions used
in this study, but the dry mass of plastic is relatively small compared to the volume (or
surface area) it occupies: dry weight of plastic in a study by Lazar and Gračan [121] had
ranged from below detectable limits to 0.71g (mean dry weight 0.08g), but the length of
items ranged from 1 to 16 cm. In fact, 73% of loggerhead turtles which had ingested less
than 0.01g of plastic, had ingested 1 to 3 pieces of anthropogenic debris of length 1 to
6 cm (mean length 3.1 cm) [121]. A light but large piece of plastic (e.g. a plastic bag or
a sheet of plastic) can cause more damage than a heavier smaller item, due to a larger
surface area.

The results suggested that the longer residence time of the debris has even more delete-
rious effects than the increased concentration of the debris. It should be noted here that
the type of simulations assumed that the individuals are constantly exposed to a certain
concentration of debris which all had a same residence time. On one hand, the reality
might be less grim because sea turtles probably experience periods when no plastic or
other anthropogenic debris items are present in their digestive system, if for no other rea-
son then because the turtles do not feed while at breeding grounds [49]. When exploring
the stomach and esophagus of green turtles, Bugoni et al. [27] had not found a significant
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correlation between the curved carapace length of the turtles and the weight of plastic
pieces, supporting this hypothesis. On the other hand, Tomás et al. [233], who have
analyzed the whole digestive system of loggerhead turtles, have reported a correlation
between CCL and volume of (natural and anthropogenic) debris ingested by (juvenile)
loggerhead turtles. A possibility that more debris is present in parts of the digestive
system not analyzed in the study has been acknowledged also by Bugoni et al. [27], who
suggested that the amount of debris in the whole digestive system might be higher. A
positive correlation of carapace size and amount of debris in the digestive system im-
plies that sea turtles accumulate debris through out their life, which would be consistent
with an overall longer residence time of debris. The effect of the longer residence time
therefore needs to be taken into account when reporting and studying the ingestion of
plastic and other anthropogenic debris.
In all tested scenarios, the model predicted that chronic exposure to food effectively
diluted by plastic (resulting in a lower scaled functional response), will result in smaller
length, smaller weight, and lower (or no) reproduction (Tables 5.4 and 5.5). Slower
increase in weight [199] and decreased formation of fat deposits influencing fitness and
reproduction [44] as a consequence of plastic ingestion have been reported for seabirds as
early as in the 1980s, and same consequences of plastic ingestion have been hypothesized
to be responsible for the lack of correlation between the weight of ingested plastic and
the weight of an individual [260]. Energy reserves have been shown [259] to be 50%
smaller in a marine worm “from a combination of reduced feeding activity, longer gut
residence times of ingested material, and inflammation.” All these types of effects have
been reported for sea turtles as well [140, 146, 220]. Younger (pelagic) turtles have been
considered more susceptible to food dilution since their gut has a smaller capacity and
their prey is of poorer nutritional quality [233, 146]. However, with the recent insights
into the dispersion and interaction of microplastic particles [229, 43, 33], one should
wonder whether food of neritic stage sea turtles really is better in nutritional quality.
Thompson et al. [229] tested in a laboratory three species of benthic organisms (from the
same groups of organisms that loggerhead turtles feed on, [122]) and all three species
ingested plastic. Graham and Thompson [74] showed that deposit feeding organism
ingest plastic particles (even preferentially) also in the field, anthropogenic debris (plastic
filaments) had been found in bivalves [196] and fish [19] that sea turtles feed on [252, 177,
121, 66].
While chronic exposure results in reduced size and lowered fitness, acute exposure might
result in death by starvation. Starvation might occur either because of obstruction or
blockage of the digestive system (esophagus or the intestinal tract) [75], interruption of
gastric secretion and processes [50, 117], or because an individual of a certain (larger)
size had accumulated so much debris in a recent relatively short period that it cannot
assimilate or mobilize from its reserves enough energy to pay the metabolic costs [140].
In addition to the studied sub-lethal consequences of food dilution caused by plastic
ingestion, and the discussed sub-lethal and lethal consequences of the obstruction or
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damage to the digestive system and death by starvation, the ingested plastic particles
can also transfer toxic chemicals [141]. Toxic contamination by plastic ingestion was
outside the scope of this study, but it does cause an additional threat to sea turtles, as
their tissues had been shown to contain elevated concentrations of toxic elements and
compounds which are also transferred into the eggs (e.g. [123, 2, 100]).

5.5 Conclusion

The energy budget model that had been developed previously for the loggerhead turtles
of the North Atlantic and the Mediterranean population (Chapters 3 and 4, respectively)
can not only be used to study the differences between the populations, but also to study
the metabolic responses (growth, maturation, and reproduction) to different environ-
mental stimuli that are generally hard to study independently for longer periods. Eval-
uation of the developed energy model (comparing the predicted and observed energy
ingestion and expenditure) provided convincing arguments that the model itself and the
calculated energy budget are realistic.

Using the DEB model we studied the influence of temperature and food availability on
the energy budget of loggerhead turtles. The food availability substantially affected the
ultimate size (length and weight), and reproduction of individuals, moderately affected
growth and maturation (age at puberty), and had negligible effect on length at puberty.
The temperature substantially affected growth and maturation, moderately affected re-
production, and had negligible effect on ultimate size and length at puberty. Results ob-
tained from the simulations can serve as a general guide for estimating the influence of
temperature and food availability on processes (growth, maturation, and reproduction)
and life history traits (size and age at puberty, ultimate size, fecundity, etc) of loggerhead
turtles.

The effects of plastic ingestion were studied using the concept of Synthesizing Units
[107], focusing on assimilation units and food availability presented as a scaled func-
tional response of an individual. Using this approach (similar to studying enzymes and
their inhibition), we obtained a modified half-saturation coefficient which resulted in a
scaled functional response as a function of debris density or debris residence time. Lower
scaled functional response is effectively equivalent to a lower food availability in an envi-
ronment. When we assumed that the ingested debris has the residence time equal to that
of food, our results implied that loggerhead turtles that have approximately 14% of their
gut volume occupied by debris will probably not reproduce, and those with more plastic
debris in their gut might not acquire enough energy during their life time to reach pu-
berty. When we assumed that the residence time of the ingested debris is three or more
times longer than that of food, a smaller percentage (3.4%) of the gut volume occupied
by plastic already resulted in the inability to sexually mature and reproduce. Studying
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and defining the mechanisms by which ingestion of inert anthropogenic debris (pre-
dominantly plastic, but also styrofoam, filaments, etc) affects the energy budget made
it possible to understand, predict, and quantify the effects of marine debris ingestion on
growth, maturation, and reproduction of loggerhead turtles.

Results suggest that the consequences of ingesting marine debris, even when studied
only from the food dilution aspect, can substantially reduce the fitness of individuals,
and impede the conservation measures. Insights gained by this study are applicable
to other species that have similar metabolic traits. In addition, the approach presented
here can be used for any other species. Prevention of new and reduction of existing
marine litter are a part of many strategies and international policies targeting the issue
of marine litter (e.g. the Honolulu strategy [59], and see [135, 3] for an overview of
policies). Considering that the production of plastic has been steadily growing over
the past decades, that a large proportion of disposed plastic ends up in the oceans,
and that the reports of marine litter ingestion are increasing, reducing the amount of
anthropogenic marine debris should be included in conservation efforts for protecting
the marine species and habitat,and become a priority for all countries that are in contact
with the marine environment.
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