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PREFACE

This 12-volume encyclopedia contains 160 chapters covering a broad range of topics
related to marine biology. Subjects discussed in this encyclopedia include the ecotoxicology,
genetics, and conservation of sea turtles; the ecological health of coral reefs and the species of
plants and animals that inhabit them; the interaction of aquatic organisms with harmful algal
blooms; the utilization of algae and seaweed for commodity chemicals, feeds, high value
products, biofuels, cosmetics, fertilizers, and materials production; the biology and global
distribution of tropical and subtropical copepods; the health, behavior, and factors affecting
the meat quality of common carp; the prevalence of toxic metals, microplastics, and other
pollutants among marine life and its environmental and ecological impact, as well as
strategies for mitigation of pollution and cleanup; the distribution, ecophysiology, toxicology,
and ecological impact of dinoflagellates; and the impact of climate change and fisheries on
the overall marine ecosystem.






In: Encyclopedia of Marine Biology (12 Volume Set) ISBN: 978-1-53619-529-3
Editors: Steffen Fischer and Jonas Abend © 2021 Nova Science Publishers, Inc.

Chapter 1

FUNCTIONAL MORPHOLOGY IN SEA TURTLE SKULLS
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ABSTRACT

The relationship between morphology, performance and ecology is critical to
understand the evolutionary and ecological processes that lead to phenotype evolution.
Despite the existence of a generalized life history model for sea turtles based on the
biology of green turtles (Chelonia mydas), it should be noted that the seven species of sea
turtles differ in their ecology and this in turn is reflected in their diet. Differential diets
have even been reported between turtles from different populations of the same species
present on the same foraging ground. Additionally, as they grow, most sea turtles present
ontogenetic changes in habitat and diet, closely related to the shape and function of their
skull. Geometric morphometrics have proven highly effectiveness to discriminate closely
related species, even in the case of sub-species that are differentiated on the basis of
karyotypic differences. The use of this technique leads to the possibility of a deeper
understanding of relationships between species, through the identification of landmarks
in biologically definable and comparable locations on different specimens which allow
the identification of differences due to the shape. Sea turtles are an excellent example of a
taxonomic group in which aspects of ecological and environmental adaptations are
reflected in morphology. There is a relatively extensive knowledge of food components
for these organisms covering a wide range of groups: sponges, jellyfish, corals,

* Corresponding Author’s Email: vescalon@ipn.mx, vicreshu@gmail.com.
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crustaceans, mollusks, tunicates, fish, certain algae and seagrasses. However, to date few
studies have analyzed variations in turtle skull shape while taking into account that the
sources of variation could be: inter-specific, intra-specific, geographic, etc. Considering
the above, this chapter addresses the application of geometric morphometrics as an
approach to assess specific structure variations in cranial anatomy of sea turtles, and the
relationship of these variations with these organisms with their ecology.

INTRODUCTION

Basic Terminology

Below are some of the most important concepts included in this chapter with their

respective definitions.

Bending Energy: Energy necessary to fit a thin straight plate to its new shape.
Measuring the amount of difference in the shape, based on the metaphor of the thin-
plate splines; so the bending energy corresponds to the amount of energy needed to
set an infinitely thin metal plate at given amplitude between selected landmarks
(Zelditch et al. 2004).

Centroid: It is the center of gravity of a specimen, according to the configuration of
given landmarks (Slice et al. 1998); mean x, y of all coordinates considering all
landmarks (Polly 2012). It does not respond to physical properties of the material but
the shape, and for this and because of this reason does not change through the
analysis (Zelditch et al. 2004).

Centroid Size: It is calculated as the square root of the sum of the squared distances
of a group of landmarks to its centroid (Slice et al. 1998). It is a measure of size used
to scale a set of landmarks.

Consensus Configuration: Group of landmarks representing the central tendency of
a sample for the process of superimposition (Slice et al. 1998).

Geometric Morphometrics: Morphometric method based on the Cartesian
coordinates of landmarks that retain all the information on geometric shape
throughout the analysis (Slice 2007)

Homology: Equivalence or similarity between derived attributes that are shared by
two or more species, which may or may not have changed and have a common
ancestor. The criteria of homology is the primary consideration when selecting
landmarks, since its location only makes sense if a match occurs and has a biological
meaning (Zelditch et al. 2004).

Landmarks: Specific markers located on a biological shape according to scale (Slice
et al. 1998), taking into account the criteria of homology in which they develop, they
are biologically definable and comparable between specimens.

Morphometry: Consists in measuring the shape of an organism or their constituent
parts. The study of shape from a morphometric perspective examines central
tendencies, variation, differences between groups and associations in relation to
extrinsic groups (according to the comparisons desired).
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e Position: One of the removed effects via Procrustes analysis. The centroid of the
object is displaced to the origin of the coordinate plane (0, 0) and the relative
positions of the points remain the same, but their coordinates vary (Rohlf & Slice
1990).

e Procrustes Analysis: The analysis of the shape coordinates from the
superimposition of corresponding landmarks, based on the estimation of minimum
squares of the position, rotation and scale which allow landmarks groups to be
aligned in pairs of specimens (Slice 2007).

e Procrustes Distances: Approximately, the square root of the sum of squared
differences between the positions of the landmarks in two optimally superimposed
configurations at centroid size (Rohlf & Slice 1990).

e Relative Warps: Refers to the principal component analysis of shape distribution, in
terms of Procrustes distances (Zelditch et al. 2004).

e Rotation: Another effect removed by means of Procrustes analysis. Points are
aligned under the minimal squares criteria eliminating the movement of the object
around an axis. The relative location of points is constant, although the coordinates
vary (Rohlf & Slice 1990).

e Scale: One of the effects removed by means of Procrustes analysis. The effect of the
size of the objects is removed by scaling the points to a centroid size equal to one
(Rohlf & Slice 1990).

e Shape: Defined as all resulting geometric information once all effects of position,
scale and rotation have been removed from an object (Kendall 1989).

e Shape Variables: Geometric variables that do not vary according to position,
rotation or size of a specimen. The superimposed coordinates of the corresponding
landmarks are variable in shape (Slice 2007).

e Thin-plate Splines: Visualization tools based on the interpolation of the differences
between the locations of a set of landmarks from their equivalents (Slice 2007).

The function of any physical attribute of an organism is its action from a morphological
perspective, and refers to how the structure works (Linde-Medina 2006). Refers to the
emergent properties of the shape of a characteristic; different to the use given by an organism
of the uses that a trait offers which defines its "biological role" or "biological function"
(Linde-Medina 2006).

Functional morphology is the study of the relationship between the shape of structures in
an organism and its functions (Alexander 1967). In the real world which we all study —living
organisms- form and function are never separate. Form does not exist in any way that is not a
result of function. Form does not exist without function and function does not exist without a
formal cause and a context. Our minds take form and function as independent as an analysis
exercise: in our reductionist world, we take things apart to understand how they work
(Wainwright 1988). Therefore, mechanical design of animal systems is a fundamental subject
within functional morphology (Westneat 2003).

The link between form-function and ecology is analyzed through the concept of
ecomorphology, which is an approximation to understand the ecological relationships
between species that is based on the supposed functional relationship that exists between
morphological adaptations of an organism and environmental characteristics in which it is



4 Andrea Franco Moreno, Victor Hugo Cruz Escalona, Juan M. Rguez-Baron et al.

found (e.g., the shape of structures associated with feeding is related to the characteristics and
size of the prey) (Wainwright 1994). The relationship between an organism morphology and
its ecological function is subject to the limitations imposed by different selective pressures
and changes occurring in ecosystems (Bulté et al. 2010; Brecko et al. 2008). Conceptually,
ecomorphology is the "study of the relationship between the morphology of the organism and
its environment” (Wainwright & Reilly 1994). Essentially it deals with ecological questions
through the phenotypic analysis of organisms (Schwenk & Rubega 2005).

Therefore, the need to know the relationship between morphology, performance and
ecology of species and its effect on morphological plasticity, to help us to understand the
ecological processes that lead to the evolution of phenotype; the correspondence between the
anatomical features that influence the performance of associated species serves as a
benchmark to represent the variation of their ecological role. Phenotypic variability present
between individuals and species is directly related to ecological differences; so that variants
in shape determine ecological strategies within which is found different ways of resource use
(Wainwright 1994).

For example, muscle and bone structure in vertebrates jaw reflects the way they capture
food (Westneat 2003). The variation in the structures involved in this process may reflect
differences in how prey is captured and indirect ecological factors affecting these
characteristics such as competition (Hulsey et al. 2005), predation (Ruehl & Dewitt 2005) and
environmental conditions (Robinson et al. 1996; Ruehl & Dewitt 2005). Also the conditions
that affect feeding morphology may affect non-trophic traits through correlated effects with
other morphological components such as body shape; therefore a common goal in the analysis
of trophic ecology is to predict the composition of individuals diet, taking into account that
predators can consume either the prey that is in greatest abundance around them, or can
choose to selectively feed on specific prey (Scharf et al. 2000).

Hence, the consumption patterns of prey depend on several factors and among them, one
of the most important is predator’s efficiency, since only prey that are located, captured,
transported and digested can be included within the diet (Franco-Moreno 2011). This
efficiency is controlled by the intrinsic properties that are product of the feeding system
design of each predator (Wainwright 1994).

Sea turtles in particular are an excellent biological model which aspects of the ecological
and environmental adaptations are reflected in morphology. There is a relatively extensive
knowledge of the food components consumed by sea turtles that include a wide range of
groups: sponges, jellyfish, corals, crustaceans, mollusks, tunicates, fish, algae and seagrasses.
However, to date few studies have analyzed the variations in shape of the craniomandibular
system of turtles taking into account sources of variation: inter-specific, intra-specific,
geographic, etc.

SKULL IN SEA TURTLES

In general, the skull of vertebrates is characterized by a complex anatomical integration
in which features such as kinetic union, dentition and mandibular mobility interact
collectively, influencing feeding performance parameters (bite force or jaw force).

In general, vertebrate exhibit positive allometry in feeding performance (bite force and
velocity) during ontogeny, so that the adults have a relatively higher performance than
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juveniles; these allometric growth patterns have often been associated with dietary changes
and niche distribution, because an increased performance facilitates consumption of
functionally more complex prey (e.g., larger size, hardness and resistance), that younger
members of the same species would be unable to consume (Hernandez & Motta 1997; Herrel
et al. 2002).

Most relevant skeletal components found in skulls of this group are derived from
ancestral splanchnocranium,; significant ancestral trait in the origin of vertebrates (and more
specifically tetrapods), present in the head of practically all of these organisms under any
variety in the form-function complex (Schwenk 2000).

The turtle skull is composed of an interior braincase —neurocranium- which contains the
brain and an external bone structure—splanchnocranium—whose anterior part and
mandibular bones form the jaws. The splanchnocranium also contains the sensory organs and
provides attachment points for the jaw, throat and neck muscles. For chelonians this structure
consists of strongly articulated bones; a secondary palate is presented and general shape of the
skull and palate present differences between species. The following refers to the main
anatomical differences for four species of sea turtles found in the west coast of Baja
California Sur and Gulf of California, Mexico (Chelonia mydas, Caretta caretta,
Lepidochelys olivacea and Eretmochelys imbricata). Dimensioning is because the
morphometric exercise shown hereinafter will focus on the differences of the shape of the
lower jaw of these species.

Shallow parietal
notches

Figure 1. Skull of green turtle (Chelonia mydas) in dorsal view (top left), ventral view (top right)
and dentary (below).

In the case of the green turtle C. mydas (Figure 1) the skull is rounded with a short snout
and shallow parietal notches; the palate presents a pair of ridges that run parallel to the outer
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edge of the mandible, between the margins of the upper jaw and internal nostrils. Dentary
may have many small cusps in young individuals and these are usually reduced or absent in
adults (Lutz et al. 1996).

The skulls of the loggerhead turtle, C. Caretta (Figure 2) and olive ridley turtle, L.
olivacea (Figure 3) are relatively large, wide at the back and with the snout tapering towards
the orbits. Parietal notches are presented along the rear edges of squamosal, parietal and
supraoccipital bones; mandibles are robust and buccal canal ends sharpened.

For C caretta the two maxillary bones are articulated on the midline of the palate before
the vomer (Figure 2), in contrast to L. olivacea (Figure 3) which has two maxillary bones
separated by this structure, which extends to the front and articulates with the premaxillary
bones; in both species the secondary palate is long and no alveolar ridges are presented.
Particularly, the pterygoid in L. olivacea is proportional and its processes are very
pronounced (Wyneken 2004).

The skull of the hawksbill turtle, E. imbricata (Figure 4) is elongated, narrow and has a
length approximately equal to twice its width. This species | characterized by a deep parietal
notches and well-developed secondary palate, resulting in the internal nares being located
further back compared to other chelonians.

Figure 2. Skull of loggerhead (Caretta caretta) in dorsal (top left) view, ventral (top right) view
and dentary (below).
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Figure 3. Skull of olive ridley (Lepidochelys olivacea) in dorsal (right) view (left) and ventral view.

Deep parieta
notches

WL

2]

Figure 4. Skull of hawksbill (Eretmochelys imbricata) in dorsal (top left) view, ventral (top right) view
and dentary (below).
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Characteristically, turtles have lost their dentition and this is a derived condition
(Schwenk 2000); these organisms have completely lost their teeth which have been replaced
by a horny structure or ramphoteca. This covers the maxillary, premaxillary and vomer bones
in the upper jaw and the dentary bone in the lower jaw (Wyneken 2004) (Figure 5).

The ramphoteca is derived from the outer layer of dead keratinized cells, typical of the
integument of all tetrapods; which covers the mandible edges and extends to the palate and
ventral part of the mouth, forming a grinding surface to process food. It is characterized by a
very sharp apical edge; when the lower jaw is raised, it fits tightly within the upper jaw so
that the lateral surface of the lower beak slides over the inner surface of the upper part,
simulating the movement of a pair of scissors (Schwenk 2000).

As for the musculature, special attention is paid to those structures closely involved in the
feeding process and which perform the following functions: abduction, in which a portion of
the ventral surface moves away and adduction, which brings it towards the ventral surface. In
the case of sea turtles these two functions are special because the depressor muscles open the
jaws, while the levators close them (Wyneken 2004). Unlike what happens for other
vertebrates in which the adductor mandibular muscles are those that are responsible for
allowing the mandibular opening and closing.

FEEDING PROCESS AND FEEDING SYSTEM

One of the main functions of any organism is feeding. This process requires the
anatomical and functional integration of a large number of components; one of the highlights
of the feeding function in sea turtles, as a group, is its diversity (Schwenk 2000). The relative
functionality of the feeding system has a major impact on individual survival and of course, in
reproductive success, therefore it is reasonable that this system is under strong selection and
that variations in its morphology significantly affect performance (Schwenk 2000). The
importance of this system for survival and adaptation stands out due to its great impact on the
body plan of tetrapods, mainly through its influence on cranial shape (Schwenk 2000).

For practical reasons, it is considered that the feeding type of sea turtles would consist of
two phases: the first involves prey capture and it is defined mainly by mandibular prehension,
with two variants: tearing and piercing. Specifically piercing would be the mechanism
presented by these organisms, because it is typical in homodont or toothless species which
trap and transport their prey with their jaws. The adjustment generated between the upper and
lower beak creates a cutting action and additionally can generate a grinding action toward the
lateral side, between the upper and lower surfaces.

The second phase, ingestion, would take place by suction; sea turtles are characterized by
a large, articulated and ossified hyoid apparatus that is associated with the ability to generate
significant amount of force that allows them to move large amounts of water during ingestion
(Figure 6).
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Figure 5. Skull of green turtle (Chelonia mydas), highlighting the horny structure or ramphoteca.
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FEEDING HABITS OF EACH SPECIES

Although sea turtle populations present different diets depending on the availability of
characteristic sources within their habitats, in this chapter we will pay special attention to
populations of the eastern Pacific. Particularly those living in the waters of Baja California
Peninsula and the Gulf of California.

Green Turtle (Chelonia mydas)

The East Pacific green turtle —known regionally as the black turtle— has a distribution
ranging from southern Canada to Chile (Parker & Wing 2000; Mérquez 2000), with important
nesting areas in Mexico, Panama and Ecuador (Cliffton et al. 1982). The coastal lagoons of
Baja California Peninsula are considered important areas for development and supply of
juveniles and sub-adults of this species (Marquez 1990; Gartner & Nichols 2001), which
recruit the £35 cm curved carapace length (CCL) (Seminoff et al. 2002a, L6pez-Castro et al.
2010) and can inhabit lagoon channels for over 20 years, while reaching sexual maturity
(Koch et al. 2007).

It is the only one of the seven species of sea turtles, -which in most of its populations- in
subadult and adult stages presents an herbivorous diet (Balazs 1982; Bjorndal & Bolten
1988), so it has been considered to occupy a unique ecological niche among this group of
reptiles (Mortimer 1982). Its ontogenetic habitat changes, in turn, have a strong influence in
modifying its diet (Bjorndal 1997). It is considered the most carnivorous of the C. mydas
populations, since its diet plus algae and seagrasses include lots of invertebrates throughout
its life (Seminoff et al. 2002b; L6pez-Mendilaharsu et al. 2005; Amorocho & Reina 2007;
Carrién-Cortez et al. 2010; Rguez-Baron et al. 2011, un-publishing data) (Table 1).

Loggerhead (Caretta caretta)

The west coast of the Baja California Peninsula and to a lesser extent the Gulf of
California, represent one of the most important feeding areas for North Pacific loggerheads
(Bowen et al. 1995). These turtles which are born exclusively on the coast of Japan, travel
across the North Pacific to find the productive waters of the Gulf of Ulloa (Baja California)
and the Gulf of California (Nichols et al. 2000). It has been estimated that they can stay there
up to 30 years until they reach sexual maturity and return to Japanese waters to reproduce
(Nichols et al. 2000; Peckham et al. 2011).

The diet of juveniles that inhabit Mexican waters is mainly composed of red crab
(Pleuroncodes planipes), demersal fish (discarded from fishing operations) and jellyfish
(Peckham et al. 2011) and differs significantly from that reported by Parker et al. (2005) for
the central North Pacific (Gastropoda, Hydrozoa, Maxillopoda, Malacostraca, Thaliacea,
Cephalopoda, Actinopterygii, Actinopterygii eggs, Polychaeta and algae) (Table 1). This is
interesting as these juvenile turtles are from the same reproductive stock (Bowen et al. 1995).



Functional Morphology in Sea Turtle Skulls 11

Olive Ridley (Lepidochelys olivacea)

Unlike most species of the Cheloniidae family, the olive ridley has a mainly oceanic
behavior (Bolten 2003). Its great mandibular strength allows it to access prey with hard
bodies such as snails and crustaceans; it also feeds regularly on benthic fish, sea urchins and
jellyfish (Carr 1961; Mortimer 1982; Marquez 1990) (Table 1).

The nesting beaches of the Baja California Peninsula represent the northern limit of the
north Pacific olive ridley reproductive stock. In the Gulf of Ulloa, juveniles and adults of this
species are sympatric to juvenile C. caretta (Peckham unpublished data). This behavior has
already been reported in Hawaii by Polovina et al. (2004); however, their diets differ
significantly, which can be attributed to differences in patterns of diving behavior: olive
ridleys spend 20% of their time on the surface and present deeper dives than those of the
loggerhead turtles, which spend 40% of time on the surface (Polovina et al. 2004).

Hawksbill (Eretmochelys imbricata)

This species is considered to be more faithful to its habitats once it recruits to neritic
areas after its oceanic phase. It is characterized by a considerably smaller range of distribution
when compared with other sea turtle species (Bolten 2003). Most research on hawksbill
ecology have focused on studies about coral reef systems and to a lesser extent on sea-grass
beds, where until it was recently believed to be the limit of their distribution (Bjorndal 1997;
Bjorndal & Bolten 1988, 2010).

Since in the eastern Pacific there was no evidence of their presence in these ecosystems,
hawksbills were considered functionally extinct (Bjorndal 1997). However, Gaos et al. (2012)
demonstrated by means of satellite telemetry, that adult hawksbill turtles gather in mangrove
systems during certain periods, giving important information about their life history.

Their diet in the Caribbean is mainly spongivourous (Meylan 1988), although depending
on the foraging area, cnidarians (Leon & Bjornadal 2002), false corals (Rincén-Diaz et al.
2011), algae (Berube et al. 2012) and sea-grass (Bjornadal & Bolten 2010) have been
identified as major components in their diet. Even though studies have not been undertaken
on East Pacific hawksbill diet, due to its use of habitat, it is thought to feed mainly on
mangrove structures, sponges and tunicates (Gaos et al. 2012) (Table 1).

METHODS

Morphological Analysis through Geometric Morphometrics

Any quantitative measure or numerical analysis of morphological features of an organism
is called Morphometry; the quantitative representation and analysis of shape using geometric
coordinates instead of measurements is known as Geometric Morphometrics (Polly 2012).
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Table 1. Feeding components of the diet of four species of sea turtles (Chelonia mydas,
Caretta caretta, Lepidochelys olivacea and Eretmochelys imbricata)

Species

Dietary components

Source

Chelonia mydas

Seaweed

Seminoff et al., 2002b

Cyanobacteria

Lépez-Mendilaharsu et al., 2005, 2008

Seagrass

Amorocho & Reina, 2007

Sponges

Arthut & Balazs, 2008

Scyphozoans

Carrion-Cortez et al., 2010

Nematodes

Rguez-Baron et al., 2011, (unpublished
data)

Annelids

Anemones

Pennatulaceos

Hidrozoos

Jellyfish

Red crab

Tunicates

Caretta caretta

Seaweed

Parker et al., 2005

Polychaete

Peckham et al., 2011

Jellyfish

Barnacles

Scyphozoans

Gastropods

Cephalopods

Crustaceans

Fish

Fish eggs

Lepidochelys olivacea

Seaweed

Carr, 1961

Groundfish

Mortimer, 1982

Crabs

Marquez, 1990

Oysters

Sea Urchins

Sessile tunicates

Shrimp

Jellyfish

Salps

Red crab

Barnacles

Mollusks

Eretmochelys imbricata

Cnidarians

Carr & Stancyk, 1975

Sponges

Mortimer, 1982

Mangrove

Leon & Bjornadal, 2002

Tunicates

Bryozoans

Parker et al., 2009

Mollusks

Carriéon-Cortéz (unpubl. data)

Seaweed
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One important purpose of morphometric studies is to understand the variations in size
and shape of an organism’s body within a broad evolutionary context. This tool allows us to
relate morphology with ecological attributes such as predation, competition, environmental
performance in obtaining food and mating (Davis et al. 2010); enabling us to answer
questions such as "how different are two organisms?" or "with which factors differences in
shape are correlate?".

In this regard, Geometric Morphometrics allows the analysis of variation in shape based
on the location of landmarks (Adams et al. 2004), which by taking into account the criterion
of homology in which they develop are biologically definable and comparable between
specimens, and they constitute specific natural points which are located on biological shape
according to a scale (Slice et al. 1998). According to Bookstein (1991), there are three main
types, which correspond to three ways of addressing epigenetic explanations that are in
principle subject of these measurements:

Type I: Juxtaposition of tissues. Includes conventional points in which homology is
based on a robust biological interpretation (anatomical: sutures and insertion of different
structures, etc.). Although its location is limited to the edges of structural components of a
shape or to regions defined by where different tissues are juxtaposed, it is not determined by
general contour characteristics (MacLeod 2001).

Type Il: Maximum curvature or other local morphogenetic processes. These include
the protuberances apices and invagination valleys. The skeletal processes where muscle
adhesion occurs are also included.

Type 11: Extreme points. Include points that characterize a region of body design that
may include information of a finite number of separate regions (extreme points of a diameter,
intersections in segments found between type | landmarks). Although they are considered
"deficient" because they do not have all the coordinates and it is not common to include them
in the analysis, its displacement is significant mainly when are located in segments or areas of
the structure, whose boundaries are defined by type | landmarks. Due to the variable nature of
this type of landmarks and its dependence on a wide variety of conditions, they have been
redefined as semi-landmarks (Bookstein 1997; MacLeod 2001). Polly (2012), defines these as
marks that are positioned arbitrarily using an algorithm, often by defining extreme (or limit)
landmarks, within which a specific number of semi-landmarks are placed.

To define landmarks that will represent shape(s) structure(s) or specimens to be
evaluated, it is important to consider three main factors:

e The landmarks should proportion information that allows us to test the proposed
hypotheses.

e They should adequately represent the shape and.

e They must be presented in all specimens.

In such a case, if what is sought is to relate morphology with ecological aspects such as
changes in feeding habits on a inter or intraspecific level, landmarks must be located on the
individuals craniomandibular system and focus on those structures involved in the feeding
process (prey capture).
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For each individual, landmarks are quantified on a bidimensional plane, at coordinates (X,
y); once all landmarks on all of the specimens coincide as closely as possible, the differences
between the coordinates for each landmark can be comparable.

To achieve this, landmark configuration from one specimen is overlapped on another as
to coincide as closely as possible (Rohlf & Marcus 1993); the variation that is not due to
shape and is generated by changes in position, rotation and scale of specimens is then
removed (Slice et al., 1998). The most common method of superimposition is Procrustes
analysis, which estimates the position and orientation parameters minimizing the sum of the
distances squares between the configurations of two corresponding landmarks (Bookstein
1991).

This is achieved in three steps (Slice & Rohlf 1990; Polly 2012):

e The centroid of each individual is moved to the origin (0, 0); the centroid of the
shape for each pair of landmarks is subtracted (Figure 7a).

e Generally all shapes are scaled to the same size (which usually corresponds to the
centroid size; this is calculated from the mean shape and each of the "new" shapes)
(Figure 7b).

e The shape is rotated around the origin, until the sum of the distances squares between
corresponding landmarks is minimized (Figure 7c).

A
A
b

Figure 7. Processes of (a) position, (b) scale and (c) rotation that are removed by Procrustes analysis.
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The result of this process is the elimination of size effects, thus the first principal
component is shape. Additionally, this allows the configurations of landmarks to be directly
comparable when putting in the same coordinate system and facilitates the formulation of
hypotheses regarding organism shape, by minimizing the distances between landmarks,
ensuring that any difference between shapes is "true™ (Polly 2012).

For each specimen, iterations of the process are performed, obtaining the average shape
(consensus configuration), after this, the landmark configurations are placed in a common
coordinate system, and these are used as shape variables (Adams et al. 2004).

The most common method to visualize the differences between a specimens shape is by
thin-plate splines. In these representations it is assumed that landmarks are placed on an
infinitely thin metal plate; if we have two specimens, one of the configurations of landmarks
may be found on a straight plate while for the other, the plate must be deformed to adjust to
the first configuration (Bookstein 1991). The difference in shape between the two specimens,
can be expressed as the energy needed to adjust the straight plate to its new shape (bending
energy). The deformation of the plate shows where the differences between specimens exist,
considering the variation of each landmark separately (Figure 8).

This form of visualization allows the interpretation of the results directly within the
context of cranial anatomy and has been used for a little over a decade (i.e., Klingenberg &
Zaklan 2000; Klingenberg et al. 2001a; Bookstein et al. 2003).

Finally an ordination plane of the distribution of the shape in terms of the Procrustes
distances is obtained. The visualization method by thin-plate splines from relative warps, was
developed by Bookstein (1989, 1991) to analyze the morphometric variation within a
population using landmarks; each warp is taken as a change in the direction of the shape in
respect to the average. These are used to describe the trends in the variation of the shape
between specimens and can be interpreted as the deformation in a physical space for each
landmark, with respect to the mean. Furthermore, these warps can be shown as displacement
vectors for each landmark with respect to reference specimen (Rohlf 1993), facilitating the
visualization of the location, direction and magnitude of morphological change.
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Figure 8. Deformation grid for landmarks with respect to a mean shape in a physical space
(thin-plate spline).
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Lastly, morphometric distances are considered as the main measure of differences
between individuals, for all variables that were represented; for Geometric Morphometrics the
primary measure of differences would be the Procrustes distances, i.e., distances between
shapes after performing superimposition (Polly 2012).

Specifically with respect to morphometric analysis of the skull, we must take into account
that the parts of this structure are integrated with each other as they develop, operate and
evolve together. However integration is not absolute, but is divided into modules which are
relatively independent within the entire unit (Klingenberg 2008, 2010). Thus the concepts of
integration and modularity are closely linked and must be considered together. This is
demonstrated in the example shown in the following sections.

Geometric morphometric methods are suitable for the investigation of morphological
integration and modularity for several reasons. Firstly, it provides a wide range of powerful
statistical tools to answer specific biological questions concerning modularity and integration.
The combination of the geometry with multivariate statistics ensures that the shape of a
structure is completely characterized without repetition. Additionally, all spatial relationships
between landmarks or other geometric characteristics included are taken into account, without
the need to define a set of features to include in the analysis a priori.

FUNCTIONAL ANALYSIS BY BIOMECHANICAL MODELS

Biomechanics in functional morphology covers the physics of biological materials and
the environment that surrounds them, with the respective consequences for organism shape,
function and evolution (Schwenk 2000). It is based on mechanics, engineering, anatomy and
physiology among other disciplines; through which a precise description and analysis of the
movement of the systems that composed living organisms and its causes are realized.

Measuring the performance associated with the mandibular system of vertebrates allows
us to analyze how processes of feeding, prey capture, mating and defense from predators
occur. The bite force is closely linked to the design of the craniomandibular system and
therefore can be used as an indicator of the overall performance of the whole organism in
relation to its morphology (Anderson 2009).

The study of biomechanics allows us to design and explore models that explain how
mechanical forces act within organic systems and structures of living beings. The increased
force provides an ecological advantage in the resources distribution and niche differentiation,
diminishing competition and increasing the spectrum of availability prey allowing for the
coexistence of several species within the same habitat (Kiltie 1982; Herrel et al. 2001; Herrel
et al. 2005; Dumont et al. 2005; Wroe et al. 2005).

Biomechanical models outline the physical and physiological principles that determine
the functions in organisms, allowing ecological and functional inferences based on
morphology (Westneat 2006). In general, the jaws of vertebrates is a simple lever which
closure is permitted by the adductor mandibulae muscles, which pull the jaw around a
rotation point (formed by the jaw joint) creating a third order mechanism (Figure 9)
(Westneat 2010). In this the effort lies between the resistance and fulcrum, and it is
characterized because the input force being higher than the output force; it is employed when
increased velocity transmitted to an object is required or the distance travelled by this.
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Resistance Effort

Fulcrum

Figure 9. Third order simple lever.

The generation of force and velocity through this system, depends on the input force (If)
and the distance between the point at which the effort is generated, regarding the input (lf; I:
in-lever arm) and output forces (Of; O: (out-lever arm) and the fulcrum. The above generates
a corresponding (d) displacement (Figure 10).

For sea turtles the rotation point (fulcrum) of the lever would consist by the
guadratojugal-mandibular joint (towards the articular bone), around which would turn the
other bone elements by the action of adductor mandibulae complex that presents several
parts: these originate in the parietal, quadratal and supraoccipital bones (Figure 11) and
converge in a tendon that is mainly inserted into the lower jaw (dentary, with small insertions
in the squamosal bone after the jaw joint) (Wyneken 2004).

3le |
€

[€

Figure 10. Generation of force and velocity in a third lever order. Input force (If), output force (Os),
in-lever arm (1), out-lever arm (O) and displacement (d). Taken and modified: Herrel & Aerts 2003.

Quadrate

Quadrate-
Jugal

Figure 11. Cranial structure of C. mydas highlighting the bones in which adductor mandibulae complex
is origin and the quadratojugal-mandibular joint (fulcrum of lever: red triangle).
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EXAMPLE

To show the scope of Geometric Morphometrics, we developed a preliminary exercise in
order to describe the main differences in the morphological features of the mandibular system
of the four species of sea turtles listed above (C. mydas, C. caretta, L. olivacea and E.
imbricata), distributed along the west coast of the Baja California Peninsula and Gulf of
California.

We digitized 129 images of the lower jaw of the four species (C. mydas: 35, C. caretta:
78, L. olivacea: 11 and E. imbricata: 5), retaining the same conditions when photographing
each specimen. Subsequently landmarks (Table 2, Figure 12) were located to describe the
mandibular design and to carry out the comparisons. In this process we employed type I, Il
and Il landmarks (mentioned above), because using only the first type is not enough,
particularly when the design of the structure to be analyzed is composed by surface, contours
or edges (as applicable) where it would be difficult to locate them. Given these considerations
located landmarks corresponded to (Figure 12, Table 2):

Subsequently relative warps for each landmark were obtained, creating a matrix in which
the shape variables are grouped. We obtained thin-plate splines, which as explained above
help us to visualize the changes in the disposition of landmarks with respect to the mean
shape, as deformations generated in the grids when they try to adjust to the average shape.

Figure 12. Landmarks (top) and semi-landmarks (below), placed to describe mandible shape.
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Table 2. Landmarks and semi-landmarks placed to describe the mandibular

shape of the four sea turtles species

Landmarks Location Type
1 Anterior tip of the dentary |
3 Anterior tip of the ascending process of articular 1l
bone
5 Posterior tip of the ascending process of articular 1l
bone
7 Posterodorsal margin of articular bone |
8 Posteroventral margin of articular bone |
10 Posteroventral margin of the dentary 1l
Semi-landmarks
2 Dorsal edge of the dentary bone 11
4 1
6 1
9 Ventral edge of the dentary bone 1l
11 1
Caretta
caretta
Eretochelys
imbricata
i Lot it NI
- R J — — r-"'r’ 2
O 7 - o ) Sy
Caretta I Chelonia
caretta g mydas
Lepidochelys i Eretochelys
olivacea ¢ imbricata
Lepidochelys
olivacea
Chelonia
mydas

Figure 13. Thin-plate splines obtained from landmarks placed on the lower jaw of the four

sea turtles species.
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From the thin-plate splines (Figure 13) it is possible to identify that the main differences
in the lower jaw of the four species occur at the anterior region of the dentary. It corresponds
to the left end of the first axis of variation, where we would find C. caretta and L. olivacea
characterized by a dentary that differs markedly from the ascending process of the articular
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bone, which is wide and whose apex is blunted (Figure 14). Towards the right end of the
ordination plane we would find C. mydas and E. imbricata, characterized by the absence of a
marked difference between the dentary and the articular bone, whose ascending process has a
pointed apex (Figures 13 and 14). These differences could be generating variations in feeding
performance for these species, as it is in the lower jaw that the movement to carry out this
process is generated, and the anterior region of the dentary would constitute the point of grip
or press prey.

The second axis of variation was characterized by differences presented towards the
posteroventral area of articular bone; in this case, the positive values are associated with the
species C. caretta and E. imbricata characterized by a sharp termination of the articular bone
(posterior region of the lower jaw) compared with negative values that relate to L. olivacea
and C. mydas in which a blunt termination was observed (Figures 13 and 14). As for the
variations due to the first axis, the differences could be affecting mandibular performance: the
posterior region of the mandible is the area of junction with the skull and therefore, the
rotation point that allows the movement of this structure. However, in this example we do not
quantify the performance variables of the four species by using biomechanical models.

Caretta
careftta

‘»T'T -

Chelonia

Eretochelys
imbricata /f\\*&

Figure 14. Dentary structure for the four sea turtles species.
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We can then determine the relevance of the anatomic features whose morphological
variation (measured from the Geometric Morphometrics technique) has functional
consequences in the feeding performance of sea turtles. The success in the feeding event and
more specifically during the prey capture can be developed using different strategies, which
are facilitated by the characteristic shape of each species. This ultimately allows us to define
the ecological role of each species in the ecosystem and if processes of interspecific
competition are present or not.
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ABSTRACT

This chapter is a review of studies in the toxicology of sea turtles and describes some
ecotoxicological analytical procedures. A variety of chemical pollutants (heavy metals,
persistent organic pollutants and polycyclic aromatic hydrocarbons) are found in the
tissues and bones of sea turtles, including: kidney, muscle, gonads, lung, heart, pancreas,
liver, adipose tissue, eggs, blood, faeces, carapace, spleen, bone, spinal cord, brain and
urinary bladder. These pollutants have been reported in six species of sea turtle: Caretta
caretta, Chelonia mydas, Dermochelys coriacea, Eretmochelys imbricata, Lepidochelys
kempii and Lepidochelys olivacea. Moreover, this chapter will describe studies of
Chelonia mydas ecotoxicology in Brazil and highlight ecotoxicological prospects in these
species as tools for the conservation of sea turtles.

Keywords: oxidative stress biomarkers, metals, POPs, PAHs

INTRODUCTION

Coastal areas are subjected to constant pressure by human activities, due to their socio-
economic importance and provision of various resources upon which local populations
depend. Currently, coastal regions cover less than 20% of the planet's surface. However, these
areas contain more than 45% of the human population; host 75% of megacities (with
populations greater than 10 million people) and produce approximately 90% of global fishery
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stocks. Coastal regions constitute an important area of food production through farming,
fishing and aquaculture. These regions are a focal point of industrial development and
transport due to: significant mineral resources (including oil and natural gas) and heavy
tourism demands. Beyond this, coastal areas are an abundant reservoir of biodiversity and
ecosystems, upon which significant global functions depend (GESAMP 2010).

Pollution of coastal regions is associated with direct or indirect anthropogenically driven
introduction of substances or energy into the marine environment, resulting in deleterious
effects. Harm to living resources, hazards to human health and the hindrance of marine
activities including fishing, reduction in quality of sea water or amenities likely result.
Stressors resulting from pollution are associated with features of toxicity, persistence and
bioaccumulation of substances in living organisms. Groups of potentially harmful substances
that exist in marine environments, and for which critical issues have been identified include:
oil derivatives, domestic sewage, heavy metals, radioactive materials and organochlorines
(GESAMP 2009). In this scenario, estuaries and coastal regions generally act as the final
receiving body of these substances. The sensitivity of estuarine and coastal regions to
environmental impacts will depend on the ecological and biogeochemical characteristics of
each particular region, including the presence or absence of human activities in that area
(Lana et al. 2006). It is necessary, therefore, to design indicators of estuarine and coastal
areas, able to provide reliable scenarios to diagnose the quality of the environment and the
impacts of compromised systems on living organisms.

Ecotoxicology can be defined as the science of assessing effects of toxic substances on
ecosystems. The primary goal of this field is the protection of entire ecosystems, and not
merely isolated components (Hoffman et al. 2003). Previously, reptiles have been used as
indicators or sentinels of environmental pollution. These species play a significant role in the
transport of pollutants between trophic networks, which is underestimated by a lack of studies
(Gardner & Oberdorster 2005); however further emphasizes their potential for environmental
pollution modelling. The direct and indirect effects of environmental pollution and climate
change can hardly be quantified, further inhibiting our understanding of potential factors that
influence populations and their habitats. Long term monitoring of populations of reptiles
should be standardized in order to identify possible causes of the decline in reptiles
worldwide (Gibbons et al. 2000).

ECcOTOXICOLOGY AS A TOOL FOR CONSERVATION OF SEA TURTLES

Sea turtles represent an interesting species to be used as biological indicators of
environmental pollution, as they are subject to various threats linked to the dramatic
ontogenetic changes in their life cycle. Development of sea turtles begins in the terrestrial
environment, before moving to a pelagic phase, and finally returning to coastal areas to feed.
As such, these individuals occupy a wide variety of ecosystems such as rocky shores,
mangroves, coral reefs, seagrasses and offshore environments (Plotkin 2003; Bolten 2003).
Developing within a wide range of environments increases the possibility of interacting with
anthropogenic impacts including pollution, predation or changing environments (Marcovaldi
et al. 2006; Gilman et al. 2007).
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Adding to their high mobility throughout different ecosystems, the long life history of sea
turtles enables an extended exposure period to polluting substances, both spatially and
temporally. These attributes make these species an excellent model of pollution indicators or
sentinels for monitoring the degree of costal contamination. A variety of chemical pollutants
have previously been reported for sea turtles (heavy metals, persistent organic pollutants and
polycyclic aromatic hydrocarbons) (Keller et al. 2004; Hamann et al. 2010; Lazar et al. 2011;
Camacho et al. 2013).

Review studies regarding the toxicology of sea turtles have assessed six species (Caretta
caretta, Chelonia mydas, Dermochelys coriacea, Eretmochelys imbricata, Lepidochelys
kempii and Lepidochelys olivacea), however, C. mydas and C. caretta are more highlighted in
this field. Studies with heavy metals and persistent organic pollutants (POPs) have identified
a range of contaminants in various sea turtle tissues (kidney, muscle, gonads, lung, heart,
pancreas, liver, adipose tissue, eggs, blood, faeces, carapace, spleen, bone, spinal cord, brain,
urinary bladder). Differences in the accumulation rate depends on species, sizes and tissue
type, along with environmental differences between species including: pelagic or sedentary
life strategy, trophic levels, food items, and growth rates (Caurant et al. 1999; Pugh & Becker
2001; Gardner et al. 2006; Talavera-Saenz et al. 2007; Keller et al. 2006; Innis et al. 2008;
Andreani et al. 2008; D’Ilio et al. 2011).

Some studies have been conducted to identify concentrations of heavy metals in sea
turtles, reporting a higher accumulation of copper (Cu) and lead (Pb) in the kidney (Lam et al.
2004; Anan et al. 2001; Caurant et al. 1999) and copper (Pugh & Becker 2001; Fitzgerald
2004; Lam et al. 2004; Anan et al. 2001; Caurant et al. 1999; Innis et al. 2008; Andreani et al.
2008) and iron (Fe) (Aguirre 2004) in the liver. Silva et al. (2014) reported that zinc (Zn)
concentrations for C. mydas in the muscle was the highest of all metals analysed, and the
highest concentrations of lead, cadmium (Cd) and zinc were found in the kidney. The liver,
however, was found to contain the highest values of silver (Ag) and copper.

Others studies that investigated metal profiles as environmental markers in green turtles
demonstrated excellent correlations between the state of pollution in these foraging
environments and the metal accumulation in the turtle (Talavera-Saenz et al. 2007;
Franzellitti et al. 2004). Storelli et al. (2008) in the Mediterranean region, showed that the
distribution of metals at the subcellular level and in the cytosol of liver and kidney cells plays
a crucial role in the accumulation of metals such as Cd, Cu and Zn for C. mydas. However,
many controversies related to the physiological and metabolic differences possible within the
same species and exposure levels associated with the migratory routes remain (Fitzgerald
2004). Previous studies determined the concentrations of heavy metals in green turtles from
the Caribbean (C. mydas) and loggerheads from the Italian Mediterranean (C. caretta), and
evaluated hepatic and renal concentrations of methalothioneins (MT) as biomarkers of metal
exposure, thus providing a useful tool in the long-term conservation of sea turtles (Andreani
et al. 2008).

Assessments of persistent organic pollutants (POPs) have increased in recent years, as
these pollutants possess characteristics to pose a significant environmental risk. POPs are
persistent in the environment at a decadal scale; capable of becoming highly concentrated in
fatty tissues. These can then become subsequently transferred great distances along trophic
levels; a process linked with serious health effects in humans and other living organisms
(WHO 1993).
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Additionally, these substances undergo processes of bioaccumulation greater at each
increasing level along the food chain (Peruguini et al. 2007). POPs reported within sea turtles
include polychlorinated biphenyls (PCBs), organochlorine compounds (OCs) and
perfluorinated compounds (PFCs) as the most studied. Among OCs, organochlorinated
pesticides and hexachlorobenzene (HCB) are the two most important classes investigated
(Cobb & Wood 1997; Alam & Brim 2000; Corsolini et al. 2000, Storelli & Marcotrigiano
2000; Keller et al. 2004, 2005; Storelli et al. 2007; Monagas et al. 2008; Oros et al. 2009;
Richardson et al. 2010; Lazar et al. 2011; D’Ilio et al. 2011; Camacho et al. 2012, 2013).

Despite significant oil spills at sea, the impact of oil on sea turtles remains relatively
unknown. However, studies have assessed polycyclic aromatic hydrocarbons (PAHSs) due to
the potential for metabolizing and subsequent biomagnification of these substances within the
marine food chain (Camacho et al. 2013). QOil exposure can affect turtles via increased egg
mortality and developmental defects; direct mortality due to oiling in hatchlings, juveniles,
and adults; negative impacts to the skin, blood, digestive and immune systems, and salt
glands of individuals (Milton et al. 2003). Stressor conditions for exposure to PAHs can
inflict long-term impacts on sea turtle populations, due to decreased fitness of sea turtle
individuals, and subsequent increases in population susceptibility to environmental pressures.
Previously, Hutchinson and Simmonds (1992) proposed a relationship between low-level
chronic exposure to contaminants and the occurrence of cutaneous fibropapillomatosis in sea
turtles. Camacho et al. (2012) reported baseline concentrations of PAHs in loggerhead sea
turtles from two populations of the West Africa coast; however, they suggested that further
studies are necessary to evaluate the long term deleterious effects of PAH exposure.

The use of non-invasive biomarkers in apex species that are in danger of extinction such
as seals, dolphins, hawks, cormorants, herons and whales has been reported in previous
studies (Casini et al. 2003; Fossi et al. 1999). The application of non-invasive biomarkers for
species threatened with extinction allows the use of animals found in the wild as indicators of
the state of conservation of ecosystems and long-term monitoring. Techniques investigating
the detection of vitellogenin in green turtles, as non-invasive biomarkers, found associations
between the expression of this precursor molecule for egg yolk proteins, lipovitellins and
phosphovitins with xenoestrogens as environmental stressors (Sifuentes-Romero et al. 2006).

The first study that implemented non-invasive biomarkers was developed with green
turtles in Uruguay through the use of porphyrins for the detection of heavy metals and PAHs
(Berrondo 2007). Porphyrins are byproducts of oxidative metabolites, intermediate
metabolites of heme biosynthesis and are synthesized by organisms via cellular respiration.
Porphyrins include Coproporphyrins and Uroporphyrins.

These metabolic products are stored in heritopoyetic tissues (liver, kidney) and excreted
in urine and faeces (Berrondo 2007; Fossi et al. 1999). The presence of pollutants such as
PAHs, PCBs and heavy metals alter hemosynthesis by interfering with biosynthesizing
enzymes and subsequently altering the profile of excreted porphyrins. Through accumulation
of uroporphyrins it is possible to identify the presence and concentration of PAHSs, and
through accumulation of coproporphyrins and uroporphyrins it is possible to detect PCBs
(Berrondo 2007).

Sea turtles applied as bioindicators of pollution in marine ecosystems are of increasing
interest because they are long-lived species that may bioaccumulate organic and inorganic
contaminants from food, sediment and water (Andreani et al. 2008). These characteristics
enable ecotoxicological studies to assess the response of sea turtle populations to pollutants in
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ambient environment. This is enabled by the recovery of valuable information from dead
animals of endangered populations, promoting the development of monitoring protocols over
long-term periods that link mortalities with the harmful effects of pollutants.

ANALYTICAL PROCEDURES USED IN SEA TURTLES
ECOTOXICOLOGY STUDIES

The differences in metabolized forms of chemical substances necessitates the detection
and evaluation of the impact of pollutants in exposed organisms. This leads to the study and
development of morphological, molecular, biochemical or physiological biomarkers that
detect biological effects on organisms (Bianchini et al. 2006).

This chapter will use the biomarker terms defined by Livingstone (1993): body fluids,
cells or tissues, physiological, behavioural or energetic responses of organisms that may
indicate the presence or exposure to contaminants. We then describe any biomarkers used in
the ecotoxicological assessment of sea turtle studies.

CHEMICAL DETERMINATION OF METALS:
UsE OF TISSUE RESIDUES IN SEA TURTLE ECOTOXICOLOGY

Although metals are considered contaminants, it is important to remember that they are
natural substances (Walker et al. 2004). Through geological and biological cycles, they are
redistributed naturally in the environment; in rocks, minerals, soil, water and air. These levels
are generally low and widely dispersed. Rainwater dissolves rocks and physically transports
the material to rivers and streams, and eventually into the ocean (Goyer 1991; Novotny 1995).
The atmosphere represents a major entry pathway of certain metals into the ocean.

In terms of human exposure and toxicological significance, anthropogenic activities
present greater importance in relation to the concentration of metals in the environment, as
metal concentrations likely increase with human activities (Silva et al. 2014). Metals have
been used throughout human history to make utensils, machinery, and in mining and
smelting, while more recently such elements have been used in industry, agriculture and
medicine. These activities generate an increase in environmental levels of metals.

With the increased levels of these contaminants in the environment their toxic effects can
be felt in many sectors of the biota. This is due to metals being highly reactive and
bioaccumulative, i.e., organisms are not able to completely eliminate the metals absorbed.
Living things require small amounts of metals to perform vital functions in the body;
however, these elements in excessive levels can be toxic (Silva et al. 2014). Other metals,
such as mercury, lead and cadmium, have no function in organisms and their accumulation
can cause serious illness, especially in vertebrates. When released as industrial waste in water,
soil or air, these elements can be absorbed by plants and animals nearby, causing poisoning
along the food chain, since they tend to accumulate in aquatic biota (Mazzuco 2008).

For a metal to exert its toxicity, it must cross the membrane and enter the cell. If the
metal is of a lipid soluble form, such as methylmercury, it easily penetrates the membrane.
However, when attached to proteins such as cadmium bound to metallothionein, the metal
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enters the cell by endocytosis, while other metals such as lead, can be absorbed by passive
diffusion. The toxic effects of metals typically involve interaction between the free metal and
cellular target, such as specific biochemical processes and/or cellular and subcellular
membranes (Cope et al. 2004).

Based on the above, it denotes that all forms of life are affected by the presence of
metals, depending on the concentration and chemical form of these. As previously mentioned,
many metals are essential for the growth of all types of organisms, from bacteria to humans,
but they are only required at low concentrations and can damage biological systems when
present in high concentrations (Silva et al. 2014). The manifestation of toxic effects of metals
is associated with their concentration, which can be distributed throughout the body, affecting
various organs and altering biochemical processes and cellular structures (Salgado 1996).

In the marine environment, bioaccumulation of metals occurs in many ways, but mainly
through the ingestion of food and suspended particulate matter containing metals, and directly
from the acquisition of metals from bottom sediments pore waters and removal of metals in
solution (Kennish 1997).

The concentration of metals in the tissue of vertebrates has been used as a parameter to
evaluate the quality of diverse environments. In the marine environment, mammals, turtles
and birds are often affected by pollution due to the longevity of these groups. Furthermore,
the position of these species in the trophic web creates susceptibility associated with the
cumulative power of cadmium, chromium, lead, mercury and others. This can result in
serious damage to the health of diverse populations (Furness & Rainbow 1990).

Assessing hazards and risks to life through metal concentrations in biological tissues is
very important, because these residues generally provide a better understanding of the
exposure conditions experienced by an organism compared to the concentrations of
contaminants in the surrounding environment. In order to use these data for wildlife
preservation, we should exercise caution with a number of factors regarding contaminant
accumulation; results represent the bioavailability according to the physical-chemical
characteristics of the area and chemical speciation of the contaminant as well as ecological
and physiological characteristics of organism, which may influence uptake and accumulation
(Hopkins 2005).

Reptiles are important members of ecosystems and generally have life history
characteristics that make them vulnerable to the accumulation of metals (long life, high
trophic level, aquatic habitat). Sea turtles are of increasing interest as potential bioindicators
of metal pollution in marine ecosystems, due to the long life of metals in vertebrates, and
because these species can accumulate inorganic contaminants through food, water and
sediments (Andreani et al. 2008). Since sea turtles inhabit coastal waters, human activities can
endanger these animals.

Due to all of these factors, several studies have measured the levels of metals in the
tissues of juvenile and adult sea turtles worldwide (Anan et al. 2002; Barbieri 2009; Bezerra
et al. 2012; Day et al. 2005; D’Ilio et al. 2011; Godley et al. 1999; Maffucci et al. 2005; Sakai
et al. 2000a, 2000b; Silva et al. 2014; Storelli et al. 2005).

The literature shows that muscle, kidney and liver tissues are the most analyzed for
quantification of metals, while organic compounds are usually investigated in the tissues of
liver and adipose tissue.

Thus, such tissue samples are collected (in addition to samples from other tissues such as
heart, pancreas, gonad, skin, brain and lung) in dead individuals. Already in living individuals
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are collected blood, skin biopsy fragments carapace. The determination of contaminants in the
blood is very important because this is the first means of transport of these elements
throughout the body and before targeting organs, which may indicate a recent contamination.
The elements most frequently analyzed are cadmium, Cu, Hg, Ni, Pb, Se and Zn are the most
investigated metals in sea turtles. Cu, Ni, Se and Zn have an essential role in metabolism and
animal growth. Cu in particular plays a role in oxygen transport, energy production and
enzyme activity (D’Ilio et al. 2011). Zn is essential for the structure and function of many
proteins and enzymes for proper functioning of the immune system. Cadmium is generally
accumulated in the kidneys over the long-term; this is mainly due to its connection to
metallothioneins, as Cu and Zn tend to accumulate in the liver (Andreani et al. 2008) and Pb
in the bones. In the aquatic environment, inorganic mercury is microbially transformed into
methylmercury, a more bioavailable and toxic organic form (MeHg), with a strong tendency
to biomagnify in aquatic food webs (D’Ilio et al. 2011).

For quantification of elements in tissues of sea turtles, the protocol is generally the same,
or very similar in all studies, except for some differences in relation to the volumes of
reagents employed. The samples are thawed, weighed and usually 1 g of wet weight is placed
in an oven to dry (60°C). After this process, the samples are then digested in concentrated
nitric acid (HNO3 65%) and then diluted with MilliQ water®. The metal concentrations are
determined by atomic absorption spectrophotometry (AAS). The two types of atomizers used
in AAS are flame and graphite furnace; and there is a third method, by hydride generation. In
the case of Hg, samples are usually analyzed through the technique of atomic absorption
spectrophotometry with cold vapor (CV-AAS) using a hydride generator coupled to an atomic
absorption spectrophotometer.

As more of the form used to quantify metals in tissues of sea turtles is through atomic
absorption spectrophotometry with flame. Briefly, the method involves determining the
presence and amount of a particular metal in a solution based on the principle that the steady
state free atoms can absorb light at a certain wavelength. The absorption is specific to each
element. The source most commonly used for atomic absorption measurements is a hollow
cathode lamp consisting of a tungsten anode and a cylindrical or zirconium cathode,
constructed with the metallic element of interest itself, and supported by a glass tube
containing inert gas, such as argon. At one end the electrodes are positioned while the other
end is sealed with a transparent window (usually quartz) calibrated for the wavelength of
interest (Krug et al. 2004). To assess the concentration of a sample by atomic absorption
spectrophotometry, the method involves creating a calibration curve with standardized
element solutions and then inserting the sample points on the curve. This yields a
concentration to be subtracted against the calibrated points to white.

Data are generally expressed in pg metal/g dry weight tissue; however, some studies
express results in wet weight, so such samples do not pass through the drying process. There
are no baseline data on the concentration of metals in tissues of sea turtles. Baseline data are
typically used to perform a comparison with levels in other environments. However, caution
is needed when comparing individuals of a given environment with another geographical area
as there are a variety of factors that influence the accumulation of contaminants in wildlife.
For example, sex: there may be differences due to changes in behavior, feeding ecology, or
reproduction, and in addition, adult females maternally transfer contaminants to their eggs
resulting in a disposal route for such individuals (Guirlet et al. 2008).
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Age is another factor that may influence the accumulation of contaminants, e.g., metals
are accumulated continuously throughout the life of an animal, which would be expected to
result in higher residues in the tissues of older animals. This may be true for most species of
sea turtles but not for C. mydas. A number of studies have reported negative correlations
between concentrations of metals in the tissues (As, Cd, Cu, Mn, and Zn) and the turtle size
(curved carapace length, CCL) (Gordon et al. 1998; Saeki et al. 2000; Sakai et al. 20003, b;
Silva et al. 2014). An explanation for this trend is the variation in eating habits between youth
and adults of C. mydas.

In general, green turtle juveniles feed on zooplankton whereas adults graze on grass and
seaweed after returning to their feeding grounds in coastal waters (Sakai et al. 2000b).
Vegetable items have comparatively lower concentrations of metals than zooplankton, such
that the amount of metal available through diet for adults is lower than that of juveniles. A
maximum exposure would then be expected to occur early in the life cycle, when the dietary
intake of green turtles is based on higher trophic level prey in the food chain (Silva et al.
2014). McKenzie et al. (1999) suggested that the charge of the metal body in green turtles
could decrease as the animal grows, due to a dilution effect associated with the reduced intake
of contaminants as individuals grow and alter carnivorous feeding habits to herbivorous.

The global importance of marine turtles in the transport of contaminants throughout food
webs and ecological systems represents another very interesting situation. For example,
turtles are known to be major contributors of nutrients and energy in ecosystems of coastal
dunes during the nesting season. Indeed, in some systems where spawning is intense, as in
Tortuguero in Costa Rica, approximately 80,000 green turtles lay an average of over 100 eggs
per spawning. Turtles can be one of the most important biological transporters of energy and
nutrients.

Since maternal transference in sea turtles typically involves high concentrations of
contaminants passed on to eggs, the role of turtles in contaminant transport from the ocean to
the food chains of coastal dunes should be evaluated (Hopkins 2005). So, working with
concentration of contaminants in tissues is very important to increase awareness about the
wildlife being affected by human manipulation of the environment, and how this ultimately
affects other environments.

To reach our main goal in the conservation of these endangered species, future studies
should focus on how a contaminant is accumulated, which influences its accumulation and
division among the tissues, and that the accumulation is important for the body. Thus, the
tissue concentrations of metals will be more useful to understand the concentration of the
surrounding environment and the possible effects resulting from this exposure.

OXIDATIVE STRESS BIOMARKERS

All cells utilize oxygen in respiration for generating energy, a fundamental process
without which much of life could not exist. The oxidation process creates free radicals as a
byproduct, which in large proportions can cause damage to cells. However, oxidative stress is
caused by an imbalance between the production of such reactive oxygen species (ROS) and
the ability of a system to rapidly detoxify these biological intermediate reagents or repair the
resulting damage.
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Oxidative stress represents a large increase in cellular reduction potential or a large
decrease in the reducing capacity of redox molecules. This reducing environment is preserved
by enzymes that maintain this state through a constant input of metabolic energy. Imbalances
in this normal redox state can cause toxic effects through the production of peroxides and free
radicals that damage all cellular components, including proteins, lipids and DNA (Gardner
and Oberdorster 2005). Thereby, enzymatic and molecular concentrations related with redox
processes can be used as biomarkers for ecotoxicology assessments.

Oxidative stress can cause severe damage and cellular death — moderate oxidation can
trigger apoptosis, whereas severe oxidation may cause necrosis. Assessing the oxidative stress
of cells can determine the toxic effect of pollutants in exposed individuals, elucidating the
degree of injury to which they are subjected and to identify detoxification pathways in
organisms.

Reduce Glutathione (GSH)

Reduced glutathione (GSH) is a tri-peptide molecule found intracellularly in high
concentrations, essential to all aerobic organisms (Huber et al. 2008). GSH provides a
protective function to the cell by reducing oxidative species (ex. ROS) giving rise to their
importance in the evaluation of oxidative stress (Manaham 2000). Many reactions of GSH
involve a highly polarizable sulfhydryl group. This group is a strong nucleophile for reactions
with electrophilic chemical compounds, making it an electron donor to other compounds and
highly reductive. Thus, GSH is a protective biochemical cell against ROS and electrophilic
compounds generated by oxidative processes, both in body and in the environment (Huber et
al. 2008).

Concentration of GSH can be determined by the method of Sedlak and Lindsay (1968)
for GSH and nonprotein thiols. For each 250 pl of sample (ex. supernatant of liver,
homogenized with 0.3 mg for tissue in 0,5 mL of potassium phosphate buffer 0.1 M) 50 pul of
trichloroacetic acid (TCA) is added to 48% concentration for protein precipitation.
Subsequently, samples are centrifuged at 1,000 x g for 15 min at 4°C. 50 ul microplate
sample of supernatant (soluble protein fraction) and 230 pl Tris- base buffer (400 mM, pH
8.9) are added to readings. Blank sample are used with 230 ul of Tris base and 400 mM and
50 ul of TCA 8% in PBS. Finally, 20 pul DTNB (5,5 '-dithio- bis -2- nitrobenzoic acid) is
added to 2.5 mM (in 25% methanol buffer, 300 mM Tris- base, pH 8.9) and immediately
measure for absorbance (A = 415 nm). Determinations of GSH content are made by
comparison with a standardized curve for GSH (0, 1, 2, 4, 8, 16, 24 and 32 mM GSH). Unit
measurements are expressed in micromoles of GSH and nonprotein thiols per milligram of
protein.

Glutathione S-Transferases (GST)

Glutathione S-transferases (GST) are a group of isoenzymes and can be of cytosolic,
mitochondrial or microsomal origin. GSTs perform a number of functions within cells:
removal of reactive oxygen species (ROS) and the conjugation of reduced glutathione (GSH)
with hydrogen sulfide group, essential in the process of cellular detoxification (Sheehan et al.
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2001). GSH also act as transport proteins and are related to the transfer of lipid hydroperoxide
(LOOH) between lipid structures such as vacuoles and microsomes (Leaver & George 1998).

The activity of GST is measured using the method of Keen et al. (1976), however with
certain modifications, through indirect determination for thioether substrates GSH (endobiotic
molecule) formed from 1-chloro-2,4 -dinitrobenzene (CDNB, synthetic substrate to determine
activity of most GST isoforms) measuring absorbance (A = 340 nm). Samples are thawed on
ice, subjected to ultrasound (6 cycles of 4s each) and centrifuged at 9,000 x g for 30 min at
4°C. A volume of 50 pl of supernatant (soluble protein fraction) of the sample is added to
wells of a 96-well microplate, and 100 mL of assay medium containing 1.5 mM GSH, CDNB
2 mM potassium phosphate buffer 0.1 M (pH 6.5) is added immediately before readings are
conducted. Gradual increases in absorbance are monitored and record by an absorbance
microplate reader at 15 second intervals for a total period of 3 minutes. Total GST activity is
expressed in micromoles of thioether formed per minute per milligram of protein.

Glutathione Peroxidase (GPx)

Glutathione peroxidase is an antioxidant enzyme that converts H,O; into H»O. This
reaction with glutathione is then oxidized to glutathione disulfide, which can be converted
back to glutathione by glutathione reductase in an NADPH-consuming process (Drdge 2002).

GPx activity may be measured by the method of Flohé and Giinzler (1984) by monitoring
the decrease of NADPH concentration during reaction with H,O- as a substrate (at A = 340
nm). One unit of GPx activity is defined as the amount of enzyme that oxidizes 1 umol of
NADPH min~!.

Superoxide Dismutases (SODs)

The superoxide dismutases (SODs) are antioxidant enzymes that constitute the first line
of defence against ROS. Cu, Zn-SOD is principally a cytosolic enzyme and Mn-SOD is
mainly found in the mitochondria. Their function is to dismutate cellular concentration of O2¢
— to hydrogen peroxide (H202) and oxygen (Lesser 2006). SODs are the most important of
theose defences, when coupled with the necessary mechanism for full detoxification of ROS.

Determination of total SODs isoforms enzymes can be assayed following the method of
Suzuki (2000). This occurs via through inhibition of the reduction of nitrotetrazolium blue
chloride (NBT) by the superoxide radical (O2¢—), which is generated as a by-product of
xanthine/xanthine oxidase system. Absorbance is measured per minute at A =560 nm order to
calculate the rate of change over time. One unit of SOD activity is defined as the amount of
enzyme needed to inhibit the reaction by 50% of the superoxide radical NBT reaction.
Activity is expressed in units of SOD per mg of protein.

Catalase (CAT)

Catalase is an important enzyme involved in the detoxification of H,O; from cells, which
may be converted into water in a similar manner to glutathione peroxidase (GPXx).
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Furthermore, decreased catalase and increased SODs activities can accelerate H>0»
generation by increasing the conversion of O, into H.O2. This may cause cellular oxidative
damage such as lipid peroxidation and/or cell death (Droge 2002). Furthermore, prolonged
hypoxia in green turtles has been associated with elevated CAT and SOD activity (Valdivia et
al. 2007).

The assay for CAT may be performed following the method of Pippenger et al. (1998), for
the disappearance of H,O, (10 mM) in KPi (50 mM, pH 7.0) at A = 240 nm. One unit of
enzyme activity is defined as the amount of catalase needed to reduce 1 pmol of H.O> per
min. Results are expressed in units per mg of protein (Valdivia et al. 2007).

Protein Carboxylation (PCO)

Oxidative stress results in the formation of carbonyl groups (e.g., aldehydes and ketones
group) with a biochemical response termed as protein carbonylation (PCO) (Cattaruzza &
Hecker 2008). Protein carboxylation tends to be hydrophobic and resistant to proteolysis,
which can cause cellular damage via chemical changes in these macromolecules (Wong et al.
2008; Suzuki et al. 2010).

Determination of protein carbonyls can be performed indirectly by reactions with 2,4-
dinitrophenylhydrazine (DNPH) to form dinitrophenyl hydrazones, which are detectable at
358-370 nm (Levine et al. 1994; Quinlan & Gutteridge 2000). 200 pl of supernatant samples
(soluble protein fraction) are added to 800 pul of DNPH to 10 mM (prepared in 2 M of HCI)
following centrifugation. Blank samples contain an equal volume of DNPH. Samples are
vortexed for 5 minutes, and kept in water bath at 30°C for 1.5 h. After incubation, the proteins
are precipitated by addition of 1 ml TCA (trichloroacetic acid) to 28%. It is subsequently
centrifuged at 9,000 x g for 10 min. The protein pellet is washed by suspension (3x in
ethanol/ethyl acetate 1:1) and then homogenized by vortexing and centrifuged. Proteins are
resuspended in 6 M guanidine chloride, centrifuged at 9,000 x g for 5 min to remove
insoluble material.

Carbonyl content is determined through spectrophotometry (A = 360 nm) in microliter
plates using the molar absorption coefficient for the hydrazone of 2.1 x 10* M-t cm™. Before
and after the reaction occurred proteins were quantified (in a reserved rate of soluble protein
fraction, and proteins in guanidine chloride respectively) to avoid errors due to losses during
the procedure. Results are expressed as nanomoles of carbonyl per milligram of protein
(quantified after the test and corrected by the initial concentration of proteins).

Lipid Peroxidation (LPO)

Lipid peroxidation represents a cellular process which can be measured as a proxy for
oxidative stress (Droge 2002). Toxic effects resulting from oxidation of cellular components
such as thiols, enzyme cofactors, proteins, nucleotides and lipids, mediated by reactive
oxygen species (ROS) and reactive nitrogen species (ERN), generally known as free radicals
(FR), trigger this process by removing hydrogen atoms to methylene group of
polyunsaturated fatty acids chains in cell membranes, altering the fluidity and functionality of
these (Lima et al. 2001).
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Production of lipid hydroperoxides is verified by the FOX method (ferrous iron oxidation
ammonium sulphate) and quantified by complex formation of Fe*® - xylenol orange (source
of light absorption) in the presence of butylated hydroxytoluene as a stabilizer (Jiang et al.
1991, 1992).

Samples are sonicated for 2 min on ice, after addition of methanol (500 pl) and
centrifuged at 1,000 x g for 10 min at 4°C. For reading, 30 pl of sample (soluble protein
fraction) is added to 270 pl of reaction medium and pipetted into the microplate [(xylenol
orange at 100 mM, 25 mM H;SO4, BHT (butylated hydroxytoluene) at 4 mM, FeSO4.NH4
(ferrous ammonium sulfate) at 250 mM (in 90% methanol)]. The reaction is completed after
30 minutes at room temperature and capped microplates, to reduce evaporation of methanol.
Absorbance of samples are measured (A = 70 nm; reading range = 550-570 nm), with blank
sample and positive control (30 pl of 50% methanol and 1 pul of hydrogen peroxide 30%,
respectively).

Antioxidant Capacity (ACAP)

Animals use molecular oxygen (O,) for the oxidation of food and power generation.
During this process, reactive oxygen species (ROS) are continuously produced in aerobic
organisms as byproducts of cellular respiration, causing numerous deleterious effects to the
cells (Halliwell & Gutteridge 2007). ROS are continuously produced as unwanted toxic
byproducts of normal metabolism of various endogenous processes.

It is estimated that approximately 1 to 3% of O, consumed in animal systems is converted
to ROS, which mainly include the superoxide anion (O2+-), hydrogen peroxide (H20>) and
hydroxyl radicals (OHe¢) (Storey 1996). In a normal healthy cell, antioxidant defenses act to
reduce ROS. These defenses include the antioxidant enzymes superoxide dismutase (SOD),
catalase (CAT), glutathione peroxidase (GPx), glutathione S-transferases (GST) and
glutathione reductase (GR). Beyond these there are non-enzymatic antioxidant defenses
including: ascorbic acid, flavonoids, o tocopherol, lipoic acid and glutathione. As such, there
is an important balance between the production of pro-oxidant and antioxidant defenses.
However, increases in ROS production may overcome the antioxidant defenses, resulting in a
state known as oxidative stress. Such stress can lead to damage of macromolecules and
changes in critical cellular processes such as lipid peroxidation, inactivation of enzymes,
oxidation of DNA bases and protein degradation.

Oxidative stress can occur when cells are subjected to stressful environmental factors,
such as exposure to intense light, ultraviolet (UV), contaminants (metals and organic
compounds), heat shock, hypoxia, and hyperoxia (Borges 2013). Organic metal compounds
can stimulate ROS production by a variety of biochemical pathways, including redox cycle
bipiridilicos herbicides; redox transition metal (e.g., Co, Cr, Ni, Va) with O2 and other ROS,
self -oxidation of specific oxygenases (e.g., cytochrome P450 (CYP); induction of enzymes
(e.g., CYP reductase flavoprotein); and disruption of electron transport through the membrane
by depletion of lipophilic contaminants and antioxidant defenses (Livingstone 2003).

When the production of free radicals and/or reactive species exceeds the capacity of
action of antioxidants, it promotes the oxidation of biomolecules, generating specific
metabolites and oxidative stress markers, which can be identified and quantified. Such
markers are derived mainly from the oxidation of lipids (malondialdehyde - MDA), proteins
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(protein carbonyls) and DNA (quantification of oxidized bases). Another approach to the
evaluation of oxidative stress is by employing indirect methods, based on the total antioxidant
capacity against peroxyl radicals (ACAP).

There is limited published data regarding sea turtles, however previous studies have
examined possible correlations between chemical contaminants (Labrada-Martagon et al.
2011) and ingestion of garbage (Yoshida 2012) with respect to indicators of oxidative stress
in the blood of green turtle (C. mydas), without assessing total antioxidant capacity.

ACARP is determined by detection of ROS via fluorimetry (excitation/ emission: 485/520
nm) using 2’,7’- dichlorofluorescein-diacetate (H.DCF-DA) as a substrate. Each sample is
homogenized (1:5, w: v) in a buffer solution and exposed to peroxyl radicals generated by
thermal decomposition (37°C) of 2,2’- azobis (2 methylpropionamidine) dihydrocloride
(ABAP, 1 mM). Fluorescence is then measured for 30 min. in a fluorometer. ACAP is
determined based on the difference between the area of fluorescence generated in the
presence and absence of ABAP, and the normalized fluorescence value obtained in the
absence of ABAP.

MICRONUCLEUS ASSAY

The Comet assay (test of individual cells in agarose gel) is a technique for the evaluation
of damage and DNA repair in proliferating and non-proliferating cells individually. This
technique employs extremely small cell samples. Cells with increased DNA damage show an
increase in the migration of chromosomal DNA in the nucleus towards the anode, which
resembles the shape of a comet (Speit & Hartmann 1999). The Comet assay has broad
applications in genetic toxicology, genotoxicity in vitro, in vivo tests, and biomonitoring.
Comet assay slides are analyzed by first adding 20 ul of ethidium bromide for staining, after
which are immediately analyzed under an epifluorescence microscope with 400x
magnification in a blind test, with 1000 cores on each blade. Cores are classified according to
the damage, as the length of the tail formed after electrophoresis. Classified core is as
follows: 0 (no apparent damage), 1 (little damage), 2 (medium damage), 3 (maximum
damage) and 4 (core destroyed or apoptosis) (Ferraro et al. 2004).

Monitoring was performed C. mydas by evaluating the genotoxic potential of mixtures of
pesticides. This was achieved by micronucleus tests in peripheral blood erythrocytes
(biomarker of exposure and effect on DNA). A clear reduction in micronucleated cell number
was observed as sampling sites moved away from the Canal. This aids in developing a
protocol for analysis and repair of DNA damage by comet assay on individuals in the
rehabilitation center Sea Turtle Karumbé (Montevideo) (Borrat et al. 2011).

ORGANIC POLLUTANTS INTO SEA TURTLES

Regarding the presence of organochlorine pollutants in tissues of sea turtles, previous
studies (Aguirre et al. 1994; Rybitski 1995; Corsolini et al. 2000; Gardner et al. 2003;
Mckenzie et al. 1999; Juarez 2004, Innis et al. 2008; Camacho et al. 2012, 2013) have
reported the presence of PCBs in tissues and eggs of different species (C. caretta, C. mydas,
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D. coriacea, L. olivacea). However, it remains difficult to relate cause of death with presence
or concentration of pollutants due to lack of basic data for comparison (Pugh & Becker 2001;
Guillete 2000). It is necessary to generate baseline information of pollution levels in wildlife
populations in environments with low anthropogenic impact, as this enables comparisons
with populations in polluted regions.

The first studies on this topic have reported the presence of Aroclors 1254, 1242, 1248,
1260 (McKim & Jonson 1983; Thompson et al. 1974) but recent studies report enroll as
coplanar congeners 77, 126 and 169 as well as mono- ortho 28, 56, 60, 66, 108, 118, 105,
156, 189 and 153 by highlighting the occurrence in most studies conducted both in the
Atlantic, Mediterranean and Pacific (Pugh & Becker 2001; Corsolini et al. 2000; Alam &
Brim 2000). There are records of the presence of DDT in tissues of loggerhead turtles (C.
carreta) (Pugh and Becker 2001) and lindane (Mckenzie et al. 1999). In D. coriacea the
presence of the pollutant aldrin and its derivatives has been reported (Mckenzie et al. 1999).
Among the most common pollutants found in sea turtles are chlordanes cis-chlordane, trans-
chlordane, cis-nona chlordane, trans-nona chlordane, ocichlordane, heptoclor epoxodico)
recorded for C. mydas, C. caretta and D. coriacea (Pugh & Becker 2001). The presence of
endosulfan and hexachlorobenzene in samples of C. mydas and L. olivacea have also been
reported (Gardner et al. 2003).

CASE STUDY: CHELONIA MYDAS ECOTOXICOLOGY IN BRAZIL

There are few studies on the ecotoxicology of marine turtles in Brazil, and most have
been conducted with green turtles (C. mydas). These report concentrations of metals in the
tissues of animals found stranded dead. Herein, we talk about 5 papers, 3 of which are already
published and the other 2 from undergraduate degree completion projects.

Barbieri (2009) analyzed the concentrations of some metals (Cd, Cu, Ni, Mn and Pb) in
tissues (liver and kidney) of 30 green turtles (C. mydas), 15 adults and 15 juveniles, which
were found stranded dead along the Estuary of Cananéia, along the south coast of the state of
S&o Paulo, between January 2005 and September 2006. In this study organotropism was
found, which had already been reported for sea turtles, with Cd levels being higher in the
kidney. This study found no significant differences between adults and juveniles. For
concentrations of Cu, there were no significant differences in the liver between adults and
juveniles. On the other hand, concentrations of nickel in adult livers were significantly higher
than those of juveniles and liver tissues were significantly different than that of kidneys.
Levels of lead were higher in adults, and the means were not significantly different in both
organs.

Comparing these results with other studies, Barbieri (2009) found levels of Cd and Pb
lower than those reported for the North Atlantic and both China and Japan. However, this has
not enabled conclusions regarding whether this is due to the lower concentrations of these
metals in the South Atlantic, or dietary differences between populations of different feeding
areas.

Bezerra et al. (2012) determined the concentration of mercury in fragments of shell in 25
green turtles (C. mydas), of which 20 were living individuals that were trapped in fishing gear



Ecotoxicology of Sea Turtles 41

and 5 found dead at a beach on the coast of Ceara (Northeast Brazil). Of these 25 animals, 22
were considered juveniles and 3 subadult/adults.

The highest levels of mercury were observed in juvenile green turtles, with a significant
negative correlation between the size of the animal (CCL) and Hg concentration. And, as
mentioned earlier in this chapter, the authors related this correlation factor to the change in
eating habits between juvenile and subadult/adults of this species. When green turtles are
recruiting to coastal habitats their diet changes from an omnivorous diet of a pelagic turtle to
a herbivorous diet of an immature coastal turtle. This change results in feeding exclusively on
benthic algae and sea grass when they reach sexual maturity (Arthur & Balazs 2008; Bolten
2003; Cardona et al. 2010). When the animal feeds on a more omnivorous diet, it is exposed
to higher levels of organic mercury than when feeding on benthic plants such as the case with
mature animals. The author points out that, in this way, juvenile turtles preference towards
coastal habitats makes them more susceptible to contamination by mercury that is most
abundant in these environments, as has been observed on the Ceara coast.

Regarding comparisons of levels found on the Ceara coast and elsewhere, few studies
have used fragments of shells of C. mydas as a tool for assessing contamination. With these
results, Bezerra et al. (2012) concluded that concentrations of Hg found in the carapace of
green turtles of the Ceara coast are lower than those observed in the shells of other marine
species, and much lower than those reported for internal organs of sea turtles.

Moreover, levels are generally lower than Hg content found in top of carnivorous animals
in the marine chain, such as birds and marine mammals.

Silva et al. (2014) determined the levels and distribution of metals in tissues of green
turtles (C. mydas) stranded at Cassino Beach, Rio Grande, Rio Grande do Sul State (Southern
Brazil). Tissue samples (liver, kidney, muscle, and gonads) were collected of 29 juvenile
green turtles, where gonads were histologically analyzed for sex determination. Based on
results, the sex ratio was calculated as 1.25:1 (female: male).

Relationships between sea turtle size (measured as curve carapace length, CCL) and
metal concentrations were not significantly different between males and females; therefore,
data were pooled for analysis. In relation to non-significant differences between males and
females, with regard to contamination by metals, it is in accordance with data reported for C.
caretta from the Italian coast in the Mediterranean Sea (Franzellitti et al. 2004; Maffucci et al.
2005; Andreani et al. 2008). In addition, gender differences were not observed for E.
imbricata and C. mydas of Japan (Anan et al. 2001).

Silva et al. (2014) found organotropism between metals analyzed, as mentioned in
literature, with highest levels of Cu (Lam et al. 2004; Gardner et al. 2006; Talavera-Saenz et
al. 2007; Andreani et al. 2008; Barbieri 2009) and Ag found in the liver; Pb, Cd and Zn in the
kidney. In general, Cu levels in the liver were higher than those reported for green turtles in
other regions, with the exception of Costa Rica (Andreani et al. 2008) and China (Lam et al.
2004), which were similar, indicating that Cu is present at relatively elevated concentrations
in juvenile green turtles from southern Brazil. This trend could be associated with high levels
of Cu available in coastal waters and associated biota from this region. Continuous and
accelerated urban growth, as well as intense industrial and agricultural development occurring
along the southern coast of Brazil over the last decades have been considered as major
sources of metals released in estuarine and coastal waters in these regions (Seeliger & Knak
1982; Baumgarten & Niencheski 1998; Niencheski et al. 2005, 2006; Barbosa 2007). Pb
concentrations found in the tissues of green turtles in the present study were higher than those
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reported for C. mydas in other regions such as Costa Rica (Andreani et al. 2008), Mexico
(Gardner et al. 2006; Talavera-Saenz et al. 2007), China (Lam et al. 2004), and Cyprus
(Godley et al. 1999). Thus, juvenile green turtles that use regions of the southern Atlantic
coast in Brazil for feeding and development have had greater concentrations of Cu and Pb
compared to other regions. It is difficult, from data reported by Silva et al. (2014), to provide
an explanation for variations in levels of metal contamination in tissues of green turtles from
different regions.

Differences in quality of marine environments between locations may be a possibility.
This would lead to an irregular intake of metals through the food chain. Discrepancies found
in green turtles from other regions could be explained by several factors, including
differences in eating habits, as well as geographic and temporal differences in environmental
exposure to metals.

It is worth emphasizing the importance of analyzing possible correlations among metal
concentrations in tissues of sea turtles, and few studies have analyzed these. Silva et al.
(2014) found positive correlations between non-essential metals (Ag, Cd and Pb) and
essential metals (Cu and Zn) in the liver and Kidney of green turtles. These results suggest
that correlations observed between non-essential metals and essential metals in tissues of the
green turtle C. mydas is likely associated with metal-induced metallothionein synthesis
induced by Zn and/or Cu. In this case, the essential metals could induce the synthesis of these
proteins to protect against the potential toxic effects of non-essential metals (for review:
Miles et al. 2000; Coyle et al. 2002).

Medeiros (2011) evaluated the concentrations of Cd, Pb and Hg present in the liver,
kidney and muscle of 11 green turtles stranded in northern and middle coast of Rio Grande do
Sul State, southern Brazil, from October 2009 to April 2010. Organotropism was previously
reported in literature, and Medeiros (2011) concluded that the most striking feature of his
study was the presence of high levels of Cd in the kidney and liver of green turtles-analyzed.
The presence of high levels of Hg were also highlighted, which makes clear that populations
of C. mydas are under heavy anthropogenic pressures in coastal regions of Rio Grande do Sul
State (Brazil) and that these concentrations of Cd and Hg may be directly or indirectly
influencing the population decline of this species. Lorente (2010), unlike the aforementioned
studies, examined the occurrence of chlorinated compounds in green turtles collected along
the Rio Grande do Sul coast. Therefore, 11 livers were collected, 11 muscles, 2 kidneys and 2
hearts; a total of 17 juveniles. The identification and quantification of PCBs and pesticides
were performed on a gas chromatograph with electron capture detector. Low levels of
organochlorine compounds detected in C. mydas collected on the southern coast of Rio
Grande do Sul are possibly related to food habits of this species (organisms of low trophic
level), once a major route of organic contaminants accumulation is the diet. Of the two major
groups analyzed (PCBs and pesticides), the predominance of PCBs in almost all groups and
environments suggests these compounds are highly stable and have been widely used,
resulting in a higher bioavailability for turtles unlike chlorinated pesticides. For all analyses
reported certified standards were used.
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PROSPECTS FOR ECOTOXICOLOGY OF SEA TURTLES

A problem that is of concern to many researchers is the recent increase in
fibropapillomatosis (FP) around the world. Focusing research on identifying the cause and
understanding pathogenesis of the disease is of primary importance, so that management
strategies can be developed to minimize its impact on populations of endangered green turtles
(Herbst et al. 1999). FP is a disease that has been characterized as growth of skin tumors,
which develop mainly in soft tissues, although can also grow on the carapace and plastron.

Most tumors are benign, however can disrupt basic functions of the individual (Foley et
al. 2005).

Some studies have reported physiological changes in animals affected by the disease,
including anemia, immunosuppression, hypoproteinemia, electrolyte imbalance, elevated
liver enzymes, and propensity to acquire systemic bacterial infections (Work & Balazs 1999;
Aguirre & Balazs 2000; Foley et al. 2005).

Regarding of sea turtle ecotoxicology, environmental contaminants have been identified
as one of the possible factors contributing to the development of FP on sea turtles by reducing
immune function (Balazs 1991). The increased prevalence of FP and other clinical diseases in
sea turtles gives merit for further investigation of potential role of contaminants in their
etiology.

Some efforts have been made in several geographic areas to elucidate possible
correlations between environmental pollution and FP. In some places this correlation is
indeed found, which justifies the belief that there may be a relationship, but in other places a
lack of correlation confounds understanding of this disease.

In Brazil, several research groups are working with this theme. Recently in the VI and
VIl Meeting of Research and Conservation of Sea Turtles in the Western South Atlantic
(ASO), two studies regarding this topic were presented in poster form.

Silva and Bianchini (2013) above reported some data on this, demonstrating that turtles
deemed clinically healthy had considered size (CCC) lower (36.76 + 1.18 cm) than those with
FP (43.2 £ 2.52 c¢m). Furthermore, turtles with the disease had a lower mean value of
cholesterol, bilirubin direct, sodium and Cd.

Rossi et al. (2013), collected blood samples of green turtles from different areas of the
Brazilian coast and determined the concentration of PCBs a priority by European legislation:
congeners 28 (triclorado), 101 and 118 (pentaclorados), 138 and 153 (hexaclorados) and 180
(heptaclorado).

These authors observed no differences between turtles with and without FP or between
the sites studied, although catches have occurred in different Brazilian States.

It is important to note that observations of sample populations with reduced biological
variability (sex and size) provide the most reliable results in terms of disease response.
Biochemical parameters may vary between genders and stage of life; it is therefore important
to minimize these effects to ensure representative observations. Due to the magnitude of the
Brazilian coast, researchers continue to focus on studies of this nature so that we may
understand a little more about fibropapilomatosis.
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SEA TURTLE PHOTO-IDENTIFICATION

Jaime A. de Urioste*, Maria Jose Bethencourt

and Hector Sicilia
Fundacion Neotropico, Santa Cruz de Tenerife, Spain

ABSTRACT

Individual recognition of marine turtles is necessary to advance a variety of research
initiatives. Unique identification of individuals can help researchers analyze population
size, stability and density, site fidelity, movement patterns, and seasonal habitat use for
example. Identification of individuals can detect frequency of rescued and rehabilitated
turtles as well as frequency of nesting females to certain nesting beaches. Datasets
collected from these individuals overtime can aid international conservation measures in
terms of decision making. Turtle identification is currently based on four semi-successful
methods: Passive Integrated Transponders, (PIT tags), flipper tags, living-tags, and
satellite tracking. Since each method has significant drawbacks and only limited benefits,
photo-identification marking provides a viable solution. This technique presented here
involves photo imagery of the scales around the face of each individual turtle.
Researchers identify the quantity of scales around the face, their shape and spatial
arrangement. Scale arrangement and characteristics are presumed to be unique to each
turtle, like a fingerprint. PITMAR is a photo-identification computer algorithm and a
facial picture database created by Fundacion Neotropico whose main goals are the
control and monitoring of individual sea turtles.

INTRODUCTION

Individual recognition of specimens is needed in research and can be used for a wide
range of important analyzes. For example, as researchers identify and collect data on
individual turtles, they can better understand population size, density, and stability.

* Corresponding Author’s Email: fundacion@neotropico.org.
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Researchers can identify the degree to which individual associate with one another, site
fidelity, movement patterns, and seasonality. At rescue and rehabilitation centers,
identification of individual sea turtles can help veterinarians understand frequency in
admissions. At nesting beaches, biologists can identify spawning aggregation sites and
frequency of nesting by individual females.

The accuracy of these studies is necessary in decision making and implementation of
international conservation measures. Different marking systems are currently used to provide
researchers the ability to differentiate each individual within a natural population. To be
reliable, any wildlife identification method must have a marking technique unique of each
individual and constant throughout time to allow subsequent re-identification for long-term
studies. The system should also not be invasive, nor influence individual behavior or how
other animals behave with the marked specimens. Sub-lethal effects affecting the survivorship
of the individual or modifying its recapturing feasibility should also be avoided.

Little work has been undertaken on non-invasive or non-traumatic identification of
reptiles. Toe-clipping technique in lizards consists in the removal of ho more than two toes
per limb in a coded numbering sequence. Applied to lizards it could have potentially negative
consequences on their behavior and survivorship, more in arboreal species, reducing their
clinging performance (Bloch & Irschick 2004), than in fossorial species, but both are affected.
Even though natural foot or toe loss is observed in wild lizards and they can survive with that
damage, the welfare of the individual and the natural population of origin must be deeply
analyzed before using this method. Looking for non-invasive, non-stressful, and economically
sustainable marking procedures, the use of different kinds of physical patterns to identify
individuals by pictures is widespread and applied to a growing list of wildlife species.

Photo imagery is a non-invasive and potentially effective means of individual recognition
for wildlife. Depending on the image capturing method, the results and quality can be highly
variable. For example, aerial photos are collected by aerial means as sea turtles float on the
surface of the ocean, from land, or underwater. If pictures are to be taken underwater, light
refraction and artifacts from particulate matter in the water column, swimming speed of the
individual, and picture angle must be taken into account. Obviously the picture quality affects
the level of certainty of the identification and match success.

Since the 1960°s researchers have used photo-recognition of individual whales through
identification of patterns on the underside of each fluke (Aarabi et al. 2000, Beekmans et al.
2005, and Kniest et al. 2010). Photo-identification has also been used in several species with
characteristic marks like body color patterns in octopi, Wunderpus photogenicus, (Huffard et
al. 2008), and dorsal head pattern in salamanders, Eurycea tonkawae, (Bendic et al. 2013).
Photo identification on the flanks of grey nurse sharks, Carcharias taurus, both in captive and
wild individuals has shown success (Bansemer & Bennett 2008) allowing researchers to re-
identify an individual 14 years after the first time it was photographed.

Other studies include: photo-identification of Baltic grey seals Halychoerus grypus,
(Hiby et al. 2007) through identification of head and neck fur markings, blue whales,
Balaenoptera musculus, (Olson 2009), through identification of mottling on the back and
flanks of individuals, African penguins, Spheniscus demersus, (Sherley et al. 2010) through
identification of chest plumage patterns, and whale sharks Rhincodon typus, (Meekan et al.
2008, Rowat et al. 2009) through identification using spot patterns in the area behind the 5%

gill.
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The use of photographic identification is a promising alternative marking technique to the
above-mentioned invasive method of toe-clipping in lizards. For example, photos have been
successful in detecting unique black spot patterns on the ventral scales of wall lizards,
Podarcis muralis (Sacchi et al. 2007). Changes in color, but not pattern, were observed in this
species allowing re-identification up to 4 years after the first pictures were taken. For species
with less clear ornamentation patterns, the study of individual pholidosis has shown that
shape, distribution and size of scales from specific areas of the body can be effectively used
to tell apart specimens.

In terms of conservation applicability for endangered species, the survival rates of Florida
Manatees, Trichechus manatus latirostris, (Langtimm 2004) have been successfully estimated
using photo- identification of individual body marks and scars.

Even some species of crustaceans are likely to benefit from photo-identification
techniques like the painted crayfish, Panulirus versicolor, as photos aid in identification of
variable pigmentation patterns on the first abdominal sclerite, (Frisch & Hobbs 2007). This
case is particularly interesting because it is very difficult to recognize individuals with
classical methods in long-term studies due to the tag loss after molting.

In the case of European lizards, Podarcis muralis and Lacerta bilineata (Sacchi et al.
2010), the use of Interactive Individual Identification System (I3S) software is used to identify
unique spot patterns. Unique patterns form at the intersections among pectoral scales, in these
two species. , This technique proved accuracy and validity as a recognition system of this
software. When a large number of individuals are registered in the database, computer
algorithms are used in analysis and reduce time used in specimen query time.

This kind of software has been successfully used for individual recognition in the
following cases: Rosalia longhorn beetle, Rosalia alpine, based on the contour digitization of
the spots present on the beetle’s elytra, (Caci et al. 2013) whale sharks, Rhincodon typus,
using an astronomical pattern-matching algorithm to identify unique individual spot patterns
(Arzoumanian et al. 2005Collaboration among researchers even has led to the development of
initiatives such as The Pacific Islands Photo-Identification Network, (PIPIN), a growing
network of researchers studying cetaceans in the Pacific Islands Region through the use of
photo-identification techniques.

METHODS

Sea Turtle Non-Photographic Identification Methods

In the case of sea turtles, which are air-breathing reptiles, four methods are currently used
by researchers on a global scale. Each of these methods has limited benefits and significant
drawbacks.

1. PIT Tags: (Passive Integrated Transponders) or microchips are harmless small
implantable devices injected subcutaneously or intramuscularly into the sea turtle,
usually near the shoulder region, posterior to the neck. This method involves stressful
handling of each turtle and momentary pain. Similar in size to a grain of rice, PIT
tags consist of a chip, a capacitor and inert wire encased in glass. This technique
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requires expensive hand scanners to read the unique identifying number implanted in
the individual sea turtle. The drawback is that these scanners are not globally
calibrated or readily available in every site. Scanners and tags operate in frequencies
from 125 kHz to 134.2 kHz (older used 400 kHz frequency with poor range and for
that reason it is recommended to avoid those), so not all scanners can read all PIT
tags. The radio frequency of the scanner excites the PIT tag which reflects the radio
waves in form of a unique alphanumeric code detected by the scanner. PITs can
migrate, or could be ejected before the entrance wound heals (producing the tag
loss), or be broken by aggressive behavior (Van Dam & Diez 1999; Runyan &
Meylan 2005; Smyth et al. 2013). While this may be a good marking system at a
local level, it does not provide a universal solution.

Metal Flipper Rings, Flipper tags: Flipper tags are small metal clips, like earrings,
attached to the front or hind flipper. This individual tagging method has been used
for decades. This methods has demonstrated efficacy, however, tags deteriorate over
time or become detached. Some researchers are concerned that tags can become
entangled in marine debris, thus posing a serious threat to the turtle (Nichols et al.
1997, Reisser et al.2008). Additional drawbacks of flipper tags are the increased
hazard of infections or the impaired swimming performance (Balasz 1999, Reisser et
al. 2008). Sometimes to compensate the risk of tag loss, researchers mark the
individuals in each of the four flippers thus multiplying the jeopardy associated to
this marking method. Other materials have been tested. Brightly colored plastic tags
could increase the risk of predation because they may affect the animal’s
concealment capability. Metal tag insertion procedures are also painful and stressing.
During egg deposition, they are attached to females and should only be achieved by
trained and experienced researchers as the inaccurate implantation site of metal tags
could be the origin of tissue tears or lead to necrosis (Wright 2001). Position and
distance from the flipper edge, animal size, tag material, biofouling and time since
the tag was applied also affects the probability of its loss (Balazs 1982; Limpus 1992;
Bjorndal et al. 1996; van Dam & Diez 1999; Reisser et al. 2008). Many countries
only allow the use of this marking method for registered and authorized researchers.
Our recommendation is that it should be removed worldwide from the suggested
tagging protocols list for marine turtles.

Living tags: This method was developed in the 1980s. This method involves an
invasive surgical technique by removing two bone fragments of separate carapace
scutes, one dorsal (dark colored) and one ventral (lighter), and implanting them in a
new location on the sea turtle. Coding of selected scutes used in this procedure is
consistent for the release year, so researchers can identify the time lapse of the tag
(Hendrickson & Hendrickson 1981). This is a traumatic process, generally performed
at the hatchling stage and with a limited number of possible combinations. As it is an
autograft, no immune response is observed, however, this tagging method requires
the turtle to remain in captivity and not to be released until each fragment is healed
and fused with plastron and carapace respectively (Mrosovsky et al. 2003).

Satellite Tracking: This method started in the 1980s, which involves attaching or
harnessing an electronic global positing transmitting device to the carapace of a sea
turtle. The device sends signals to a satellite and records the coordinates. The
accuracy of the location depends directly on the number of signals received in each
overpass by different satellites, from an individual emitter. Depending on the
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accuracy and model, additional information such as diving depth, water temperature,
swim speed or submergence time, can be received from the transmitter. While this
system provides very important information, each device has a very high cost, can be
damaged, and is shed with the carapace scales. The use is temporary and due to the
high cost, provides only a very small sample within a population thus offering
limited efficiency. In addition, all methods to attach satellite transmitters, may affect
negatively hydrodynamic efficiency or long distance swimming abilities on marine
turtles, or even they could increase their likelihood of entanglement in marine debris.
All satellite tags that are commercially available, currently work via the ARGOS
system. This system requires an initial set-up with the ARGOS program to purchase
satellite use over a specified amount of time. There are different transmitters with a
wide range of options and prices. Cost depends on the battery life and amount of data
collected. To conserve battery power, these devices are prepared to transmit only
when the turtle is at the water surface and can be programmed to work in on/off time
cycles. The attachment of the satellite tag to the carapace requires stressful turtle
restraint, especially when adult individuals are handled. It is done by one of the
following methods: gluing (two components epoxy resins, fiberglass resin or both
simultaneously) for hard shelled species. For leatherbacks a harness or tether are
used. (Yasuda & Nobuaki 2005; Blumenthal et al. 2006; Godley et al. 2007).

Sea Turtle Photo-ldentification

Sea turtle photo-identification is a non-invasive and harmless marking method, not
requiring direct manipulation of individuals and thus reducing stressful handling. Photo
imagery does not require tags, thereby avoiding problems of tag loss, hydrodynamic drag and
entanglement with floating debris. This method is cost-effective and can be applied to global
populations. No special camera equipment is required, even a Smartphone or simple camera
can be used to capture the photos. Frames can be extracted from video sequences to obtain
useful images for the system. With high definition cameras, pictures can even be taken from a
long distance without disturbing the individual turtle. As swimming turtle surface to breathe,
their neck exposes the head to facilitate good quality images for individual identification.
While there are drawbacks, they are minimal and easily prevented. As with other species, the
main problem with photo-identification based systems is the large amount of time needed to
process manually each picture and that it has to be achieved by highly trained personnel to
reduce error. Inexperienced or poorly trained workers can cause misidentification or data loss.
With a growing amount of available pictures, the total time involved in processing them
becomes unmanageable so the use of computer aided individual recognition and the
development of more accurate software is helping in this titanic task.

Soft Shelled Sea Turtles

Leatherbacks, Dermochelys coriacea, lack scales on their carapace or skin. This increases
challenges of attaching satellite tags. The high cost of scanners needed to read PITs has also
reduced the efficacy of this identification technique for this critically endangered species
In 1996, McDonald et al. published a study illustrating that the ‘pineal spot’ of leatherbacks, a
de-pigmented cloudy looking pink macula in the dorsal surface of the head (directly over the
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pineal gland, thus its name), is distinct enough to be used as a unique identifier (McDonald et
al. 1996).

Software Usage: Later, the use of identification software has validated this method, for a
determined moment in time, showing exclusive individual differences in the spot for a sample
of more than 400 leatherback turtles (with 100% accuracy), while eliminating the false
negatives (Buonnantoni 2008). Other authors have used this system too with high levels of
success (Pauwels et al. 2008, Zeeuw 2010). Although the results are promising, stability or
the possible deviation within the pineal spot pattern over time (Figure 1), still have to be
confirmed in long-term studies.

Figure 1. A stranded Leatherback, Dermochelys coriacea, found in Tenerife, being transported to the
Turtle Hospital. Notice the pineal pink spot.

The software used to compare and match or reject the identification of an individual in
different pictures relies in the Scale Invariant Feature Transform or SIFT (Lowe 2004) that is
capable to identify changes in illumination, occlusion, noise and viewpoint. SIFT selects, in a
given image, local points of interest or key points giving information in descriptor vectors not
affected by image scaling, rotation, illumination or 3D camera viewpoint, with reduced
probability of distortions caused by noise, clutter or occlusion by pollution or scars.

Before starting the algorithm matching procedure, the picture has to be manually cropped
to a smaller image with the background removed. The red, green and blue components have
to be merged into a grayscale image. Finally the contrast needs to be controlled and balanced
with a correction factor to highlight the pink spot on the leatherback, thus enhancing contrast
and removing flashlight. SIFT finds those regions detached from the background, determining
their centers and the best scale and orientation relative to the dominant gradients, giving key
points and key point descriptors with data epitomizing local gradient information.

Comparing images: To compare two different images, SIFT quantifies their similarity by
matching a group of key points based on their corresponding descriptors within a given
tolerance level. This step is improved by adding more sets of compared key points in the
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images. A large number of consistent key points will show a match between the two
individuals compared. A low number of key point results in a false paired match, indicating
two different individuals. An intermediate number of matches need new additional
verification achieved by a later test. In this case the results are presented to the human
operator for a final confirmation or rejection of the matching (Pauwels et al. 2008; Zeeuw
2010).

Other Sea Turtles

Except for leatherback turtles, the remaining species of marine turtles have scales with
individual shape patterns that facilitate their identification. Throughout the life cycle of a
turtle, changes in color of tomium (scales forming the upper and lower parts of the beak),
face, carapace and plastron, make color markings inappropriate as tools for photo-
identification (Feliz et al. 2010). In the case of hawksbill turtles, Eretmochelys imbricata,
tympanic scales present more utility for photo-identification than other cephalic scales due to
a high individual variation in number, shape, and arrangement as well as stability over time
and visibility in pictures (Feliz et al. 2010).

In some areas and programs, manual processing of pictures is still used with the help of
volunteers. To reduce the amount of data to be processed, simple keys, similar to those used
to identify species, have been developed with the inclusion of discriminatory features to
increase accuracy and working speed. With the help of statistical techniques and a
classification criteria matrix the number of steps needed to identify an individual are reduced
(Lloyd et al. 2012).

Using a ranking system for the characteristics of the scales and assigning them a priority
value according to the utility to separate individuals, different factors are used in the
developed keys. These factors are (Lloyd et al. 2012):

Number of parietal scales

Number of parietal scales with tick
Fronto-Parietal scale with tick

Frontal scale with tick

Presence of extra Fronto-Parietal scale
2 temporal scales

4 temporal scales

5 temporal scales

Prefrontal scale with tick

Supraocular scale with tick

e Interparietal scale meets Frontoparietal scale
e 3 temporal scales

e Number of spots at parietal scale base

Scale characteristics used in the key by Lloyd et al.:

e Tick: lighter color border of the scale extends lineally into a scale.
e Spot: small dark patch of skin, located at the base of Parietal scale or on neck.
e Dot: lighter small dot inside a scale.
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e Frontoparietal extra scale: subscale inside Frontoparietal scale.
e Interparietal meets Frontoparietal scale.

Photo-identification of scales for hard-shelled sea turtles requires knowledge of the scale
anatomy on the head; dorsal side. Here we present a numerical classification scheme to
classify each scale using the following identifying numbers: 1 Prefrontal, 2 Interprefrontal, 3
Frontal, 4 Frontoparietal, 5 Supraocular, 6 Temporal, 7 Parietals, 8 Interparietal, 9 Occipitals.
(Figure 2 and Figure 3)

Figure 3. Identification scheme of dorsal scales; shown here green Turtle, Chelonia mydas.
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Photo identification when used to positively identify illness in sea turtles, such as
fibropapilloma, a disease shown in turtles with tumors, can be a useful tool. For example,
Studying the regression of fibropapilloma afflicting green turtles in the Hawaiian Islands,
Peter Bennett and Ursula Keuper-Bennett (with pictures taken since 1988) started to identify
each individual using facial scales patterns as shown in their work published together with
George Balazs (Bennett et al. 2000).

Figure 4. Chelonia mydas scale face pattern.

Flipper scale pattern can also be used in a similar way for photo-identification (Bennett et
al. 2000). However, the high frequency of flipper loss or scale alteration in terms of shape
and arrangement makes this method not as widely efficient as head scales (Figure 5).

Figure 5. Singular shaped scales (highlighted with red dots) useful for the photo-identification of this
individual of Green Turtle, Chelonia mydas.
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The use of facial scales for the identification of sea turtles has clear advantages over
dorsal head scales because of the large number of facial scales available for analysis. Facial
scales have higher variability in number and polygonal shape, thus providing a wider range of
possibilities (Figure 5). The following identification scheme of each lateral facial scale is
presented here: 1 Tomium, 2 Supraocular, 3 Temporal, 4 Post ocular, 5 Sub temporal, 6
Tympanic, 7 Central (Figure 6). In each individual, both sides of the head present differences.
When possible, the storage and use of the two profile photos increase the accuracy and
reliability of this method. This makes the patterns exclusive to each individual on a global
scale, making it serve as a virtual “fingerprint”. Again, some research teams use manual
identification of facial scales analyzing their number, shape and position when large groups of
photos are available. Grouping images helps to reduce the amount of files and increase
accuracy and working speed (Reisser et al. 2008, Schofield et al. 2008).

Figure 6. Naming Facial Scales in Turtles. 1 Tomium, 2 Supraocular, 3 Temporals, 4 Postoculars,
5 Subtemporals, 6 Timpanics, 7 Central.

One research trend uses the encoding of each scale according to its position and its shape
(Jean et al. 2010). By dividing the arrangement of facial scales into rows starting from the eye
extending to the neck, the first digit of the code indicates in which row the scale is located.
The second digit of the code indicates the position of the scale in that row, counting from the
upper jaw to the top of the head. The third digit is the number of sides of the scale. Finally, all
the codes from one side of the head are arranged to compose a single profile formed by one
digit followed by a series of 3-digit codes (every scale codes). The profiles of both sides
define the identity of one individual (Jean et al. 2010, Chassagneux et al. 2013). Through
manual analysis of the pictures, one by one, researchers use an identification tree to split the
sample into sequential fields based on the shapes of post-ocular scales. The characteristics
analyzed are: the identification scheme and pattern of tympanic and central scales, the shape
of sub temporal scales and the shapes of temporal scales (Schofield et al. 2008).

Several software algorithms have been used or developed to help in the processing of
pictures of facial scales of sea turtles. The design of identification software for turtles with
scales has the advantage that a single algorithm can effectively work for all the species. For
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these computer aided systems, pictures have to be preprocessed and standardized to allow its
use. Below we present PITMAR, a software designed specifically for the photo-identification
of sea turtles.

P.I.T.MAR. (Programa de Identificacion de Tortugas Marinas = Marine Turtles
Identification Program).

Neotropico Foundation is a private non for profit organization, declared for public
interest by Spanish Government. We have been working in the Canary Islands since 2000. In
collaboration with the Island Council (Cabildo de Tenerife), Neotropico Foundation rescues
and rehabilitates all the stranded marine turtles in the island of Tenerife. With a number of
entries ranging between 50 and 100 turtles per year, more than 1000 ill turtles have recovered
healthy conditions to be released back to the sea in the past 15 years.

In terms of photo-identification of previously treated individuals, we have accumulated
photographic images of individual turtles since 2005. Neotropico Foundation started storing
images of both sides of the head of every released sea turtle in Tenerife (Figure 7) and we
began developing the first steps to our successful photo-identification program; PITMAR
(Program to Identify Marine Turtles). In year 2013, Neotropico Foundation was awarded a
grant by Fundacion Biodiversidad (a public Foundation associated with the Environmental
Ministry of Spain) to develop the PITMAR individual recognition algorithm and its
associated database.

Using both facial scale patterns of the turtle in combination with other data, PITMAR
allows the identification of every individual of a potential population up to tens of thousands
of individuals. As stated before, the data set formed by the number of scales of this region,
their shape and disposition is unique to each turtle as if it were a “fingerprint”. This
disposition does not vary in shape or number throughout the life of the animal, being
naturally modified exclusively by size.

16/12/2008

Figure 7. Recapture of Green Turtle, Chelonia mydas. First picture was taken by Neotropico
Foundation on 16 December 2008. The recapture picture took place 19 August 2011. When the number
of stored pictures increases, an automated recognition system has to be applied.

In the wild, traumatic alterations can occur and then they could alter this disposition of
scales. To account for alterations, the opposite side of the face region of the same individual
can be used for comparison along with other characteristics used in identification and
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comparison (size, weight, scars, flipper loss, etc.). For instance, an individual registered the
first time with a missing front left flipper will not be included in the file search of those
registered later with front left flipper present. The program allows queries of such
characteristics to help narrow the search field once the database expands.

Each picture has to be first edited by a human operator to optimize contrast, sharpness
and size. In the first phase of development of PITMAR, the operator will also need to mark
the intersection points of each face scale, producing a cloud of spots. This procedure is
calculated to take 3 to 5 minutes of work. In the near future and with the development of the
algorithm, the software should be able to search the intersection point itself, presenting them
to the operator for correction or acceptance, thus facilitating the human workload.

PITMAR uses the cloud of spots produced from each picture to analyze similarities with
other spot patterns stored in the database looking for positive matches (Figure 8). A total or
high level of coincidence would indicate a recapture of the animal, very low level of pattern
matching will be considered as a new turtle. If PITMAR finds a stored registry with an
intermediate level of matching to the pattern analyzed it will present the results to the
operator for final decision on marking it as a recapture or a new registry.

For a greater accuracy of the system, if the opposite side of the turtle’s face is available, it
will also be used in the matching process thus limiting occurrence of a false positive or false
negative.

PITMAR is freely accessible through internet in a web based platform (www.pitmar.net).
In any country, with a simple digital camera and a connection to Internet it will be possible to
know if the photographed turtle is registered and all the available data stored.

Search of individuals filtered by species, or geographic location, or by user, are also
available on PITMAR.

Figure 8. Two Loggerhead, Caretta caretta, individuals showing the cloud of spots used by PITMAR.
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For injured animals that need to be handled or are going to stay in Rescue Centers for a
while, the use of transponder tags are recommended as a collateral marking method and for
research purposes.

The potential application of PITMAR to thousands of sea turtle researchers promotes this
software as a highly viable conservation tool. It not only provides a beneficial scientific utility
program but also encourages a bond for international scientific collaboration. In the
associated webpage for PITMAR, environmental education materials will be readily available
for use or download making PITMAR also a highly useful device system for educators,
naturalists and the general public.

PITMAR is developed in three levels that work jointly.

Level 1. Database

Types of Users

External user: Once registered anyone can use the search tools, view information of the
individuals searched, and submit potential new registries to an Operator or Administrator to
be introduced in the database. Operator user: Needs to login to use the application. Operator
can modify his/her own user and password details, use the search tools, add new capture data
to an existing registry and add new turtle specimens to the database. Administrator user:
Needs to login to use the application. Administrators can access the general configuration
panel, access user profiles or specimens and capture data to modify, delete, insert or search in
the database.

User Details

— Id: Internal, autonumeric identifier. Invisible to users.

—  User: Nickname (alphanumeric).

— Password: Log in password (alphanumeric). Stored coded and can’t be recovered,
just modified.

— E-mail: e-mail address.

— Name: Name of the user (alphanumeric).

— Organization: Name of the organization (if applicable).

User Level: External, Operator, Administrator.

Specimen Details

— Id: Internal, autonumeric identifier. Invisible to users.

— IdPITMAR: Identifier code for each individual formed by year (4 digits)-species
code (9 digits)-Autonumeric. Autogenerated. Non modifiable.

— IdTransponder: PIT code.

— IdRingtag: Ring tag code.

— User Id: Identification of the user responsible for the first entry.

— Gender: Male / Female / Unsexed.

—  Species: Latin name / common name
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— Notes: Observations and singularities of the individual.

— General picture.

— Right side head picture.

— Right side data: geometrical data for picture recognition algorithm.
— Left side head picture.

— Left side data: geometrical data for picture recognition algorithm.

Capture Details

— Id: Internal, autonumeric identifier. Invisible to users.

— IdPITMAR.

— User Id: Identification of the user responsible for the recapture.

— Date.

—  Site: nominally explicit capture site.

— Coordinates: in several formats. Optional place selection over maps.

— LRC: straight carapace length

— LCC: curved carapace length

— ARGC: straight carapace width

— ACC: curved carapace length

— RFL: right forelimb present

—  LFL.: left forelimb present

— RRL: right rear limb present

— LRL: left rear limb present

— Notes: Observations and singularities of the capture circumstances (nesting, feeding,
basking, wounded) as well as possible pathologies or traumatic wounds observed in
first inspection.

Level 2. Monitoring System of Cephalic Scale Pattern

This module will execute the analysis of the given images from the facial area of the
turtles head to recognize the different patterns that serve to detect if that individual has been
previously registered in the system (and therefore it is a recapture) or if it appears for the first
time (and then a new identifier has to be generated).

Level 3. Interface of Use

The inter-operatively with the system will be done via Web, so that any user of the
system will be able to access simply using a navigator. Although the use of a Web platform
implies small restrictions for the interface, these are totally compensated by the ease of use,
the low resources consumption for the administrators, the possibility to use the application
from any place of the planet that has an Internet connection and, mainly, the multiplicity of
systems on which this tool can be used.
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This last point is of enormous importance since, independent of the operating system
(Microsoft Windows, Linux, Macintosh, etc.) or the device (computer, notebook,
smartphones, tablets, etc.) visitors or operators, will have access to the tool whenever an
internet connection is available. The development of the interface was achieved with
standards of prevailing Web building software in mind to make the application operate
properly via any browser (Internet Explorer, Mozilla Firefox, Operate, Konqueror, etc.). Also
the recommendations of WA for the accomplishment of accessible Webs will be considered.
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ABSTRACT

The use of topological analysis tools in marine trophic networks offers a wide range
of possibilities to investigate how the different species are involved in the structuring of a
network, as well as to evaluate how important they can be in their organization. This
approach allows us to identify the importance of the species from its connectivity and its
contribution to the spread of direct and indirect effects in the network and to determine
their participation in the mechanisms of ecosystem control. This, to determine if they can
be considered as keystone species. Topological analysis will be conducted using a data
base from the trophic network of Bahia Magdalena (Mexican Pacific) to determine if
green turtles (Chelonia mydas) can be considered a highly important structural species
based on their connectivity, betwenness centrality and closeness centrality, key species or
even species with low topological redundancy, which would give them an important role
in the network. Furthermore, the results will deliver evidence on how sea turtles are
involved in the different mechanisms of ecosystem control, and whether the absence of
these organisms could create major structural gaps in the organization of the network,
such as to affect the identified large-scale patterns.
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INTRODUCTION

A central theme in the study of trophic networks is how interspecific relationships affect
ecosystem dynamics and stability (Pimm 2002; De Ruiter et al. 2005). The importance of
these interactions has given rise to the development of concepts such as multispecific
management (May et al. 1979; Yodzis 2000) or ecosystem approach (Grant et al. 1997),
which recognize the need to know the role of not only one species, but of most or all species
to model more accurate responses to the dynamics of each system under study (Jordéan et al.
2006). Some authors have suggested that, although changes in species composition are an
important indicator to identify perturbed ecosystems, a holistic knowledge allowing
identification of structural and functional effects could emerge from the study of communities
as networks interconnected by trophic interactions (Dunne et al. 2002; Bascompte et al.
2005). Owing to the relatively stable characteristics of trophic networks, these interactions
can provide information on species relationships within a community and how human
activities could be degrading ecosystems (Dell et al. 2005).

Network analysis provides a number of tools that can support quantitative community
ecology. In particular, there exist techniques for quantifying the positional importance of
species (ecosystem components) in food webs. Species that are of high importance in a
trophic network can be in either central (like hubs) or unique positions. The latter can be
interpreted as species having non-redundant neighborhoods. As a result, their extinction (or
overfishing) has profound effects on the ecosystem. This is quite sound in ecology, as a suite
of field and theoretical results support the importance of indirect interactions.

Several mesoscale indices have already been suggested in network science, most of them,
considering distance between nodes (e.g., closeness and betweenness centrality; Wasserman
& Faust 1994). Some of these indices have been applied to ecological problems (Estrada
2007; Jordan et al. 2007). Others have been slightly modified and adapted to ecology (see net
status (Harary 1961) and keystone index (Jordan et al. 1999)) or simply developed by
ecologists (measuring apparent competition (Godfray et al. 1999; Miiller et al. 1999)).

The knowledge about the ability of sea turtles to affect their ecosystem structure and
function has been considered one of the most important objectives to be met in the study of
the ecology of these species (Bjorndal 2000), in that way we may establish critical habitats for
their conservation. Seagrasses are considered the main dietary component in several life
stages of green turtles (Bjorndal 1980). In fact, the green turtle is the most abundant large
vertebrate consumer of seagrasses in the world (Ogden 1980). In northwest of Mexico,
eelgrass (Zostera marina) was found in diet samples at canal del infiernillo (Felger & Moser
1973), Bahia Magdalena (Lopez-Mendilaharsu et al. 2005), Laguna de San Ignacio, Punta
Abreojos and Laguna Ojo de Liebre (Rguez-Baron unpublished data).

Like other sea turtle species Chelonia mydas shows a slow grow and delayed sexual
maturity which, along with the intrinsic characteristics of its life history, allows it to spend
several decades in different habitats where it uses and modifies the environment (Chaloupka
& Musick 1997). Among the main challenges for the sea turtles conservation, is the
determination of their ecological role (Bjorndal 1997), because the diet composition strongly
influences in their life history, growth and reproduction rates (Wallace et al. 2009).
Particularly in immature animals, the selection of diet items has implications on the duration
of future life stages and consequently in the required time to reach reproductive maturity,
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which is an important attribute in their population dynamic (Seminoff et al. 2003; Jones et al.
2009).

Green turtles from the Eastern Pacific are considered the most carnivorous population of
the Chelonia mydas complex (Bjorndal 1997). Although generally they feed on algae and
seagrasses (Mortimer 1982; Seminoff et al. 2002; Lopez-Mendilaharsu et al. 2005), it has
been reported that green turtles are able to ingest pelagic red crabs (Pleuroncodes planipes)
(Lopez-Mendilaharsu et al. 2005), sea pens (Ptilosarcus undulates) (Seminoff et al. 2002;
Lemons et al. 2011), tunicates (Amorocho & Reina 2007), hydrozoans, scyphozoans,
nematodes, annelids (Carrion-Cortez et al. 2010), sponges (Seminoff et al. 2002) and
anemones (Rguez-Baron et al. 2011). A mixed diet has apparently the evolutionary advantage
for some species to experience and learn about the optimization of ingested nutrients. The
consumption of animal tissues has been associated to protein requirements of immature turtles
to enhance their body growth and earlier sexual maturity (Bjorndal 1985).

Associated to these ecological features, Bahia Magdalena probably is one of the more
studied green turtle feeding grounds at the Eastern Pacific. Some of the studies include turtle
movements inside the channels (Brooks et al. 2009), population dynamics (Koch et al. 2007;
Lépez-Castro et al. 2010), diet selectivity and differences in dietary intake associated with
turtle size (Lopez-Mendilaharsu et al. 2005, 2008) and health indices across blood
biochemistry values and body condition index (Labrada-Martagon et al. 2010a, 2010b). One
relevant result is that reported by Koch et al. (2007) suggesting that juvenile of C. mydas
could live over 20 years inside the lagoon complex until reaching sexual maturity.

Owing to the variety of approaches used to study trophic networks and the large number
of topics studied in these systems, we present in this chapter a brief review of a topological
analysis of trophic network and its application to assess the importance of green turtles in the
coastal lagoon ecosystems.

METHODS

Topological Approach

Building the Trophic Network

Base on the diet matrix of the biomass-balance model (Ecopath) for Bahia Magdalena
(Cruz-Escalona et al. 2013) a binary matrix of trophic interactions was building, where 1
represents the presence of prey i in the diet of predator j and O the absence of it. Thus, the
number of interactions was determined for all species (predators and prey) in the network.
Hence, this analysis focused on trophic interactions between species, not on strength or
direction of such interactions, therefore it shows specific information about the topological
properties of the studied network area.

To assess the positional importance of the different nodes in the trophic network, and
thus infer the positional importance of the species or trophic components under study, we
used local and mesoscale indices, whose application in topological analysis has been
extensively discussed in multiple publications (Jordan 2001; Jordan & Scheuring 2002;
Jordan et al. 1999, 2006; Abarca-Arenas et al. 2007; Gaichas & Francis 2008). These indices
are:
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Node Degree (D)

This is the most easily applied but least informative index because it only takes into
account the number of other nodes connected directly to node i. Thus, the degree of node i
(Di) is the sum of its prey (in-degree, Dini) and predators (out-degree, Doui), and was
computed using NetDraw as Di= Dinji + Dout,i.

Centrality Indices

The first index is betweenness centrality (BC), which is based on quantifying how often
node i is on the shortest path between each pair of nodes j and k. This index was computed
using the UCINET IV software package (Borgatti et al., 1996). The standardized index for
node i (BCj) is:

zngjk(i)/gjk

i<k

BC, =
(N-D)(N-2)

Where i # j and k, gjk is the number of equally shortest paths between nodes j and k, and gjk(i)
is the number of these shortest paths to which node i is incident (gj could be equal to 1). The
denominator is twice the number of pairs of nodes without node i. This index thus measures
how central a given node is in terms of being incident to many shortest paths in the network.
If BCi is large for trophic group i, it indicates that the loss of this node will have many rapidly
spreading effects in the web.

The second centrality index used was CC (closeness centrality), which is based on the
proximity principle and quantifies how short the minimal paths from a given node to all other
nodes are (Wassermann & Faust 1994). This index was also computed using UCINET IV
(Borgatti et al. 1996), and its standardized form (CCi) is expressed as:

N -1
i:N

d,
=1

CcC

]

Where i # j, and dj is the length of the shortest path between nodes i and j in the network.
This index thus measures how close a node is to the rest of nodes. The smallest value of CC;
will be for that trophic group that upon being removed will affect the majority of other
groups.

Keystone Index (K1) (Jordan et al. 2006)

It is used to characterize the importance of species in ecosystems according to their
position in the trophic network; it is also known as index of topological importance. This
index considers information additional to the nodes directly connected to one another and was
defined in detail by Jordan (2001) and Jordan et al. (2006). It is expressed as:
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n

KJ=Z

c=1 Y¢

1 -1
d (1+ Kbc) + ZT(I_'_ Kte)
e=1 e

Where n is the number of predators eating species i, dc is the number of prey of the cwn
predator and Ky, is the bottom-up keystone index of the cw predator. Symmetrically, m is the
number of prey eaten by species i, fe is the number of predators of the e prey and Ky is the
top-down keystone index of the ew prey. For node i, the first summation of the equation
quantifies bottom-up effects (Kyw), whereas the second summation quantifies top-down effects
(Kia). After rearranging the above equation, the terms that contain the values of K (3. Khc/dc +
Y Kelfe) refer to indirect effects (Kingir), Whereas those that do not contain K (3.1/d: + > 1/fe)
refer to direct effects (Kair). The sums of these values of effects (Ko + Kig and Kingir + Kair)
equal Ki= Kpyi + Kigi = Kair,i + Kindir,i. In addition to informing about the number of direct
connections among nodes, the keystone index informs on how these neighbors are connected
to one another (Jordan et al. 2006), emphasizing vertical interactions over horizontal ones
(e.g., trophic cascades vs. apparent competition). It also characterizes positional importance,
separating direct from indirect effects, as well as bottom-up from top-down effects in the
trophic network (Jordan 2001). The keystone index was computed using the FLKS 1.1
software package (provided by F. Jordan), which is designed for characterization of vertical
positional importance of species in food webs.

These mesoscale indices have been favored over other more local statistics, such as the
distribution of trophic connections (Dunne et al. 2002; Montoya & Solé, 2002), or more
global ones, such as food web connectance (Martinez 1992) because the latter for example
reflect the global topology of the network but do not provide information on the specific
position of individual nodes or their more distant interactions, thus preventing the analysis of
important indirect effects, such as apparent competition and trophic cascades (Holt & Lawton,
1994; Menge 1995). Furthermore, mesoscale indices are recommended when the purpose of
the study is to understand relationships within a community (Jordan & Scheuring 2002) and
especially when one wants to quantify the relative importance of a given species with respect
to the rest of species in a system (Jordan et al. 2006).

The Topological Importance Index (T1) (Jordan et al. 2009)

It is used to analyze indirect interactions of various lengths separately (up to a 3-step-
length). It assumes a network with undirected links where interspecific effects may spread in
any direction without bias (we are interested in interaction webs, in the broadest sense, but
considering only indirect chain effects [Wootton 1994]). The effect of species j on species i,
when i may be reached from j in n steps, is defined as an,ij, when n=1 (i.e., the effect of j on i
is direct): a1,;;= 1/Di, where Di is the degree of node i (i.e., the number of its direct neighbors
including both prey or predatory species). We assume that indirect chain effects are
multiplicative and additive. When the effect of step n is considered, we define the effect
received by species i from all N species in the same network.
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Which is equal to 1 (i.e., each species is affected by the same unit effect.). Furthermore,
we define the n-step effect originated from a species i as:

N
Chi = Zan,ij

i=1

Which may vary among different species (i.e., effects originated from different species
may be different). Here, we define the topological importance of species i, when effects up to
n steps are considered

n n N
Zaml Zzam 1]
TIN = m=L — m=lj=l
' n n

Which is simply the sum of effects originated from species i up to n steps (one plus two
plus three...up to n) averaged over by the maximum number of steps considered (n). With
this index, it is possible to quantify the origins of effects influencing a particular species, i.e.,
the internal interaction structure of the network.

The an,j-values for species j had been defined as its “trophic field” (Jordan 2001). For
long indirect effects, every species is connected to every other. It is reasonable to define a t
threshold of anj-values separating strong interactive partners from weak interactors. Given a
maximum length of indirect effects (n) and a threshold for interaction strength (t), every node
may be characterized by its effective trophic range (Jordan et al. 2009). Since the sets of
strong interactors of two, or more, nodes may overlap, it is important to quantify the
positional uniqueness of graph nodes. The “trophic field overlap” (TO";) between nodes i and
j is the number of strong interactors appearing in both i’s and j’s effective range. The sum of
all TO-values between species i and others (X7O™'j summed over all j with i#j) provides the
summed trophic field overlap of species i (TO™Y), and this may be normalized by dividing it
with the maximum value (TO™ma) for a given network (relTO™5 = TO™;/ TO™nax). Note that
all this is determined by t, n and the topology of the network. We define the “topological
uniqueness” of species i as TU™; = 1 — relTO™;. Here, we used n= 3 and t= 0.001. This index
may contribute to the problem of how to quantify species and role and redundancy in
ecosystems (Bond 1994; Luczkovich et al. 2003; Shannon & Cury 2003). This index was
computed using CoshiLabGraph (Valentini & Jordan 2010).

Key Player Problem (KPP)

To determine whether sea turtles species belong to the key element set of the ecosystem
under study (defined as “topological keystone species complexes” by Jordan et al. (1999,
2006) and Libralato et al. (2006)) we used the “key player” problem approach of ecological
network analysis (Borgatti 2003a). This approach is used to determine the importance of
different species combinations in maintaining network integrity. More specifically, we used
Key Player Problem 2 (KPP-2), which works under the assumption that “if information is
spread from node n, which nodes must be selected to reach the other nodes in the fastest way
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in an intact network?” (Benedek et al. 2007). The analysis was run with the Key Player 1.44
software package (Borgatti 2003b).

Application of Topological Analysis to Evaluate Ecological Role of Sea Turtles

We built a trophic network using stomach content data of representative functional
groups found in Magdalena-Almejas Bay, located in the south-west coast of the Baja
California Sur peninsula (24° 16 'N and 25° 45' N and 111° 20 'W and 112° 18" W). This
system has three different geomorphological zones: Canals Zone (137 km?) located
northwest; Magdalena Bay (883 km?) located in the center of the complex, and Almejas Bay
(370 km?) located in the southeast (Figure 1) (Alvarez-Borrego et al. 1975). Information
about diet matrix was taken from Cruz-Escalona et al. (2013) and includes a 24 trophic
components.
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Figure 1. Geographic location of Bahia Magdalena in Baja California Sur, Mexico.

Results of Topological Analysis

Based on the degree of node (D), suprabenthic invertebrates were the highest value node
(18), followed by sea lions (14), other crustaceans and penaeid shrimps (12). Chelonia mydas
obtained a degree of node of 9 and was ranked tenth within the 24 nodes (Figure 2).

Centrality indexes showed that suprabenthic invertebrates have the highest betweenness
value (BC = 43.2) followed by the green turtle (BC = 37.1) and sea lions (BC = 14.2).
Meanwhile green algae (Chlorophyta), brown algae (Phaeophyta), red algae (Rhodophyta),
and gray whale showed the lowest intermediate values (Figure 3a). As for species closeness
(CC), suprabenthic invertebrates (CC = 52), sea lions (CC = 56) and penaeid shrimps (CC =
58) had the most representative values (Figure 3b). As with the degree of node, turtles
showed a middle point value (10 position) in terms of closeness index within the network.
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The keystone index (K) showed the highest values for dolphins and sea lions, suggesting
that their removal could result in significant structural changes in the trophic network. On the
other hand, green turtle is in the eighth position, play the main role in this network as a
predator (Ki), directly affecting its prey, algae, sea grass and some invertebrates (Kqir) and
with few predators in the network (Table 1).

Table 1. Results of keystone index of Magdalena Bay

Rank Species or trophic component Kbu Kid Kdir Kindir K

1 Dolphins (DO) 0,00 10,68 4,02 6,66 10,68
2 Sea lions (SL) 0,00 10,22 3,81 6,41 10,22
3 Phytobenthos (PHY) 7,08 0,00 2,38 4,70 7,08
4 Detritus (DET) 6,74 0,00 2,18 4,56 6,74
5 Suprabenthic invertebrates (SUP) 4,97 0,44 4,01 1,41 5,42
6 Zooplankton (ZOO) 3,81 0,24 1,61 2,43 4,04
7 Sea bass (SB) 0,16 3,78 2,13 1,81 3,94
8 Green turtles (MT) 0,16 2,90 2,56 0,50 3,06
9 Skates (R) 0,16 2,19 1,46 0,89 2,36
10 Corvinas (CU) 0,29 1,89 1,38 0,80 2,18
11 Seagrass (SEA) 1,96 0,00 1,23 0,73 1,96
12 Other crustaceans (OT) 1,10 0,68 1,51 0,28 1,78
13 Penaeid shrimps (PS) 1,10 0,68 1,51 0,28 1,78
14 Abalone (AB) 0,85 0,85 1,49 0,22 1,70
15 Flatfishes (FF) 0,51 1,01 1,12 0,40 1,52
16 Echidoderms (ECH) 0,58 0,70 0,99 0,29 1,28
17 Pleuroncodes planipes (PLE) 0,72 0,54 1,05 0,21 1,26
18 Spiny lobster (SLO) 0,37 0,85 1,15 0,07 1,22
19 Rhodophyta (RHO) 1,05 0,00 0,76 0,28 1,05
20 Phaeophyta (PHA) 1,05 0,00 0,76 0,28 1,05
21 Gerreidae (GE) 0,51 0,54 0,91 0,14 1,05
22 Black brant (BB) 0,09 0,74 0,80 0,03 0,83
23 Chlorophyta (CHL) 0,13 0,00 0,11 0,02 0,13
24 Grey whales (GW) 0,00 0,10 0,07 0,03 0,10

K= Importance index from bottom to top, Kiw= Importance index from top to bottom, Kair= Importance index of
direct effect, Kine= Importance index of indirect effects.

Regarding the topological importance index (T1), which shows those species that have the
smallest topological redundancy into the network, revealed that the Dolphins and Sea Lions
were the more difficult replacement nodes (Figure 4). The green turtle was at an intermediate
level of topological redundancy suggesting that in this ecosystem this species has a trophic
function with other repetitive mesopredators. This can be observed in the trophic overlap
established between the turtle and stingrays by invertebrates (e.g., crustaceans, suprabenthic
invertebrates, shrimp) and with the lobsters and Black Branch by primary producers. On the
other hand, the absence of natural predators for this species in the study area influences the
outcome of topological significance found.

The graphical representation of the values of TI showed that invertebrates and bony
fishes have high redundancy in the network and therefore the values (node size) of this index
are low in most of the same (Figure 4).
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Figure 4. Topological importance index of the trophic network of the study area. The size of the node is
equal to the index value.

Finally, analysis of key groups "KPP-2" showed that it is composed of a single species,
the pelagic red crab (Pleuroncondes planipes), being this the most influential in the trophic
network interactions, as the dispersion of any effect from this species reaches 100% of the
nodes in this network. In this case, being such a short trophic network it is feasible for this to
happen, but as more complex trophic networks are analyzed it will be more likely to observed
in greater detail the participation of species of interest in the group of keystone species.

CONCLUSION

The topological indices represent a novel and useful tool to evaluate in an easy way, the
structure of a trophic network and how the different elements that compose it take part in that
structure. In the present study we have implemented these analyses in order to assess the
structural importance of the green turtle in a marine trophic network, and make comparisons
among our results with other previous approaches which have focused on studying the
function of these species in ecosystem through the mass and energy flows and their effects
over the population structure of their prey.

The outcomes of this study show how green turtle (Chelonia mydas) is a sort of structural
value intermediate in the structure of the trophic network in the Bahia Magdalena which is
due to an intermediate connectivity and proximity to other network nodes. This means that
the species of interest does not provide a high number of trophic interactions with other
network components; thus, the proximity of the same for all these nodes is moderate. From
this, it follows that green turtle has a mild participation in the velocity dispersion of indirect
trophic effects that may occur in this network (trophic cascade, apparent competition,
competition for exploitation among others, see Menge 1995). Thereby, the absence of this
species would have little current velocity dispersions of these effects, which are considered
fundamental for the stability of trophic networks.
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Nevertheless, another scenario is presented when the intermediation index (BC) outcomes
are analyzed. Chelonia mydas turned out to be identified as the second most valuable species.
This result suggests that if the green turtle does not have a high number of connections within
the network, it does play an important role in the dispersion of indirect effects within the
same network. This occurs due to the fact that the species of interest becomes an important
connection in the flow of trophic interaction among primary producers and top predators.
Thus, the loss of this species would force many of the pathways through which the indirect
effects are spreading within the network to change and therefore could significantly impact
the current network structure.

These results are in line with what some studies have suggested with functional
perspective. For example, grazer species may have significant positive effects on grazed areas
via their role in enhancing nutrient recycling or availability (McNaughton et al. 1997;
Augustine et al. 2003). Repeated cropping by turtles has been found to result in increased
nitrogen concentrations in Thallasia testudinum in the Caribbean, which was interpreted as
improving the nutritional quality of those areas (Bjorndal 1980; Zieman et al. 1984).
Moreover, it has been suggested that, historically, grazing by sea turtles played an important
role in the maintenance of healthy seagrass beds by removing the seagrass canopy and
preventing the build-up of organic matter in seagrass beds (Jackson et al. 2001, Bjorndal &
Jackson 2003).

Aragones et al. (2006) through experiments simulated cropping by green turtles by
manual removal of plants or plant parts to resemble that made by the animals. The changes to
plant chemical composition following grazing were long-lasting, with both Halophila ovalis
and H. uninervis showing significantly elevated whole-plant N concentrations in response to
all treatments after 11 and 13 months, respectively. On the other hand, Fourqurean et al.
(2010), made protecting experimental plots from grazing by sea turtles caused an increase in
the biomass of seagrasses and an increase in the structural complexity of the seagrass canopy,
as the length and width of the seagrass blades increased. This shows that green turtles may
modify significantly the seagrass beds. Also, through observational evidence, Goatley et al.
(2012), showed that green turtles and hawksbill (Eretmochelys imbricata) may function as
both grazing and browsing herbivores on coral reefs. The green turtles appear to be an
important component in tropical seagrass ecosystems in structuring communities through
cropping.

From the point of view of ecosystem control, Keystone Index analysis (K) identified the
top depredators as those who have the top down network control almost exclusively. (See Kig
in Table 1). In this index, the green turtle showed that its structural importance in the network
regarding the mechanisms of ecosystemic control is mainly given by the direct trophic effects
(Kair) or predation being greater the contribution as predator than prey (Kw vd Kpy) and
therefore dispersing more strongly its direct effects than indirect for the rest components of
the network. This latter result corresponds with the findings in our analyses of topological
importance (TI) which indicated that Chelonia mydas is a species with average levels of
topological redundancy and that it shares its predatory function with primary producers with
lobsters and Black Brant.

This exercise represents the first study, which uses topological analyses to assess the
structural importance of green turtle within a trophic network. The outcomes of this study
show this is an important tool for the target mentioned and provides useful information to
implement management measures for this species. It is recommended that such studies in
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focal areas and hotspots of marine turtles at different life stages, and with this, give a new
perspective to the assessment of ecosystem importance of these species.
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ABSTRACT

Although subject to several caveats, stranding data may provide information on
geographic ranges, seasonal distribution and life history of marine turtle aggregations in
nesting, foraging/development, and migratory areas. Strandings are the main source of
biological samples for ecological studies on marine turtles. Samples are collected either
from live and recovered turtles or from dead ones through necropsy. Moreover,
strandings provide data on sex ratios of local aggregations, diseases, and feeding ecology,
among other topics. Two methods can be used to record stranded marine turtles on
beaches: (1) creating a marine stranding network or (2) organizing beach surveys over the
area of interest. In order to provide valuable information, stranding networks must use
replicable protocols and be able to record the majority of stranding events. However, the
discovery and reporting of washed carcasses depends on observation effort and public
awareness, and economic resources are critical for the effectiveness of the network.
Beach surveys for stranding records need constant effort over areas of interest. Stranding
data can be recorded across wide spatial and temporal ranges at high resolution due to the
low cost per unit effort compared to in-water or aerial-based studies. Stranding data is
often considered as non-representative of populations at sea, since the probability of
stranding varies widely in space and time, as predators, scavengers, winds and sea
currents may prevent carcasses from reaching the shore. However, strandings yield
reasonable data on the occurrence and distribution of marine turtle species in the adjacent
marine area. Thus, stranding data, while an imperfect measure of marine turtle
abundance, distribution and activity, provides additional information that can
complement research studies at sea. Analyses of stranding data can also contribute to a
better implementation of conservation measures and management on endangered marine
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turtles in coastal waters through the identification of (1) the areas probably used by
marine turtles, and (2) anthropogenic mortality sources in the region of interest.
Strandings can also be used for public awareness on the conservation of these threatened
species.

INTRODUCTION

This chapter tries to summarize the most relevant techniques used in the study of marine
turtle strandings and all the potential data that can be obtained from them. An approach to
studying marine turtle aggregations in feeding and development areas can be represented by
stranding data, because stranding records do not require high costs as surveys at sea do. Many
turtles are found dead, injured or ill on the beach or floating at sea, in coastal waters,
especially near important foraging areas.

In recent years, there has been a rising awareness on the global threats affecting marine
turtles, such as incidental captures by different fishing gears (Lewison et al., 2004a, b;
Lewison & Crowder, 2007; Peckham et al., 2008; Tomas et al., 2008a; Wallace et al., 2008,
2010; Casale, 2011), climate change (Hawkes et al., 2009; Poloczanska et al., 2009; Fuentes
et al., 2011), marine pollution (Bugoni et al., 2001; Tomas et al., 2002; Storelli &
Marcotrigiano, 2003; Tourinho et al., 2010; Ivar do Sul et al., 2011) and habitat loss in
nesting and in marine feeding areas (Musick & Limpus, 1997; Bolten, 2003; Fish et al.,
2008). However, it is difficult to determine the relative importance of different threats,
particularly those occurring at sea, because knowledge on population demography is still
scarce in many areas, and it is essential to understand the impact of each threat on every
population for its conservation (Casale et al., 2010). One approach to the study of marine
turtle aggregations in foraging areas at sea is the use of stranding data. Carcasses of marine
turtles, marine mammals and other marine vertebrates encountered on shorelines can provide
valuable information for estimations of mortality rates at sea, and also on causes of death if
the animals arrive fresh and can be necropsied (Geraci & Loundsbury, 1993). However,
probability of stranding varies widely in space and time, and usually does not exceed 10-20%
of total mortality at sea, even in near-shore waters, since predators, scavengers, wind, and
currents prevent carcasses from reaching the shore (Epperly et al., 1996; Hart et al., 2006;
Mancini et al., 2012). At greater distances from the shore, stranding probability diminishes
even more and animals that die offshore may never strand (Koch et al., 2013). Hence,
stranding data are often considered as non-representative of population sizes and mortality at
sea (Epperly et al., 1996; Siebert et al., 2006; Peltier et al., 2012). However, strandings yield
reasonable data on the occurrence and distribution of marine vertebrate species in the adjacent
marine area (Maldini et al., 2005; Pyenson, 2010; Peltier et al., 2012). Inferences on stranding
data are subject to a number of caveats, i.e.: seasonal and spatial variation in recording, inter
annual variation in surveying, influence of coastal currents in stranding distribution, etc.
(Lewison et al., 2003). Yet, when integrated over wide spatio-temporal extents, they can
provide information about geographic ranges, seasonal distribution and life history of marine
turtles, particularly for life stages underrepresented in the literature such as juvenile
individuals (Witt et al., 2007; Tomas et al., 2008a).

Most of the literature on strandings focuses on reports of isolated cases. Although
valuable because of their detail (they can sometimes provide new biogeographic records and
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extensions of the reported range of a species), isolated reports are not integrated into any
overall scheme that provides an accurate reflection of stranding patterns and spatio-temporal
distribution. To be valuable, data has to be collected in a consistent way, using standard
protocols, on the greatest possible number of specimens and over a long period of time. Only
then can the information collected contribute to an understanding of the size, shifts or
variations, and causes of mortality in a marine vertebrate population.

Defining a Stranding

There have been different proposals for defining a marine turtle stranding: e.g., dead or
alive turtles washed or found floating coastal waters (Tomas et al., 2008a); turtles founded
dead, injured or ill on the beach or floating at sea (Casale et al., 2010); any dead or alive
marine turtle, or remains, washed ashore (Vélez-Rubio et al., 2013); or carcasses of marine
turtles encountered on shorelines (Koch et al., 2013). Researchers should decide and describe
the different categories in detail within each study (strict stranding, floating in coastal waters,
etc.), to allow for comparisons among studies on the same species in different areas.
Furthermore, it would be recommended to reach a consensus for this same reason.
Nonetheless, in many cases turtles are found near the shore or in coastal waters, and they can
be analysed as a stranding; although notes on findings must be taken for filtering data
according to the aims of the study and for further comparisons with data taken elsewhere.

On the Interest of a Marine Turtle Stranding

Data on stranded turtles provide essential information about at-site life stages, seasonal
distribution, and geographic ranges of marine turtles (Hart et al., 2006; Chaloupka et al.,
2008; Casale et al., 2010). Stranded animals present an evident scientific potential but
strandings also offer a source of biological material for population studies such as age
determination from skeletochronology (e.g., Zug et al., 2002), parasite quantification and
general health condition (Deem et al., 2009), and tissue samples for stable isotope analyses
(e.g., Cardona et al., 2010), toxicity (e.g., Storelli et al., 2005) and genetic studies (e.g., Naro-
Maciel et al., 2012).

However, stranding based studies present a series of caveats linked to random sampling.
Most stranded turtles have suffered health problems or were ill before dying, thus having a
non-normal behaviour. Therefore, information on healthy individuals of the populations is
scarce in this type of studies. On the other hand, stranding causes are not always identifiable,
which limits the accuracy with which different impact threats can be assessed.

Nonetheless, stranding studies based on long-term data series can constitute the baseline
for conservation planning and management, because they are an easy way to obtain
information on local marine turtle populations. Such studies are also very important in raising
local conservation awareness, particularly among fishermen, authorities and other
stakeholders, and in engaging communities and the general public interested in marine turtle
conservation.



90 Gabriela M. Vélez-Rubio and Jesus Tomas

What to Do When Finding a Marine Turtle Stranded on the Beach? Organizing the
Response

In each country or region, marine turtle strandings can be recorded by different actors
(Environmental authorities, universities/research centres, civil organizations, NGOs, etc.).
These groups normally receive the information through a 24 h hotline specifically set for this
purpose. In many cases the police, park rangers or coast guards directly contact the
organization in charge. In many regions, several of these entities are part of a coordinated
stranding network (see below).

Stranded sea turtle

|

l Dead I

[ Evaluate carcass state]

Activate veterinary
protocols Fresh Decomposed

(First AID, etc..)
recording

Data recording

—

Move to rehab center]

Dead or
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Necropsy & Tissue
sampling

Data recording and analysis ](*

Permanent care
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Figure 1. Response flowchart for when a marine turtle is found stranded on the beach. Two paths can be
followed when encountering a stranded turtle. If alive, we need to evaluate the health condition of the
turtle; if the evaluation is successful we can gather information and take samples, tag the turtle
according objectives and means, and release it (in green). If the animal is not in good health, we take
the turtle to a rehabilitation centre and activate veterinary protocols (in orange). If the turtle is dead

(in red) we should first evaluate the carcass state, if decomposed we just gather as much information as
possible and proceed to the disposal of the carcass; if the carcass is fresh we can conduct a necropsy to
obtain more information and samples. Blue boxes indicate the most important points for collecting data
during the procedure.

The quality and the quantity of information obtained from stranded turtles depends on a
number of factors, including: the specimen’s location and state of decomposition, the
workteam’s motivation and organization, equipment availability, supplies, and shipping and
storing of samples. For that reason, it is crucial to organize the response to strandings. An
ideal diagram is presented in order to organize the response when finding a stranded marine
turtle (Figure 1). There are two main flow lines in the diagram that may activate different
protocols: in green and orange we represent when stranded turtles are founded alive
(activating veterinary or tagging/sampling protocols); and red represents when they are found
dead (activating necropsy or carcasses disposal protocols). In different parts of the chart (blue
boxes) we indicate when data recording can be carried out. It is crucial to log as much
information as possible along the process. The diagram can be adapted in any particular case
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or location, depending on the organization responsible, the interest and motivations of the
studies in the area, the extension of the study area, etc.

METHODS

Stranded Marine Turtle Sampling Techniques

How should strandings be monitored? Normally the stranding of a marine turtle is a
sporadic event that can occur at any point of the coast distant from our place of work or
residence. It is necessary to use simple and clear protocols, easy to implement, and covering
large coastal areas. We present three non-exclusive sampling procedures to optimize the
recording of marine turtle strandings. Depending on the stretch of coast to be covered and the
region, stakeholders and institutions in charge may choose which of these procedures are
most adequate for optimizing data recording and aims.

Stranding Network

The main objectives of a stranding network are (1) to provide rapid and effective actions
that serve to recover live stranded animals, (2) to protect the public from possible diseases
transmitted by the stranded animals, and (3) to gain the maximum scientific information. A
stranding network’s general aims should mainly focus on:

e The efficiency and speed of action after the stranding report.

e Recording as many of the strandings as possible (in addition to reporting strandings,
systematic surveys should be planned, see section 3.2)

e Increasing knowledge on stranded species conservation biology (in case they are in
some way threatened).

e Providing as much information and as many samples as possible.

e  Setting up a tissue bank and sample collection.

e Finding partners for the managing of strandings

e Regularly publishing reports on strandings and associated information.

e Providing expertise and training to local and national authorities, local communities,
park rangers, beach rescue staff, etc.

e Developing public awareness on conservation of threatened marine species (marine
turtles in our case) and the threats affecting them.

To reach these objectives, collecting the appropriate information from a stranded live or
dead turtle requires team organization for a quick and effective response. For this reason, a
stranding network should host: (1) an emergency response team with well trained staff of both
veterinaries and biologists to perform different tasks adequately (such as species
identification, recording biometric data, performing a necropsy, taking samples, rehabilitation
tasks, etc.), and/or to collaborate with specialist institutions; (2) the necessary equipment to
examine the animals in situ and to transport them when necessary; (3) a facility for medical
treatment and rehabilitation; (4) equipped facilities for carrying out necropsies on carcasses;
and (5) an appropriate protocol for collecting, analyzing, and storing samples and data. As we
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have said, networks must be coordinated via 24-h telephone hotline or via email, and/or social
networks. Depending on the reach of the network, stranding events are reported by the
general public, fishermen, lifeguards or civil organizations. Other organizations that could
benefit the stranding network (police, coast guard, municipal authorities, park rangers,
education and research centers, wildlife and conservation groups) should be informed of the
network’s existence. It is therefore necessary to develop awareness campaigns to involve all
these actors. Useful actions are, for example, increasing information availability before
holidays and in touristic areas; or providing training courses and workshops to park rangers,
lifeguards and other workers aiming to increase reporting effort. The main aim of the network
is being able to record 100% of strandings in a determined coastal area during a certain time
period.

The network must function within the legal framework established by regional and
country authorities, and cooperate with them to ensure effective action and reach long-term
goals.

In an optimal scenario, a stranding network would span a country’s entire coast.
However, according to the length and features of the coast, the general context of the country,
and the conservation status of the marine turtle aggregations, several work teams could be
expected. A leader should coordinate each team and a national coordinator ought to manage
the activities of all teams in order to acquire an overall picture of the situation and to obtain
data and conclusions on strandings at a national scale (Bradai, 2009). Wider geographical
scale networks (e.g. covering strandings over coasts around basins or enclosed seas) are also
desirable, although coordination among working teams and countries is not always easy (but
see section 3.3).

Beach Monitoring

Beach survey efforts can be performed over areas of special interest and as a complement
to stranding networks. These surveys have to be constant and should be boosted in specific
areas where high numbers of strandings occur, and in areas with on-going in-water studies.
For systematic and regular monitoring, the area covered by the surveys must be of a length
that can be surveyed at least monthly, and accessible to monitoring staff. Depending on the
geomorphology and the length of the beaches and coasts, and also on the resources available,
monitoring can be conducted by motor vehicle, bike or by foot. The use of motor vehicles
must be carefully considered during surveys over beaches where marine turtle nesting may
also occur. Since limited resources may not allow surveying the entire coastline of a
country/region, beaches designed as important in previous studies can be chosen for
monitoring. Long term monitoring of these beaches will also provide much needed
information on population status and threats. When other on-going studies are absent, and
resources are limited, pilot beach surveys and interviews to fishermen and coastal inhabitants
must be carried out to choose the most important beaches to monitor. One advantage of beach
monitoring for strandings, and also of stranding networks, is that in addition to carcasses or
injured animals, they can report sporadic or exceptional marine turtle nesting events,
providing new locations for the nesting range of different species (e.g., Tomas et al., 2008b).

Integrated Databases
An interesting way to coordinate and organize data on strandings over large areas, or
around basins, and for long periods of time is the use of databases. These databases may be
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hosted in committed research institutions or by environmental authorities. The creation of
such databases can emerge from international conventions and agreements. Costs of hosting
the database can proceed from local, national or international projects, or through funding
provided by institutions and countries involved in the agreement. These databases should
offer basic data reports, with online access, and may serve as contact means among
professionals or working teams. The following are some examples of existing databases:

e TURTLE database operated by Marine Environmental Monitoring (UK): TURTLE is
multi-agency project that in 2001 started acting as a repository for records of marine
turtle sightings, strandings and incidental captures. Reports of such events are
received from members of the public, government agencies or marine environmental
organizations. These groups usually collect morphometric and pertinent additional
data (e.g. geographic location) from stranded individuals and provide for either
rehabilitation or necropsy. Appropriate data is then passed to the TURTLE
coordinator who validates and subsequently adds it to the project database, which
also contains historical records of marine turtle sightings, strandings and captures
since ca. 1758. http://www.strandings.com.

e Sea Turtle Stranding and Salvage Network, STSSN (USA): this network was
formally established in 1980 to document and collect information on strandings of
marine turtles along the U.S. Gulf of Mexico and Atlantic coasts. The network,
which includes federal, state and private partners, encompasses the coastal areas of
the eighteen-state region from Maine to Texas, and includes portions of the U.S.
Caribbean. Data is compiled through the efforts of network participants who
document marine turtle strandings in their respective areas and contribute that data to
the centralized STSSN database. By accessing the website, a citizen can report a
stranded marine turtle to the state coordinator. http://www.sefsc.noaa.gov/species/
turtles/strandings.htm.

e The United Kingdom Turtle Code: (UK): a code for reporting marine turtle sightings
in the UK. All users can help in the effort to protect endangered marine turtles by
providing information about their encounters with these spectacular creatures in UK
waters. The website also provides information on marine turtles and what to do when
finding a sick or entangled turtle on the beach. http://www.euroturtle.org.

e Turtle Research and Monitoring Database System, TREDS (Pacific island countries):
this system provides highly valuable information for Pacific island countries and
territories to manage their turtle resources. TREDS can be used to collate data from
strandings, tagging, nesting, emergence, and beach surveys as well as other
biological data on turtles. http://www.sprep.org/marine-turtles/turtle-research-and-
monitoring-database-system-treds.

e Stranding Network Locator (STRAND) (worldwide): The Sea Turtle Rehabilitation
and Necropsy Database (STRAND) is an effort to streamline and improve the
accuracy of the reporting process. Here you can find all the organizations around the
world with stranding network or that coordinate the strandings at beaches.
Information on sea turtle strandings is collected by hundreds of individuals in USA
and around the world. This data is used by local, regional and national resource
managers to make decisions regarding fisheries, dredging operations and other
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activities that have the potential to impact sea turtle aggregations. Accurate and
timely data delivery is crucial for making effective management decisions.
http://www.seaturtle.org/strand/contact.shtml.

e The State of the World’s sea turtles, SWOT (worldwide): SWOT works directly with
field-based sea turtle researchers across the globe, regularly compiling the most
current data available in order to provide an up-to-date global picture of sea turtle
status. http://seaturtlestatus.org.

Studies Based on Stranded Marine Turtles

In this section we explain how to prepare and organize a study based on turtle strandings,
what the potential goals and restrictions should be, and what data and samples it is best to
collect. Finally, we expose some examples of current studies on marine turtle strandings.

Scopes and Limitations

Stranding records, once analysed with due caution for intrinsic biases, represent a
valuable information source on both mortality factors and the spatio-temporal distribution of
marine turtles (Casale et al., 2010). Yet stranding records cannot constitute an accurate
scientific source of data because they are random phenomena, dependent on parameters such
as cause-related mortality, interaction with human activities, environmental features (currents,
tides, or prevailing winds); where in many cases several of these factors are convergent
(Epperly et al., 1996; Hart et al., 2006).

Most marine turtle strandings involve individuals that perished at sea due to natural or
anthropogenic causes such as encounters with fishing gear (NRC, 1990). However, most
carcasses show no clear evidence of the cause of death (Sis & Landry, 1992; Turtle Expert
Working Group, 1998; Hart et al., 2006). As the carcasses of animals which died in open
waters may decompose while trapped in currents and eddies, the number of recorded marine
turtle strandings likely represents a minimum estimate of mortality (Murphy & Hopkins-
Murphy, 1989; Epperly et al., 1996). Moreover, the relationship between the number of
turtles that died offshore and the numbers of stranded turtles remains unknown (Peckham et
al., 2008).

Hence, stranding data are often considered as non-representative of populations at sea
(Epperly et al., 1996; Siebert et al., 2006; Peltier et al., 2012). However, strandings yield
reasonable data on the frequency of occurrence and distribution of marine vertebrate species
in the adjacent marine area (Maldini et al., 2005; Pyenson, 2010; Peltier et al., 2012), and the
threats that affect them in coastal waters close to study areas (Coles & Musick 2000;
Mooreside, 2000). Live turtles incidentally captured in coastal waters and dead carcasses
found on shore certainly provide important information on age, size, abundance, growth rates,
main sources of threat, geographical patterns, and feeding of local marine turtle aggregations
(MacLeod et al., 2004; Chaloupka et al., 2008).
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Data Collection

Marine turtle stranding data collection relies on the people that report the stranding event,
and is highly dependent on their training and on the resources available for the task. Type and
amount of recorded data should be adjusted to the aims of the program, and to research and
conservation purposes in a particular area during a particular period; although there are many
constraints (mainly economical, but also social, political, etc.) that may limit data recording.

There are different data form models for data recording on stranded turtles, some of
which are presented in Appendix | of the present chapter. In the process of design of data
forms we have to consider the person filling out the forms. The information recorded in the
data sheet must be easy to understand and adequate for the recorder in each case, i.e.:
researchers, fishermen, volunteers, tourists, etc.

Regardless of the type of recorder and constraints, basic data that needs to be recorded
from a marine turtle stranding should include:

e Name, address and phone number of the observer/recorder.

e Date and hour of the stranding or detection of the carcass.

e Exact location (latitude/longitude). If coordinates are no available, include local
name of the place/beach and/or physical description of the stranding site.

o Identification (confirmed by a trained person) and description of the animal (size,
weight, sex if possible, etc.). Asking for photographs is highly desirable.

e Condition of the turtle (alive, dead, fresh, decomposed, bones).

o Final disposition of the turtle (left on beach, buried, salvaged, taking to facility, etc.).

Stranding Location

Stranding date and time refers to the moment the stranded turtle was first reported or
encountered. For the stranding location recorders can provide a detailed description of the
stranding site by using reference points (inlets, fishing piers, lighthouses, water tanks, etc.). If
a GPS device is available, whoever reports the stranding must provide latitude and longitude
of where it took place. This information is important for mapping the strandings and
displaying their spatial distribution along the coast, from where areas of high stranding
concentration can be identified.

Species Identification

In order to identify turtle species, it is recommended to keep manuals, books or
identification guides handy (e.g., Eckert et al., 1999). If identification is not clear (advanced
state of decomposition, possible hybrid, etc.) it is best to write down the species as unknown
or unidentified. Depending on the studied area several different species can be detected, since
some of the marine turtle species have a restricted distribution (e.g., the Flatback turtle
Natator depressus restricted to North Australia and adjacent waters) while other are globally
distributed, and some of them can share feeding or nesting habitats. Here we provide a brief
description of the seven extant marine turtle species for their identification (modified from
Pritchard & Mortimer 1999):
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Family Dermochelyidae
Dermochelys coriacea: Leatherback (E); Tortue luth (F); Tortuga ladd, baula o siete
quillas (S).

Family Cheloniidae
Chelonia mydas: Green turtle (E); Tortue verte (F); Tortuga verde o blanca (S)
Chelonia mydas agassizii 1: Black turtle (E); Tortue noire (F) Tortuga negra (S)
Natator depressus: Flatback turtle (E); Chelonée a dos plat (F); Tortuga aplanada (S)
Eretmochelys imbricata: Hawksbill (E); Tortue imbriquée (F); Tortuga carey (S)
Caretta caretta: Loggerhead (E); Caouanne (F); Tortuga cabezona, boba o caguama (S)
Lepidochelys kempii: Kemps ridley (E); Chelonée de Kemp (F); Tortuga lora (S)
Lepidochelys olivacea: Olive ridley (E); Chelonée olivatre (F); Tortuga olivacea (S)

(E) English, (F) French, (S) Spanish

Leatherback Turtle (Dermochelys coriacea)

This species differs from other the marine turtles in its anatomic and physiologic
characteristics. Adults lack scales, scutes and claws. It’s carapace is reduced and formed by a
mosaic of small bones. The carapace surface resembles leather, with the skin being several
centimetres thick in this part of the body. Dorsal coloration is predominantly black, with
variable degrees of white or paler spotting; spots can be bluish or pink on the neck and the
base of the flippers. Light pigment predominates ventrally. Forelimbs are long in relation to
the body, if compared to the other marine turtle species. Males and females have a
characteristic pink spot on the dorsal side of the head (Pritchard & Mortimer, 1999). This
species is the largest marine turtle and the heaviest reptile. Adults attain a curved carapace
length (CCL) of 130-210 cm, and a weight of 250-900 kg (Goodman & Belskis, 2012).

Green Turtle (Chelonia mydas)

This species has a broad oval carapace, with 4 pairs of lateral scutes. It has a relatively
small head, with one pair of prefrontal scales, and a slightly serrated, non-prominent beak.
Individuals have a single claw on each flipper. Carapace coloration in adults is very variable,
normally brown. Head and limbs are dark grey, while the underside is yellowish. This species
is the largest of the hard-shelled turtles. Adults attain a straight carapace length (SCL) of 90-
120 cm, and a weight of 120-230 kg (Goodman & Belskis, 2012). In the East Pacific we can
find the black turtle (Chelonia mydas agassizii), currently considered as subspecies of the
green turtle. The black turtle has a slightly smaller size, darker carapace and skin colour, and
the posterior part of the carapace narrower than the green turtle (Chelonia mydas).

Flatback Turtle (Natator depressus)

This specie has a very broad and rounded carapace, with upturned lateral margins. The
carapace presents 4 pairs of costal scutes; the scutes are very thin and have a softer texture
than in other cheloniid turtles, with seams often disappearing in old adults. Dorsal coloration
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is uniformly olive-green in hatchlings and adults, and yellowish ventrally (Pritchard &
Mortimer, 1999). The species may reach approximately 100 cm of CCL and about 90 kg in
weight. It is confined to waters of tropical Australia and southern New Guinea and Indonesia.

Hawksbill Turtle (Eretmochelys imbricata)

This is the only species to have imbricated scutes on the carapace. It has a narrow, oval-
shaped carapace with a strongly serrated posterior margin and overlapping scutes. Dorsal
coloration of the carapace is dark to light brown, and the ventral side is light yellow to white
(Pritchard & Mortimer, 1999). Adults attain a SCL of 65-90 cm and a weight of 60-80 kg
(Goodman & Belskis, 2012). This turtle is highly sought after in some countries where their
colourful scutes are exploited to use in jewellery, even though this practice is illegal
worldwide.

Loggerhead Turtle (Caretta caretta)

It’s carapace is moderately broad, being approximately 80% of the turtle’s length.
Flippers are relatively short, with 2 claws on each forelimb. Dorsal coloration is primarily
brown with occasional individuals retaining some tan or even black, ventral color ranges from
yellow to orange (Pritchard & Mortimer, 1999). The head is large in relation to the rest of the
body and triangular in shape. Adults attain a SCL of 90-115 cm, and a weight of 100-180 kg
(Goodman & Belskis, 2012).

Kemp’s Ridley (Lepidochelys kempii)

This species has a relatively short and wide, almost circular carapace which presents a
modest marginal serration or scalloping. Juveniles of Kemp’s ridley turtle present high
vertebral projections, but the carapace is smooth and low in adults. Juveniles are dorsally
grey, while a light olive-green colour can be seen in adults. They are ventrally are white or
light yellow. The individuals of this species have small pores (four per side) near the posterior
margin of the inframarginal scutes in the plastron. Adults attain a SCL of 60-70 cm, and a
weight of 35-50 kg (Goodman & Belskis, 2012). The species is distributed almost exclusively
in the Gulf of Mexico and Eastern USA, being also reported occasionally in European coasts
and even in the Western Mediterranean (Tomas et al., 2003 and references therein).

Olive Ridley Turtle (Lepidochelys olivacea)

It is a small turtle with a triangular head. This species presents a short and wide carapace
very similar in shape to its congeneric species L. kempii, but less wide in adults. The dorsal
coloration is dark olive-green in adults, and it is ventrally creamy yellow (Pritchard &
Mortimer, 1999). As with L. kempii, olive ridleys habe small pores (four per side) near the
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posterior margin of the inframarginal scutes of the plastron. They can be distinguished from
L. kempii because L. olivacea individuals have a variable number of coastal scutes in the
carapaces (six or more per side). Adults attain a SCL of 70-80 cm, and a weight of 35-60 kg
(Goodman & Belskis, 2012).

Sex Determination

Marine turtles are difficult to be sexed externally until they reach maturity. Depending on
their nesting aggregation and population, marine turtles reach sexual maturity at different
sizes. This size is generally around 90 cm curve length for green turtles, 130 cm curve length
for leatherbacks, 83 cm curve length for loggerhead turtles, 85 cm curve length for hawksbill
turtles, 65 cm curve length for kemp’s ridleys, 70 cm curve length for olive ridleys and 90 cm
curve length for flatback turtles. If the turtle found stranded is of a smaller size than the
minimum adult-size described either globally or, if known, locally, then the turtle must be
recorded as ‘immature’ or ‘sex undetermined’. However, sex can be determined if a necropsy
(if the turtle is dead), laparoscopy, hormonal blood analysis or other test (if the turtle strands
alive) can be undertaken. In the case of adults, the length of tail can be used for sex
determination, with males having a long tail (exceeding the posterior edge of the carapace)
while females possess shorter ones (rarely reaching the posterior edge of the supracaudal
scutes). Premature diagnostics based only on external characteristics must be carefully
considered, as there have been a few recent cases where turtles showing premature masculine
secondary sexual characters were later identified as females after a veterinary diagnostic test
(see Crespo et al., 2013). If means are available, laparoscopy examination of the gonads is the
most effective way to determine sex and the sexual maturity of the specimen, although this
technique must be supervised and carried out with veterinary care and training by experts.

Photography Documentation

It is important to photograph the carcasses at the stranding site, using a reference scale
(e.g., a graduated scale with an identification number to code the animal and other relevant
information, Figure 2). Photographs of the animal on the stranding site may provide important
information (e.g., on stranding cause, epibionts, etc.) that can be lost or cannot be collected
later after moving the carcass or during the necropsy.
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Figure 2. An example of an identification white board with a centimetre scale to be placed near
or on the carcass when taking photographs. Capital letters indicate D: date, T: time
and P: place of the stranding.
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Figure 3. Detailed images of interesting features to be recorded in stranded turtles. The figure includes
pictures taken for individual identification such as scars from tag removals (A), deformities caused by
predators or during development (B), external abnormalities (ectoparasites and epibionts (C) or tumours
(D)), or wounds resulting from stranding causes (e.g., missing limbs because of entanglement

(E) or dredge strikes (F)). Photos: Karumbe.

Standard photographs to be taken include the following planes: ventral (plastron) and
dorsal (carapace), head (dorsoventral and rostrocaudal), forelimbs and hindlimbs, and pictures
of any mark (including tag scars or carapace traumas, Figure 3). All photographs should allow
for species identification via carapace shape, scale pattern and, if present, notches. In addition
to these photographs, it is necessary to take detailed images of any external abnormalities
(e.g., epibiont concentrations, tumours, wounds, missing limbs or eyes, deformities, skin
lesions, etc.).

Some of these marks and scale patterns (for instance in the dorsoventral portion of the
head) can be used for individual turtle identification in live stranded and released turtles
(Reisser et al., 2008) in case resources limit the use of artificial tagging.

Tagging

The primary purpose of tagging is to identify a marine turtle as an individual (Bjorndal,
1999). Physical means of identifying marine turtles include uniquely painted or coloured
marks, tattoos, carapace tags or drilled holes, flipper (metal or plastic) tags, coded wire tags,
“living tags”, and PIT (Passive Integrated Transponder) tags. Hence, a stranded turtle coming
from other nesting or foraging areas distant from the studied coast, where other researchers
could be tagging, may have one or several of these tag types. Thus, staff recording strandings
must check stranded live turtles or carcasses for tag presence.

e Flipper Tags: All four flippers have to be checked, and when finding a tag the
information on it has to be recorded. These tags normally have an alphanumeric code
for identification and a contact address. Presence of scars produced by previous tag
removal should be noted. Most flipper tags used are made of metal (monel or inconel
style) or plastic materials (Figure 4).
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PIT Tags: The detection of this type of tags requires electronic equipment (scanner)
to read the tag code. They may be either numeric or alphanumeric. All areas on the
turtle’s body should be scanned, even if one PIT tag has already been found, because
some turtles may carry more than one PIT tag (e.g., a turtle captured and tagged by
two different teams), or because the tag can migrate inside the turtle’s body. There is
no consensus on the placement of PIT tags, therefore project personnel should
examine all possible body parts (i.e., left and right shoulder muscles, left and right
fore flippers, left and right rear flippers, and both sides of the neck) for existing tags.
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Figure 4. Example of flipper tags (left: plastic Jumbo model; right: different sized metal tags)
used to tag marine turtles. Photo: G. Martinez Souza.

“Living” tags have occasionally been used to identify cohorts of hatchlings or
yearlings released in a given year. Contrasting pigmented marks are created by the
surgical exchange (referred to as “autografting”) of small pieces of tissue between
the carapace and the plastron. These marks are retained and increase in size as the
animal grows (Balazs, 1999; Eckert & Beggs, 2006). Hence, careful observation of
carapace and plastron is needed.

State of Decomposition of the Carcasses

It is necessary to classify the state of decomposition of the carcasses found. Such state
will determine how the stranding will be managed. It is very important to try to estimate the
time elapsed since the turtle stranded on the beach until it was encountered.

Depending on a turtle’s condition or a carcass’s degree of decomposition, the turtle can
be used for different kinds of studies, and sampling collection must be planned accordingly.
The degree of decomposition can be classified in many ways following different objectives or
situations in different areas. Here we propose a classification with 5 categories, from 0 to 4,
being: 0 Live turtle, 1 Freshly dead, 2 Starting to lose scales/losing eyes, 3 Lost scales/Very
rotten, 4 Dried carcasses, Bones only (Figure 5).
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State 0 i = I3 State 2

State 3

Figure 5. Strandings classified regarding condition of the animal. decomposition sate O: alive;
decomposition sate 0 1: fresh; decomposition sate 0 2: without eyes, losing scales; decomposition
sate 0 3: rotten; decomposition sate 0 4: dried carcasses, only bones. Photos: Karumbe.

Morphometrics

There are several ways to measure a turtle, but using a method appropriate for a particular
study consistently is most important. Linear measurements can be taken with either callipers
(straight-line measurements) or a flexible measuring tape (curved measurements). The
decision on what to use depends on the accuracy, precision, cost, and convenience required
by the study (Bolten, 1999). For instance, straight measurements of the carapace are more
accurate than curved ones, since the latter may vary depending on the state of decomposition
of a carcass, which can be inflated due to gas accumulation. However, it’s very important to
define measurements clearly on data forms. When describing turtle size, five standard linear
measurements are commonly presented: carapace length, carapace width, tail length, head
width, and plastron length; although other measurements can be taken if convenient.

For hard-shelled turtles, a few different carapace length measurements have been used
according to some manuals (see Pritchard et al., 1983; Bolten, 1999):

1) Minimum straight carapace length (SCLmin) or Minimum curved carapace length
(CCLmin) is measured from the nuchal notch of the carapace (nuchal scale) to the
posterior notch at the midline between the two supracaudal scales, using a calliper or
a flexible measuring tape respectively.

2) Straight carapace length notch to tip (SCLn-t) or Curved carapace length notch to tip
(CCLn-t) is measured from the nuchal notch to the posterior tip of the supracaudals,
using a calliper or a flexible measuring tape measure. For consistency, in the curved
measurement, the longest supracaudal should be used because the tips of the
supracaudals are often not symmetrical.

3) Straight carapace width (SCW) or curved carapace width (CCW) is measured at the
widest point, using a calliper or a flexible measuring tape, respectively. There are no
anatomical reference points for these last measurements, and they are just taken at
the point of maximum carapace width.
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Tail lengths: Total tail length (TTL) is the distance from the midline of the posterior
margin of the plastron to the end of the tail following the curvature of the tail. Post-
cloacal tail length (PTL) is the distance from the mid-cloacal opening to the end of
the tail following the curvature of the tail.

Head width (HW), plastron length (PL) and plastron width (PW) are less frequently
measured in marine turtles than are carapace length and width; although these
measurements can also be of interest in certain studies. Plastron length (PL) is
measured along the midline of the plastron. Some variation in measurement is
introduced because frequently the anterior and/or posterior edges of the plastron
scutes do not completely overlay the anterior and/or posterior edges of the underlying
bone. PL should be measured along the midline from the anterior edge to the
posterior edge of the underlying bone when it extends beyond the scutes (Bolten,
1999). Plastron width (PW) is measured at the widest point of the plastron, and there
are no anatomical reference points for this measurement. HW is measured at the
widest point with a calliper. PL can be measured with a calliper, or with a measuring
tape (curved), along the midline line. Straight measurements of the plastron are
recommended for dead turtles, because decomposition can result in the inflammation
of the body, thus altering the curved measure. HW is measured at the widest point
with a calliper.

For leatherback turtles there are some variations in biometric measurements that need to
be considered (see Biasatti, 2004):

1)

2)

Both straight carapace length (SCL) and curved carapace length (CCL) are measured
from the nuchal notch (anterior edge of the carapace at the midline) to the posterior
tip of the caudal peduncle. Curved measurements are made along the side of the
midline (vertebral) ridge using a flexible measuring tape. The end of the tape should
be securely positioned at the junction between skin and carapace, and the tape pulled
taut to the caudal peduncle, allowing the tape to continue the natural position
alongside the ridge.

Carapace width is measured at the widest point; again there are no anatomical
reference points. Straight carapace width (SCW) is measured with a calliper. Curved
carapace width (CCW) is measured with a flexible measuring tape; the tape
measurement does not follow the curvature of the ridges, but rather spans from ridge
crest to ridge crest.

Head width can be measured at the widest point with a calliper. Tail length should be
measured as described for hard-shelled turtles, and plastron length should be measured with a
calliper along the midline from the anterior edge to the posterior edge.

Sample Collection

In this section we include a descriptive list of samples that can be collected from stranded
turtles for different studies on biology, conservation, diseases, and health status of individuals
of the different species.
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Live Turtles

In addition to activating the veterinary protocols to evaluate the condition of the turtle
and allow its recovery, obtaining important information from the live turtles can help increase
knowledge on the biology and conservation of these species.

At the moment of stranding, oesophagus contents can be collected for dietary studies
through the oesophageal lavage technique (see Forbes & Limpus, 1993; Lopez-Mendilaharsu
et al., 2008, and Carrién-Cortez et al., 2010 for details on the technique). Such contents
provide information on immediate feeding behaviour and associated threats, such as debris
ingestion.

It is also very important to gather information by routinely classifying and counting
epibionts (barnacles, leeches, algae, etc.) on the carapace and skin of turtles. Total number,
location and percentage of the turtle’s skin and carapace covered must be recorded. In some
species and locations, like the green turtles in Uruguay (Vélez-Rubio, 2011), high epibiont
loads may be indicative of health problems. Massive colonization leads to the inability to dive
and flotation problems (Bellido et al., 2010; Flint et al., 2009; Badillo, 2007). Epibionts can
help us know the turtles movements and migrations (e.g., Béaez et al., 2002), and help to
identify some behaviours such as brumation (Castro et al., 2007).

Several techniques can be used for sex determination, invasive approaches include (1)
laparoscopy (a miniature telescope to view directly inside the peritoneal cavity through minor
surgery), (2) gonadal biopsy sampling (small pieces of gonadal tissue can be evaluated
histologically to determine the sex of the animal), (3) ultrasonography (ultrasound images,
although perhaps less effective on smaller turtles where gonads are less developed), and (4)
hormonal levels (testosterone radioimmunoassay, RIA (Owens et al., 1978) If the means and
equipment are available, non invasive techniques such as ultrasonography are preferable for
sex determination in live turtles (Limpus et al., 1994; Braun-McNeill et al., 2007; Wyneken et
al., 2007; Blanvillain et al., 2008; Crespo et al., 2013).

Biopsy samples may be collected from various tissues to provide information on the life
history and population biology of local aggregations. There are many manuals and protocols
for taking different biopsy samples (e.g., Jacobson, 1999; NMFS, 2008; Flint et al., 2009).
Skin biopsies have been collected for toxicological assessment (including toxin levels and
presence of heavy metals, polychlorinated biphenyls and organochlorine compounds),
microbiological assessment (including isolation and identification of bacteria, viruses, fungal
elements and pathogenic protozoa), genetic studies, or foraging behaviour and potentially
distributional patterns (stable isotope studies). Blood samples may be also taken for
toxicological assessment or genetic studies, and for sex maturity (hormonal levels) or dietary
studies (stable isotopes studies). Carapace biopsies are also taken for foraging behaviour and
potential distribution patterns (stable isotopes studies). Muscle biopsies can be collected to
determine aerobic and anaerobic metabolic capacity, thermal tolerance, and also for stable
isotope analyses or genetic studies. Biopsies can also be obtained from visceral structures
from live turtles, but in most situations this will be performed in a veterinary hospital under
general anaesthesia (see Jacobson, 1999).

Dead Turtles

Initially, when a dead turtle is found onshore, our first interest is the cause of stranding.
Normally, due to problems such as difficult access to many carcasses, degree of
decomposition, or lack of resources, the real cause of stranding is difficult to determine, and
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therefore the impact of many threats is probably underestimated. For example: interaction
with fisheries are not easy to assess; only some fishing gears leave evidence on the carcasses
(e.g. longline hooks and lines, net fragments and the corresponding injuries). Moreover, some
injuries are not always easy to assign with certainty to an interaction with fishing gear (Casale
et al., 2010). Ingestion of solid debris is also difficult to assign as the main cause of stranding
unless there is a clear physical evidence of obstruction or perforation of the digestive tract.
These and other threats (e.g. hypothermia, diseases, etc.) affecting marine turtles are difficult
to identify.

Necropsies are one of the basic tools for determining the underlying cause/s of death
when a turtle succumbs to illness or injury or is euthanized, if an antemortem diagnosis was
not obtained. Necropsies also yield general information useful for management, including diet
and reproductive condition of a turtle (Annex IV). A good necropsy involves a thorough
external and internal examination of a carcass, including careful observations of lesions or
abnormalities, and the procurement, labelling, and storage of organ and tissue samples.
Laboratory tests on properly preserved tissue allow wildlife disease specialists to
systematically evaluate potential causes of mortality (Work, 2000; Bluvias & Eckert, 2010).
Even if an animal is in a state of fairly advanced putrefaction (lacerated skin, viscera
distended by putrefying gases, rotten smell, etc.), it may be interesting to examining a carcass
in order to collect as many samples as possible, including digestive contents, fishing gear
remains (hooks, lines, etc.), evidence of other possible threats, bone samples, carapace scales,
etc.

Once morphometric measurements and external examinations have been completed, an
internal examination may be conducted. A list of tools and equipment required for performing
a post mortem necropsy is provided in Annex Il and IlI.

The recommended necropsy procedure for an internal post mortem examination of a
marine turtle starts with the removal of the plastron. It includes the examination of forelimbs,
coelomic mesentery, heart, thyroid, liver, trachea, tongue, oesophagus, coelomic cavity,
lungs, urogenital system, kidneys, adrenal glands, distal aortas, central nervous system, brain,
salt glands, and gastrointestinal tract. To avoid faecal contamination, it is best to remove the
whole gut; closing the extremes with strings and to proceed with the internal examination of
gut contents after all other tissues and organs have been examined (Flint et al., 2009).

In addition to a standard post mortem examination, samples of the eyes, muscle, skeleton,
blood and faeces may be collected for studies on histology, toxicology, microbiology, ageing,
serology, and parasitology. Parasites found in gut contents must also be collected. It is critical
that all organs be systematically examined in the same order on every turtle during the study.
For more details on necropsy and sample collection the following three necropsy manuals can
be consulted (the first two are also available in Spanish):

e  http://www.sefsc.noaa.gov/turtles/TM_470_Wyneken.pdf.
e http://www.nwhc.usgs.gov/hfs/Globals/Products/Turtle%20manual%20english.pdf.
e http://www.ug.edu.au/vetschool/content/vet-marti/PM.Guide.MSF.pdf.

The quality and the quantity of the samples taken depend on the sort of necropsy
intended. It is frequent to carry out the necropsy in situ (at the same place of stranding at the
beach). necropsies and sample collection are limited by many factors and working conditions.
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A necropsy can be improved considerably if we can move the carcass to a veterinary or
University facility, with a fully equipped necropsy room. Nonetheless, necropsy procedures
can be modified and adapted to the possibilities and needs of each research group, research
and conservation interests, available resources, or the biological questions and aims per
suited.

Actions on Live Animals, First Aid In Situ

When a marine turtle is found alive on the beach, in addition to engaging in transport the
protocol to take it from the beach to a rehab centre (see Walsh 1999), there are first aid
technics to give the damaged turtle assistance in order to increase survival probabilities:

— Taking the turtle carefully away from the shore prevents it from getting hit by
breaking waves.

— A turtle should be put under the shade.

— Inclining a turtle 45° with the head down helps it eject any water it may have
swallowed; although the turtle may not seem to have drowned, water may have
entered during or before the stranding.

— A turtle should be taken and held carefully by its shoulders and rested on the
person’s knees, the front flippers should be moved backward-forward for the water to
come out.

— As a last step, the turtle should be left resting in the shade until it recovers or it is
time to transport it to a rehab centre. Pouring some water over the carapace and
flippers keeps the animal wet. Care should be taken not to pour water into the
marines.

External Physical Examination

When the turtle is stabilized, it can be examined to detect signs of illness, scars, wounds
or internal injuries. Animals should be examined externally from head to tail for any
abnormalities or damage. Photos of any abnormality or for species identification should
always be taken. When examining the carcass, the team should do the following:

External damage:

e Plastron, carapace, and skin: check for presence of fresh or old wounds (Ulcerations
of the skin of the plastron are more common in chronic debilitated animals), presence
and number of epibionts, abnormal growths on the skin, etc. Check if epibionts are
fixed to critical parts such as narines, mouth or eyes.

e Cloaca: check if there is something protruding out of the cloaca

e Narines: look for presence of mucus or leaking blood (possible internal wound) or
liquid (possible presence of water in the lungs cause by drowning).

e Mouth: Note any ulcers, cuts, plaques, growths, presence of hooks, fishing lines,
blood, spots or lumps in the oral cavity.

e Eyes: check if eyes are collapsed, cloudy, or weepy, or if there are abnormal warty
growths around them.
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e Flippers: check for abnormal growths, presence of fishing line wounds,
strangulations causing ischemia and/or necrosis, or hooks embedded in the flipper.

e Finally, check for any other abnormality: lumps, bumps or exudates in unusual
places.

General body condition: Turtles in good condition will usually have a nice rounded
plastron. In severely emaciated turtles, the plastron is dished in and concave, and in the neck
area the back of the skull shows a prominent occipital process that becomes very conspicuous
in starved turtles.

Response to stimuli: Evaluate behavioural responses to stimuli. There are three response
levels: (1) alert (aware, responsive to environmental stimuli), (2) weakly responsive
(responsive only after a lot of stimulation), and (3) non-responsive (not responding to touch).
If the turtle is not responding to skin stimuli, try touching one of its eyes to observe a
reaction.

Hydration condition: Dehydration normally causes weepy eyes and dry skin.

Breathing rate and type: a continuous wheeze and suffocated breath may indicate a
pulmonary disease.

If the turtle seems to be in very good condition after all this examination process,
evaluate the buoyancy and locomotion of the turtle before releasing it back to the sea.

Diagnostic Techniques

If facilities and resources are available, the condition of sea turtles can be further
evaluated through complementary diagnostic techniques, which include:

e Biological sampling: blood sample (for a complete blood count and serum chemistry
tests), microbiology (2 cloaca swabs, 1 conjunctive swab and 1 nasal swab), and
faeces examination (bacterial cultures, presence of parasites, etc.).

e X-ray images for internal damage in bones and viscera.

e Echography study for a general examination of celomic cavity.

e Computerized Axial Tomography (CAT scan), Magnetic-Resonance Imaging (MRI),
etc.

Examples of Studies Based on Stranded Marine Turtles

In the last decades, several studies on marine turtle strandings have been published at
different geographical scales in many parts of the world (Southern Spain, Bellido et al., 2010;
Northeast Spain, Tomas et al., 2008a; Turkey, Yalcin-Ozdilek & Auregii 2006; Argentina,
Goénzalez Carman et al., 2011; Uruguay, Vélez-Rubio et al., 2013; Peru, Rosales et al., 2010).

Here we present some recent studies based on strandings and a brief description of the
applications of the stranding data collected in them:
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“The Impact of Turtle Excluder Devices (TEDs) and Fisheries Closures on
Loggerhead and Kemp’s Ridley Strandings in the Western Gulf of Mexico” Lewison
RL, Crowder LB and Shaver DJ (2002): these authors evaluated the efficacy of TEDs
and other management actions (e.g., fisheries closures) on loggerhead (C. caretta)
and Kemp’s ridley (L. kempii) turtle populations by analysing a long-term stranding
data set from the western Gulf of Mexico. Analyses suggest that both marine turtle
population growth and shrimping activity have contributed to the observed increase
in strandings. Their data set included 1795 and 1279 strandings of loggerhead and
Kemp’s ridley turtles, respectively. Their analyses suggest that TEDs can be
effective in reducing strandings, depending on the level of TED compliance. Because
stranding data cannot reflect the proportion of turtles that escape unharmed from
TEDs, they were unable to directly measure the reduction in mortality resulting from
TED regulations and to verify mortality-reduction estimates from previous research.
“Back-calculating length from skeletal growth marks in loggerhead sea turtles
Caretta caretta” Snover ML, Avens L and Hohn AA (2007): these authors used a
Skeletochronology technique for the assessment of individual growth rates in marine
turtles. They obtained both humeri and carapace length measurements from 243 free-
ranging loggerhead marine turtles found stranded and dead on beaches along the
Atlantic and Gulf of Mexico coasts of the US from Maryland to Texas. As the
loggerheads collected along the coast of the US are primarily neritic, their sample
was comprised of juvenile and adult turtles between 44.7 and 106.1 cm SCL. They
also suggest that, with proper application, back-calculation in combination with
skeletochronology can be a powerful tool for studying the growth dynamics of
individual marine turtles.

“Spatio-temporal patterns of juvenile marine turtle occurrence in waters of the
European continental shelf” Witt MJ, Penrose R and Godley BJ (2007): authors
present data spanning approximately 100 years regarding the spatial and temporal
occurrence of marine turtle sightings and strandings in the northeast Atlantic.
Records of loggerhead (n = 317) and Kemp’s ridley (n = 44) turtles occurring on the
European continental shelf were most prevalent during the autumn and winter, when
waters were coolest. In contrast, endothermic leatherback turtles (n = 1,668) were
most common during the summer.

“Cause-specific temporal and spatial trends in green sea turtle strandings in the
Hawaiian Archipelago (1982-2003)” Chaloupka M, Work TM, Balazs GH,
Murakawa SKK and Morris R (2008): These researchers recorded five species of
marine turtle in 3,861 strandings over a 22-year period (1982—-2003) in the Hawaiian
Archipelago. Green turtles comprised 97% of these strandings with size and gender
composition reflecting the demographic structure of the resident green turtle
population in Hawaiian waters. The most common known cause of the green turtle
strandings was the tumour-forming disease, fibropapillomatosis (28%) followed by
hook-and-line fishing gear-induced trauma (7%), gillnet induced trauma (5%), boat
strike (2.5%), and shark attack (2.7%). The specific mortality rate (conditional
probability) for fibropapillomatosis was 88%, 69% for gillnet gear and 52% for
hook-and-line gear.
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e “High mortality of loggerhead turtles due to bycatch, human consumption and
strandings at Baja California Sur, Mexico, 2003 to 2007 Peckham SH, Maldonado-
Diaz D, Koch V, Mancini A, Gaos A, Tinker MT and Nichols WJ (2008): here
investigators assessed anthropogenic mortality of endangered North Pacific
loggerhead turtles in the coastal waters of Baja California Sur, Mexico, through the
synthesis of 3 information sources: (1) intensive surveys of an index shoreline from
2003 to 2007; (2) bimonthly surveys of additional shorelines and towns for stranded
and consumed carcasses from 2006 to 2007; and (3) observations of bycatch by 2
small-scale fishing fleets.

e “Sea turtle strandings reveal high anthropogenic mortality in Italian waters” Casale
P, Affronte M, Insacco G, Freggi D, Vallini C, D’ Astore PP, Basso R, Paolillo G,
Abbate G and Argano R (2010): authors recorded a total of 5938 stranded loggerhead
turtles measuring from 3.8 to 97cm curved carapace length (mean: 48.3 cm) for the
period of 1980-2008. Their results suggest that anthropogenic factors are the cause
of at least 52% of turtle strandings, plus an uncertain but considerable proportion of
turtles drowned as a consequence of incidental capture by bottom trawlers.

e “Marine Sponges, Other Animal Food, and Nonfood Items Found in Digestive Tracts
of the Herbivorous Marine Turtle Chelonia mydas in Hawaii” Russell DJ, Hargrove
S and Balazs GH (2011): A total of 2,471 digestive tract samples taken from
Chelonia mydas along the six main Hawaiian Islands (Kaua‘i, O‘ahu, Moloka‘i,
Maui, Ldna‘i, Hawai‘i) were examined between 1975 and 2010. Authors analysed
127 mouth, 43 oesophagus lavage, 2,201 forestomach, 61 stomach, and 39 intestines
samples. Although the usual diet of C. mydas comes from algae and sea grasses
(plant material), animal material has been found in samples taken over the past 35 yr.
They reported thirty different kinds of other animals were found in the samples. And
among animal food items known to have nutritional value, the protein sponge C.
chucalla could be contributing as an important nutritive factor.

e “Estimating At-Sea Mortality of Marine Turtles from Stranding Frequencies and
Drifter Experiments”, Koch V, Peckham H, Mancini A and Eguchi T (2013):
researchers evaluated the magnitude and distribution of at-sea mortality of marine
turtles along the Pacific coast of Baja California Sur, México during 2010-11. They
used a combination of counting stranded animals and drifter experiments. They
found a total of 594 carcasses during the study period, with loggerhead (62%) and
green turtles (31%) being the most common species. Their study showed that drifter
trials combined with beach monitoring can provide estimates for deaths at sea in
order to measure the impact of small-scale fisheries, which are notoriously difficult
to monitor for by-catch.

Parallel Studies That Can be Conducted Associated to Marine Turtle
Strandings (in-Water Studies, Aerial Surveys)

Although stranded turtles give us valuable data about local aggregations, the probability
of stranding varies widely in space and time. Strandings do not usually exceed 10-20% of
total mortality even in coastal waters, since predators, scavengers, winds and currents may
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prevent carcasses from reaching the shore (Epperly et al., 1996, Hart et al., 2006, Mancini et
al., 2012, Koch et al., 2013). Stranding probability diminishes for deaths at greater distances
from shore even more as animals that die offshore may never strand. It is therefore extremely
difficult to estimate total mortality when using stranding frequencies only, even in near-shore
waters (Epperly et al., 1996, Hart et al., 2006, Mancini et al., 2012, Koch et al., 2013). For
that reason, it is very important to complement with other techniques, normally orientated to
in-water studies.

Drifter experiments allow us to understand the main currents that influence the study area
and may help explain and predict the spatio-temporal patterns of the strandings (see Hart et
al., 2006).

Bycatch surveys (either on-board or interview-based) for estimating catches and at-sea
mortality are very useful to assess the impact of different fishing gear on marine turtle
bycatch.

For population studies:

e Mark-recapture technique through intentional capture to study growth, movements
and populations dynamics (Chaloupka & Musick, 1997). This technique consists in
“marking” (any method of identifying individual turtles) and “recapturing” (any
method of re-identifying a marked individual at a later time) (see Gerrodete &
Taylor, 1999).

e Satellite tracking is used to characterize broad scale behavioural patterns, inter-
seasonal variability, and general high-usage areas among different marine turtle
populations. However, it does present some limitations due to a large instrument size,
high cost, and low positional accuracy and dive resolution. Ultrasound and radio
tracking studies movements and home range (e.g.: Van Dam & Diez, 1998; Seminoff
et al., 2002); and time depth recorders (TDRs) enable the research of scaling in dive
capacity and habitat use (Blumenthal et al., 2009). In addition, TDRs and ultrasonic
tracking combined (Makowski et al., 2006) have successfully elucidated movements
and diving behavior.

Aerial surveys are a proven method for examining parameters such as abundance and
distribution, and are especially beneficial because they allow large areas to be surveyed in a
relatively short amount of time. However, the identification of marine turtle species during
aerial surveys can be challenging and inexperienced or untrained observers are likely to be
limited in their ability to identify species. In addition, because of their tendency to dive and
remain submerged when startled, marine turtles often present observers with the challenge of
having to identify species from a single viewing (see Goodman & Belskis, 2012). These
surveys can be a cost effective alternative for surveying large lengths of coastline. Such aerial
surveys could also be used to obtain other management information such as human usage
patterns.



110 Gabriela M. Vélez-Rubio and Jesus Tomas

CONCLUSION

The main interest in long term stranding studies is obtaining biological and ecological
conclusions on marine turtle species, with implications on their conservation. Bearing in mind
the caveats associated to these studies, the analyses of stranding data can contribute to a better
implementation of conservation measures and management on endangered marine turtles of
different populations in different areas of the world. This can be accomplished through the
identification of the areas used by these species, and the anthropogenic sources of mortality in
the region covered. The establishment, continuity and improvement of stranding networks
over time is one of the most important achievements. Networks have a twofold benefit: (1)
the development of long-term temporal series of data which, integrated with complementary
studies on distribution, sexual maturity, habitat use and environmental preferences, will help
to assess threats affecting endangered marine turtles over time; and (2) the raising of
awareness at different social levels, increasing public interest in marine turtle conservation.
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ANNEXES

Annex |. Example of Stranding Data Forms (Modified from STSN)

SEA TURTLE STRANDING AND SALVAGE NETWORK - STRANDING REPORT

STRANDING DATE:
OBSERVER’S NAME / ADDRESS / PHONE:

Affiliation

First, M., Last

Year 200000 Month(J (J Day (][]

Turtle number by day (1]

Address

State coordinator must be notified within 24 hrs;

Area code/Phone number

this was done by

Phone:
E-mail:

Species: (check one)
[0 CC = Loggerhead

[0 CM = Green

[0 DC = Leatherback

[ EI = Hawksbill

[JLO = Olive Ridley

[JUN = Unidentified

Check Unidentified if not
positive. Do not guess.

STRANDING LOCATION: [DOffshore (Atlantic or Gulf beach) [ !nshore (bay. river,

sounds, inlet, etc.)

State District
Descriptive location (be specific)
Latitude L di

Carcass necropsied? (] Yes(] No
Photos taken? [] Yes [JNo
Species venfied by state
coordinator? ] Yes [J No

Condition: (check one)
[P = Alive
[O1 = Fresh dead
[J2 = Moderately decomposed
[J3 = Severely de: d

FINAL DISPOSITION: (Check)
[J1 = Left on beach where found: painted’] Yes*[JNo (5)
[ 2 = Buried: [J on beach / [Joff beach;
carcass painted before buried?(] Yes [JNo
[ 3 = Salvaged: [Jall / [Cpart(s). what/why?

[J4 = Dried carcass
[J5 = Skeleton. bones only

Sex:

[Undetermined

O Female [JMale

Does tail extend beyond carapace
OYes; how farz—____cm/in
O No

How was sex determined?

[0 Necropsy

Orail length (adult only)

TAGS: Contact state
coordinator before
disposing of any tagged
animal!!

Checked for flipper tags’{]Yes(INo

Check all 4 flippers. If found.
record tag number(s) / tag location /
return address

Posterior

PIT tag scan? [J Yes [(J No
If positive response, record location
(flipper)

Check for living tag’(] Yes (JNo
If found, record location (scute

number & side)

[ 4 = Pulled up on beach/dune; painted?] Yes* [J No
[ 5 = Alive, released
[J6 = Alive, taken to rehab. facility, where?

[3J 7 = Left floating, not recovered; painted’{] Yes*[JNo
[J8 = Disposition unknown, explain

* If painted, what colour?

CARAPACE MEASUREMENTS: (see drawing)

Using calipers Circle Unit

Straight length (NOTCH-TIP) cm/in
Minimum length (NOTCH-NOTCH) cm/in
Straight width (widest point) em/in
Using non-metal measuring tape Circle unit
Curved length (NOTCH-TIP) cm/in
Minimum length (NOTCH-NOTCH) cm/in
Curved width (Widest Point) cm/in

Circle unit
Weight [(Jactual / [est. kg/lb

Posterior

Marginal TIP  NOTCH

Mark wounds / abnormalities on diagrams at left and describe below (note tar or
oil, gear or debris entanglement, propeller damage, epibioata, papillomas,
emaciation, etc.) Please note if no wounds / abnormalities are found.

Modified from NMFS - Sea
Turtle Stranding and salvage
network
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Annex 11. Basic Field Equipment for Stranding Studies

— Photo Camera

— Data taking forms with a specific design according objectives.

— Pencil and rubber (avoid ball pens since ink can be deleted by sea water, sea spray or
rain)

— Measuring equipment (flexible measuring tape, calliper rule) and weighing
equipment (net or harness and scales preferably)

— Geographical Position System (GPS)

— Discard gloves

— Knives, scissors, scalpel, plastic knives, string or other cutting material. Surgical
material is preferably

— Appropriate bottles and containers for the various samples taken

— Unused plastic bags

— Portable coolers (Styrofoam or polyurethane boxes for sample preservation and
transport).

—  ‘Waterproof” markers

— Chemical products to preserve samples (ethanol 70%, formalin 4% or 10%, etc.)

Annex I11. Equipment for Necropsy in Facilities

— Coveralls or other appropriate clothing

— Rubber boots or shoe covers

— Rubber gloves

— Masks

— Photo camera

— Calipers and flexible tapes

— Necropsy forms and notebook

—  String, labels, assorted bottles, water proof pen
—  Forceps of several sizes

— Tissue cutting board

— Necropsy knives and sharpener

— Scalpel blades (#20 and #10) and handles
— Postmortem shears

— Alcohol lamp or butane burner

— Matches or lighter

— Ethanol 70% and formalin

— Containers of different sizes

— Fixative for electron microscopy such as Trumps solution (should be kept chilled)
—  Sterile whirl-pack bags

—  Cryotubes

— Microbial culturette swabs

— Microbial transport media
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— Dryice and ice chest or cooler
— Scale
—  Stryker saw

Annex 1V. Example of Necropsy Data Form (Modified from Work 2000)

NECROPSY DATA SHEET
(all measurements are metric)

Species 1D# Date Collected Date
Necropsied

mmddyy mmddyy
Collection site

History: SEX (M/F/U) AGE:

Weight (kg) SCL CCL PL__ SCW__ CCW

(Circle most appropriate term(s)). Add notes as you see fit.
BODY CONDITION: (Good, fair, poor)
POST-MORTEM CONDITION: (Fresh dead, ~1 day old, >2 days old)

EXTERNAL EXAM (Skin, carapace, eyes, nostrils, cloaca)

MUSCULOSKELETAL: (Pectoral muscle atrophy-None, moderate, severe,; Fai: firm, soft,
jelly-like; body cavity-Lots of fluid, small amounts of fluid, no fluid)

LIVER: (Surface: smooth, rough, granular, wrinkled,; Consistency: firm, friable; Color:
homogenous/mottled, red, black, brown, purple, tan, yellow.)

HEART: (Surface: smooth, rough, granular, wrinkled,; Consistency: firm, friable; Color:
homogenous/mottled, red, black, brown, purple, tan, yellow.)

LUNGS: (Surface: smooth, rough, granular, wrinkled, Consistency: firm, friable, spongy;
Color: homogenous/mottled, pink, tan, yellow, grey, red, brown; TRACHEA-Lumen: smooth,
rough,; Color: homogenous/Mottled, tan, white, red, brown, green, pink.)

SPLEEN: (Surface: smooth, rough, granular, wrinkled,; Consistency: firm, soft; Color:
homogenous/mottled, brown, tan, red, black, brown, yellow.)

KIDNEY: (Surface: smooth, rough, Consistency: firm, soft; Color: homogenous/mottled,
brown, tan, red, black, brown, yellow.)

GONAD: (Surface: smooth, rough, Consistency: firm, friable;, Color: homogenous/mottled, red,
black, brown, purple, tan, yellow.)
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THYROID: (Surface: smooth, rough; Consistency: firm, friable; Color: Translucent/mottled,
orange, red, tan, yellow.)

ORAL: (Mucosa: smooth, rough, granular, pitted; Color: homogenous/mottled, pink, tan,
yellow, grey, red, brown); Contents?

ESOPHAGUS-Mucosa: smooth, rough; Color: homogenous/Mottled, tan, white, red, pink.)
Contents?

CROP: (Mucosa: smooth, rough; Color: homogenous/mottled, tan, red, yellow, black, brown,)
Contents?

STOMACH: (Mucosa: smooth, rough; Color: homogenous/mottled, tan, red, yellow, black,
brown) Contents?

SMALL INTESTINES: (Mucosa: smooth, rough,; Color: homogenous/mottled, tan, red,
yellow, black, brown) Contents?

LARGE INTESTINES: (Mucosa: smooth, rough,; Color: homogenous/mottled, tan, red,
yellow, black, brown) Contents

BLADDER: (Mucosa: smooth, rough,; Color: homogenous/mottled, tan, red, yellow, black,
brown) Contents

BRAIN: (Surface: smooth, rough, Consistency: firm, friable, Color: Homogenous/mottled, tan,
red)

SALT GLAND: (Surface: smooth, rough,; Consistency: firm, friable; Color:
Homogenous/mottled, brown, pink, tan, orange)

SAMPLES:
Formalin:

Frozen:

Other:
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ABSTRACT

Knowledge on sea turtle life cycle has been considerably improved over the last
decades due to the increased application of genetic techniques. The aim of this chapter is
to describe some molecular markers and techniques (Microsatellite Analysis, Restriction
Fragment Length Polymorphisms, Single Nucleotide Polymorphism, mitochondrial DNA
haplotypes, DNA Barcodes, Next-generation sequencing) used in genetics studies to
encourage researchers to contribute to the conservation process of sea turtles. Molecular
techniques provide information to different levels of ecological and biological issues. All
of them have limitations and their application will be largely determined by the
information that is being sought with the use of a molecular marker system, and the
availability of resources for the development of these techniques.

The chapter includes illustrated case studies of conservation genetics to Dermochelys
coriacea, Eretmochelys imbricata and Caretta caretta.

* Corresponding Author’s Email: ellie.lopez@usa.edu.co.
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INTRODUCTION

The aims of conservation genetics are assess genetic status of populations and propose
management measures for genetic diversity preservation and prevent genetic risks that could
affect persistence of populations. To this end molecular markers have been relevant for
studies in different species. Nevertheless, application of molecular markers is not limited
solely to this, in conservation it can also contribute to understanding of evolution history,
demography and ecology of species in danger of extinction.

A successful conservation strategies for sea turtles will require information related to
distribution, biology and dynamic population. Based on development of genetic analytical
procedures, researches have been generating data that are important for managing
implications (Bowen & Witzell 1996; Jensen et al. 2013).

Research efforts in this respect, will make it possible to determine population structure of
sea turtles and promote sharing of samples and data for global knowledge of life history of
these endangered species.

There is a noticeable increase of studies that tend to contribute to understand sea turtles
ecology. Among them we can cite natal homing (Meylan et al. 1990; Bowen et al. 2004;
Bowen & Karl 2007a), male philopatry (FitzSimmons et al. 1997; Shamblin et al. 2012b),
infer genetic structure (Bowen et al. 1994; Dutton et al. 1996, 1999; Encalada et al. 1996;
Bass & Witzell 2000; Naro-Maciel et al. 2007; Reis et al. 2010a, Duchene et al. 2012),
demonstrate multiple paternity (Kichler et al. 1999, Hoekert et al. 2002; Joseph & Shaw
2011), detect hybridization (Karl et al. 1995; Lara-Ruiz et al. 2006; Reis et al. 2010b;
Garofalo et al. 2012), reveal mating behaviour (Jensen et al. 2006), deduce migration trends
by inferring connections between rookeries and foraging areas (Bowen et al. 1995; Encalada
et al. 1998; Lahanas et al. 1998; Bolten et al. 1998; Roberts et al. 2004; Dutton et al. 2008;
Boyle et al. 2009; Blumenthal et al. 2009), resolve taxonomic questions to define priorities
for conservation management (Karl & Bowen 1999; Bowen et al. 2005; Campbell & Godfrey
2010; Naro-Maciel et al. 2008, 2010; Wallace et al. 2010).

A complete review of scientific literature about molecular genetics was compiled by Lee
(2008) concerning sea turtle research and explains in detail the use of nuclear (nDNA) and
mitochondrial DNA (mtDNA) markers.

In another more recent publication, Jensen et al. (2013) described the advances and
contribution of molecular genetic studies in aspects such as sea turtle phylogeography, gene
flow, dispersal, feeding groups, migratory behavior, mating systems, sex ratios of breeding
populations, reproduction biology, conservation and management.

The aim of this chapter is to describe molecular marker techniques used in conservation
genetics and explain advantages and limitations of application of these to help researchers to
contribute to the sea turtle conservation process, encouraging the development of research
with molecular techniques.

Furthermore, in the chapter there are illustrated case studies of genetic conservation of
three species of sea turtles (Dermochelys coriacea, Eretmochelys imbricata and Caretta
caretta).
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METHODS

Analytical Procedures Used in Sea Turtles Genetic Studies

With the advance of molecular biology techniques, different methods for detecting
genetic polymorphism were developed at the DNA level. DNA molecular markers serve as a
reference to detect transmission of a chromosome segment from one generation to another.
Molecular markers of mitochondrial and nuclear DNA are available for analyses but none of
them can be regarded as optimal for all research applications.

Molecular markers are DNA fragments with a defined position within a species genome.
Within a marker, if differences in the DNA sequence are observed in a locus (different
alleles), they will be called polymorphisms. Markers can also be highly polymorphic (with
multiple alleles) or low polymorphic (with few alleles).

These markers reflect differences in the DNA sequences, and separate loci can provide
independent tests, thus using many loci can yield extreme sensitivity because of a trade-off
between precision and convenience (Sunnucks 2000). Processes such as recombination,
selection, genetic drift in different genes and regions of the genome can generate different
genealogical histories. Thus each marker (locus) can be considered a sample of the genome
and combining results from many loci provides a more precise and statistically powerful way
of comparing populations and individuals (Selkoe & Toonen, 2006).

The polymorphism detection can be based on the unique features of each marker type.
They can be classified as i) variation on the number of repetitions in a sequence (e.g.,
microsatellites, minisatellites) and ii) markers that detect specific changes in the genome (e.qg.,
Restriction Fragment Length Polymorphisms (RFLP), Single Nucleotide Polymorphism
(SNP), DNA barcodes, etc.)

Mitochondrial DNA has often been used as a marker in investigations of molecular
diversity, reconstruction of historical patterns of population demography and speciation. It is
characterized as being highly variable due to its elevated mutation rate compared to nuclear
DNA, which generates signals for population history over short periods of time.
Mitochondrial DNA has highly variable regions (e.g., control region or D-loop) which are
typically flanked by more conserved regions (e.g., ribosomal DNA) (Galtier et al. 2009). It
has two genes of ribosomal RNA (rRNA), the 12S and 16S rDNA. For analysis of genetic
diversity of levels in superior categories such as in the phyla is usually used 12s rDNA, while
in analysis of average categorical levels such as in families or genera is used 16s rDNA
(Gerber et al. 2001). Characteristic features of various mtDNA and nuclear DNA markers are
summarized in Table 1. DNA barcoding is a method that uses COI in animals for rapid and
accurate identification of species (Ratnasingham & Hebert 2007). A mitochondrial fragment
of 648-bp (Folmer region) of the cytochrome ¢ oxidase I gene (COI) has been standardized
for molecular taxonomy and identification. However, one of biggest criticisms of DNA
barcode is that it is based on information from a single marker. The use of genes (one or
more) from a haploid genome can affect correct the identification of species.

In situations where incomplete lineage sorting (due to recent radiation), introgression or
pseudogenes are present, the correct taxonomic identification can be wrongly inferred and
will interfere in the correct identification of a species, since it is not possible to distinguish
these situations from a correct taxonomic classification (Teletchea 2010).
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Genetic research in sea turtles is focused in the analysis of maternal lineages, population
genetic structure, migratory trends and phylogeography. In the studies with sea turtles four
types of nuclear markers have been used (Microsatellites, sScnDNA, RFLP, nuclear sequences)
and mitochondrial markers. Microsatellites are often used in sea turtle studies, 119
microsatellite loci have been recognized of which 25 are of Caretta caretta, 12 of Chelonia
mydas, 18 of Dermoclehys coriacea, 10 of Lepidochelys olivacea, 4 of Lepidochelys kempii,
11 of Natator depressus and 39 of Eretmochelys imbricata. Sea turtle hybridization has been
studied with molecular markers such as mtDNA, scnDNA and RFLPs (Karl et al. 1995;
Seminoff et al. 2003; Witzell & Schmid 2003), research is also being done on the combined
use of morphological analysis and mtDNA (Lara-Ruiz et al. 2006; Reis et al. 2010b; Garofalo
et al. 2012), and nuclear markers (Vilaca et al. 2012).

In mitochondrial phylogenetic research of sea turtles markers such as cytochrome b
(Cytb) (Bowen et al. 1993), D-Loop, ND4 (Dutton et al. 1996), 12S and 16S (Naro-Maciel et
al. 2008) and recently the complete mitochondrial DNA genome has been used (Duchene et
al. 2012). DNA Barcoding of sea turtles was reported first for 5 species from Brazil by
Vargas et al. (2009).

Subsequently, Naro-Maciel et al. (2010) established barcode sequences of all sea turtles
species in the Atlantic and Pacific and agreeing the utility of mitochondrial COI for the
purposes of barcoding even though they are ancient taxa with slow molecular evolution.

Microsatellite Analysis (Simple Sequence Repeats - SSRs)

Microsatellites are polymorphic DNA loci that contain repetitions of 1-6 nucleotides,
found at high frequency in nuclear genomes of most taxa. They represent the more
polymorphic class of molecular markers currently known and used (Balloux & Lugon-Moulin
2002). Allelic variation, number of repeats and allelic frequencies are available for thousands
of markers across humerous organisms. The ability of researchers to choose from such a large
selection of highly informative markers has made microsatellite analysis a widely accepted
tool for linkage studies, association studies, and identification of individual organisms
(Selkoe & Toonen 2006).

Microsatellites are highly informative and based on the amplification by PCR of
individual regions. Each amplified segment can have a different size and corresponds to a
different allele from the same locus. The polymorphism is given by the number of repetitions
in a loci. For example, in a loci with (CA), repeats, where n is the repeat number, the different
alleles will have a distance of two base pairs between them (e.g., (CA)1u1 and (CA)12). Then
either the repeat number (e.g., 11, 12, 13, etc.) or the allele size (e.g., 100 bp, 102 bp, 104 bp)
will be extracted and used in statistical analysis (Balloux & Lugon-Moulin 2002).

Development of microsatellite primers for a new species is difficult, laborious and
expensive, although genomic era could facilitate this process. Although microsatellites are
extremely useful for genetic analysis, there are difficulties concerning their use: (i) they are
expensive to develop, as a large number of sequences must be cloned and only a small
number of these will be useful for development of SSR markers; (ii) the primers may not
amplify any PCR product; (iii) the primer may produce very complex, weak or nonspecific
amplification patterns; (iv) the loci may not be polymorphic (Madesis et al. 2013).
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Even though microsatellites mainly occur in noncoding sequences, development of
expressed sequence tags (EST) in databases revealed that microsatellite repetitive sequences
also occur inside coding sequences. Information obtained by EST libraries has been recently
used for development of SSR markers (Scott et al. 2000).

Although technology progresses, new genomes and EST libraries become available with
help of bioinformatics approaches, development of SSR markers based on EST’s through data
mining has become a fast, efficient and relatively inexpensive, compared to development of
genomic SSRs.

PCR-RFLP Analysis (Restriction Fragment Length Polymorphisms)

Restriction Fragment Length Polymorphism (RFLP) is characterized as a single
combination of restriction enzymes. The technique for detection of RFLPs involves
fragmentation of a DNA sample to obtain the difference in specific sequences of nucleotides
that are recognized and are cut with specific restriction endonucleases.

In the PCR-RFLP, the digestion is done in a fragment of interest which was amplified by
PCR. The detection of polymorphisms in the DNA cutting (or amplified fragment) is
performed in an electrophoresis and determining the number of fragments and relative sizes.
RFLP analysis can be used in many different settings to accomplish different objectives
determination of paternity, characterization of genetic diversity and characterization of
breeding patterns in animal populations (Zhang & Hewitt 2003).

The use of PCR-RFLPs as markers to trace the transmission of genes associated with
them is useful in that it has the genetic advantages as not depending on ontogenetic status of
animal (Brito & Edwards 2009). Moreover, the RFLP technique allows an analysis of all the
genome; include inexpensiveness and not requirement for advanced instruments.
Furthermore, the design of PCR-RFLP analyses generally is easy and can be accomplished
using public available programs.

Disadvantages of technique include the requirement for specific endonucleases and
difficulties in identifying the exact variation in the event that several SNPs affect the same
restriction enzyme recognition site. Moreover, PCR-RFLP consists of several steps, and it
requires relatively time for analysis. This technique is not suitable for the simultaneous
analysis of a large number of different SNPs due to the requirement for a specific primer pair
and restriction enzyme for each SNP (Berg Rasmussen 2012).

SNP (Single Nucleotide Polymorphism)

SNP is believed to be the most recent generation of molecular markers, based on the
identification of the substitution of one nucleotide for another, representing two alleles. Its
frequency oscillates between 1 in 600 and 1 in 1000 base pairs, depending on the organism.
They include the classic technique of RFLP but not exactly by detecting the appearance or
abolition of a restriction site (Vignal et al. 2002). The fact that they can be detected on
“arrays” (chips) from the solid phase without the use of electrophoresis gels is an advantage.
The most direct method for detection is sequencing DNA segments, previously amplified by
PCR, of several individuals representing the diversity of population.
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Primers are designed to amplify DNA fragments and could be derived mainly from
interest genes or sequences reported in databases corresponding to express sequences
(expressed sequence tags, EST) (Brumfield et al. 2003). This marker has been shown to be
mostly bi-allelic, determined by the low mutation rate of single substitutions that cause the
SNP. The advantages of this marker are codominant inheritance and its abundance in the
genome. Its disadvantages are associated with genotyping methods, which include high cost
equipment such as microchips, spectrometry mass, quantitative PCR or sequencing (Morin et
al. 2004).

Mitochondrial DNA (mtDNA) Haplotypes

The extensive use of mtDNA haplotypes also means that the limit of resolution of this
marker for distinguishing population genetic structure has probably been reached (Lee 2008).
Mitochondrial DNA haplotypes are based in gene sequencing process and four techniques are
widely utilized in this process, but the Sanger method is more commonly used because it has
been proven technically easier to apply and it has been automated by PCR, also easily applied
to long strands of DNA including some entire genes.

The mitochondrial genome contains approximately 16,500 base pairs (bp) and encodes a
small fraction of mitochondrial proteins. The mtDNA contains 38 genes: 2 rRNA (12S and
16S), 22 tRNA and 13 structural genes, which encode different subunits of the enzyme
complexes of the oxidative phosphorylation system (Arif & Khan 2009). The largest non-
coding region, known as the control region or D-loop, occupies 1122 base pairs (aprox.). This
region is often used for its high mutation rate and high variability among different populations
(Gerber et al. 2001).

The study of mitochondrial DNA is particularly recommended when working with highly
degraded samples, as expected in ancient DNA. It is estimated that a cell can contain up to
hundreds of mitochondria, and each mitochondrion coexist within 1000 to 10000 copies of
mitochondrial DNA. This high number of mitochondrial DNA molecules within the cell
makes its recovery in cases where the starting DNA is very low or very degraded much more
efficient than, for example, the nuclear DNA or autosomal (Meiklejohn et al. 2007).

Evolutionary properties of mtDNA (metabolically active, highly oxidative environment,
complex mutation process, highly variable in space and time) make that it is marker for
resolving problems of conservation but not is the ideal marker of molecular diversity and
taxonomic identification (Galtier et al. 2009). Nevertheless, one should be cautious with
gene-specific, species-specific, and lineage specific evolution in mtDNA. Besides, mtDNA to
be a maternal inheritance is a useful auxiliary marker to nuclear DNA (Duchene et al. 2011).

DNA Barcodes

DNA barcodes have been formed from the cytochrome ¢ oxidase subunit 1 mitochondrial
region (COI) and have been used to differentiate species (Hebert et al. 2003a, 2003b).

Closely related species can be differentiated because individuals within the same species
have similar barcodes (Hebert et al. 2004). Despite the potential of DNA barcodes there are
still many drawbacks associated with the use of these techniques.
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One concern is that DNA barcodes are not an adequate source to be used alone in
taxonomy to discover a species (Rubinoff et al. 2006; DeSalle 2006). It is still generally
accepted that DNA barcodes are useful for identifying species after taxonomy has been
established. DNA barcoding technique involves gene sequencing for the COI region to
generate the DNA barcode for each species. Tissue from the specimen is used for DNA
extraction; with the COI is amplified in a PCR and then sequenced. Once the COI sequence
has been obtained, it is placed in the Barcode of Life Data Systems (BOLD) database. This is
a searchable repository for barcode records, it provides an identification engine based on the
current barcode library and monitors the number of barcode sequence records and species
coverage (Rubbinof 2006).

DNA Barcode can be developed and used to determine identity of eggs sea turtles and
meat in areas where these are consumed or trafficked. This method has used in conjunction
with Library Barcode of Life (Barcode of Life Database - BOLD) discovering the illegal
presence of products of these endangered species (Vargas et al. 2009).

Moreover DNA barcodes are of utility in conservation biology, being more accepted for
identification of samples as of control region haplotypes because is widely utilized in genetic
studies.

Next-Generation Sequencing (NGS)

In conservation genetics, new techniques as Next-generation sequencing (NGS) have
allowed the development of genomic conservation field. The NGS is characterized by high-
throughput DNA sequencing techniques that are opening novel fields and applications as:
genomics with detailed analysis of individual genome stretches; precise analysis of RNA
transcripts for gene expression, reliable and precise quantification of transcripts for
identification and analysis of DNA regions interacting with regulatory proteins in functional
regulation of gene expression (Ansorge 2009).

These technologies permit rapid genome-wide characterization and profiling of mRNAs,
small RNAs, transcription factor regions, structure of chromatin and DNA methylation
patterns, microbiology and metagenomics (Mardis 2008).

NGS techniques are based in randomly fragmenting DNA or RNA into smaller pieces
and constructing DNA libraries. These are sequenced at a high coverage and the sequenced
reads are then mapped into the reference genome of the species (De Magalhdes et al. 2010).
The choices of NGS technique depend on the objective of the study and experimental design.

NGS technologies more commons utilized are: i) Roche (454) GS FLX sequencer that
works on the principle of pyrosequencing which uses the pyrophosphate molecule released on
nucleotide incorporation by DNA polymerase that produces light from the cleavage of
oxyluciferin by luciferase; ii) Illumina genome analyzer which is based on concept of
sequencing by synthesis to produce sequence reads of ~32-40 bp from tens of millions of
surface amplified DNA fragments simultaneously and iii) Applied Biosystems SOLiID
sequencer uses a unique sequencing process catalyzed by DNA ligase that is based in couples
oligo adaptor-linked DNA fragments with 1-mm magnetic beads that are decorated with
complementary oligos and amplifies each bead—-DNA complex by emulsion PCR (Mardis
2008).
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Ouborg et al. (2010) identify different questions and possible conservation genomic
approaches that can be resolved by NGS techniques:

1.

To assess the impact of habitat fragmentation on selectively important variation

a. Use of genome-wide SNPs to obtain a representative estimate of genetic
variation

b. Perform a genome scan to distinguish neutral from non-neutral markers

Comparison of patterns of neutral and non-neutral variation

d. Undertake an association-mapping approach to find correlations between
markers and phenotypic traits important for adaptation

e. Candidate-gene studies can be used to search for frequency changes of alleles in
relation to environmental change

To identify genetic mechanisms underlying inbreeding depression

a. Population transcriptomics for identify genes associated with inbreeding
depression, in different life-history stages and many genotypes

b. Quantitative trait locus mapping for identify genomic regions associated with
inbreeding-depression phenotypes

c. Selection experiments on gene-expression phenotypes

To characterize the role of gene-environment (G x E) interactions

a. Population transcriptomics for performed in combination with full factorial
experiments to identify genetic, environmental and GxE effects in transcript
profiles

b. Perform epigenetic screening, using methylation-sensitive AFLP or high-
throughput bisulfite sequencing, of small and large populations in high and low
quality habitats.

To identify the role of phenotypic plasticity in the response to environmental

challenges

a. Epigenetic manipulation experiments to manipulate methylation levels, and
study phenotypic effects in relation to population size, inbreeding level and
environmental variation

b. Screening of methylation levels as a function of the level of phenotypic plasticity
in relation to level of inbreeding

To characterize the effects of habitat fragmentation on gene expression and genomic

pathways

a. Use microarrays or RNA-seq to screen for changes in genome wide gene
expression profiles in response to inbreeding and population size

b. Screen gene-expression variation in high- and low-diversity populations and
genotypes to disentangle direct gene effects from regulatory changes

o

Studies Case of Conservation Genetic for Sea Turtles

Dermochelys coriacea: Molecular Data and Its Use on Leatherback Turtle’s
Conservation

The leatherback sea turtle, also known as giant turtle in some countries of its range (e.qg.,
Brazil), is the largest of the seven sea turtle species found in the world. They are found in all



130 E. A. Lépez-Barrera, E. Cardinot Reis, S. Torres Vilaca et al.

ocean basins but the largest nesting populations are located in the Atlantic Ocean: Gabon
(Fossette et al. 2008; Witt et al. 2011) and French Guiana/Suriname (Fossette et al. 2008).

Besides, population nesting in Brazil (Espirito Santo State), although very small (about
six nests in 1993/1994) (http://tamar.org.br/interna.php?cod=76), shows an increasing trend in
the annual number of nests (Antbnio P. Almeida, personal communication).

Despite some differences in its biology compared with the other sea turtles species, such
as size, long migration capabilities (Pritchard 1976; James et al. 2005), and longtime spending
on foraging areas (James et al. 2005), the leatherback turtle is a target of the most important
threats affecting all sea turtles species: fisheries bycatch (i.e., incidental capture by marine
fisheries operations targeting other species), plunder eggs and meat for human consumption
and coastal development (Mast et al. 2005). It is current classified as critically endangered by
the International Union for Conservation of Nature and Natural Resources Red List of
Threatened Species (IUCN 2015).

A new more accurate context named Regional Management Units (RMU) has been used
since 2010 aiming to prioritize conservation and research of marine turtle’s species (Wallace
et al. 2010). In the light of this novel framework the leatherback populations worldwide are
compounded by seven RMU’s distributed in the three oceans. Three of them from the
Atlantic Ocean (North West, South East and South West Atlantic), two from the Indian Ocean
(North East and South West Indian) and two from the Pacific Ocean (East and West Pacific).
For these seven separated RMU’s different levels of threats and risks were evaluated (see
Wallace et al. 2011 for details).

Three out of seven RMU’s are considered at High risk-Low threats (HR-LT), two at Low
risk-Low threats (LR-LT), two at Low risk-High threats (LR-HT) (Wallace et al. 2011)
meaning that the more than 70% (five out seven) of the leatherback’s populations in the world
are facing, at least, one from the two major concern in marine turtle conservation.

Molecular data are used in a range of studies regarding conservation of endangered turtle
species. The majority of the works regarding molecular techniques deals with the
mitochondrial DNA (mtDNA) in a wide range of topics: phylogeography (Dutton et al. 1999,
2007, 2013; Vargas et al. 2008) and mixed stock analysis using mtDNA control sequences
(Vargas et al. 2008, 2013; Prosdocimi et al. 2014); barcodes using mtDNA cytochrome
oxidase ¢ subunit | (COI) sequences (Vargas et al. 2009); investigation of illegal trade using
PCR-RFLP of cytochrome b (Moore et al. 2003). Some recent studies are including
microsatellites markers to improve the resolution of the phylogeographic analysis (Dutton et
al. 2013), to better understand the demographic history, population dynamics and behavior
(Rivalan et al. 2006; Molfetti et al. 2013) to estimate effective population size (Rivalan et al.
2006) and also to reveal multiple paternity in leatherbacks (Crim et al. 2002).

The delineation of the aforementioned RMU's (Wallace et al. 2010) and further
conservation priorities actions (Wallace et al. 2011) are also improved by molecular data,
showing that a large amount of contexts can be abetted by using molecular tools to improve
the knowledge on endangered species and, as a final goal, to avoid the extinction levels as
much as possible. In the present chapter, we intend to revisit information on, how and in
which context, some studies using molecular data can be useful in the conservation of the
critically endangered leatherback sea turtle.

The contexts explored are: (1) the mating systems and multiple paternity, (2) the
phylogeography of this species and the mixed stocks at foraging grounds, (3) the population
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dynamics, demographic histories and estimations of effective population size, (4) the
delineations of RMU’s, and (5) barcodes and PCR-RFLP to identify species.

Phylogeography and Mixed Stocks at Foraging Grounds

Although the ability for extensive dispersal in the marine environment many marine
species exhibit population genetic structure (Dutton et al. 2013). Phylogeography studies
deals with structure levels and their distributions among geographic regions. Only five
publications, concerning structure among an overall of about 20 different populations were
found for leatherbacks (Dutton et al. 1999, 2007, 2013; Vargas et al. 2008; Molfetti et al.
2013). Despite only seven RMU’s were recognized for this species (Wallace et al., 2010),
most of the results from genetic structure values based on mtDNA sequences studies showed
high levels of structure among the overall studied nesting populations. Great variation is
found if the populations represents different ocean basins, as revealed by Vargas et al. (2008)
and whose found which 52.8% of the genetic variation occurring between the Atlantic and
Indo-Pacific groups, 36.5% found within populations, and only 10.7% among populations
within the Atlantic and Indo-Pacific groups.

The use of nuclear markers (microsatellites) is also revealing new opportunities to
understand different gene flow patterns between different gender and among diverse
populations (see Dutton et al. 2013 and Molfetti et al., 2013 for two examples of divergent
results using mtDNA and nuDNA to infer genetic structure).

Molecular markers can also be used to learn the origin of individuals from feeding
aggregations (mixed populations) based on the comparisons with a set of source populations
by using Mixed Stock Analysis (MSA) (Bolker et al. 2007). Comparing haplotypes
distributions among nesting and foraging grounds, beside the use of MSA, Vargas et al.
(2008) revealed a major contribution to a Brazilian pelagic aggregate from Atlantic nesting
populations (mean 96.1%) and the existence of six individuals bearing an orphaned haplotype
(Dc_AZ2) for leatherbacks.

This haplotype, considered an orphaned haplotype because no match with nesting
population were found at that moment, had its origin ascertain (Gabon and/or Western Africa)
by genetic studies that reanalyzed samples from other study with longer sequences and
number of rookeries surveyed (Dutton et al. 2013; Vargas et al. 2013).

Together, analysis of mtDNA control region sequences and tag return data have been
used effectively to support the natal homing hypothesis (Dutton et al. 1999), to ascertain the
origin of individuals from feeding aggregation in Mixed Stock analysis (MSA) approaches
(Vargas et al. 2008, 2013; Prosdocimi et al. 2014) and also to recognize bias effort in samples
sites collection by finding animals in feeding aggregation with haplotypes not yet recognized
for any rookery sampled.

Population Dynamics, Demographic Histories and Estimations
of Effective Population Size

The knowledge obtained by using genetic markers in order to understand demographic
histories, population dynamics (recent and historical trends) and effective population sizes
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(Ne) are essential to outline the real situation about populations regarding loss of genetic
diversity and their prospects of long-term survival. For leatherback turtles, two studies used
mtDNA and microsatellites data to infer demographic scenarios for population from Atlantic
Northwest (NW).

The first one found that a leatherback turtles’s nesting population from French Guiana
and Suriname, called Maroni, it can be considered as part of a large metapopulation, whose
boundaries remain currently unknown (Rivalan et al. 2006). Despite the high population size
known for leatherbacks from this region (2750-20,000 individuals) effective population sizes
measured (from 60 to 220 depending on the mutation rate and the mutation model) (Rivalan
et al. 2006) are below the lower level of target effective populations sizes for conservation
programs for endangered species (500 to 1000) (Lynch & Lande 1998). Contrariwise,
Molfetti et al. (2013) in their study revealed that leatherbacks population’s dynamics from
three different regions from Atlantic NW may be driven by an island model rather than a
severe metapopulation model that would suggest successive cycles of extinction and
recolonization. Despite the great importance of the aforementioned knowledge to better
understand the species historical, recent and consequently future abundance, trends for
populations from other regions of occurrence of this species remains unknown.

RMU’s and Conservation Priorities

A recent publication evaluated five criteria (population size, recent trend, long-term
trend, rookery vulnerability and genetic diversity) to develop a risk matrix that is used
together with a threats matrix as an attempt to plan the global conservation priorities for
marine turtles (Wallace et al. 2011). As we can see, the last criterion, genetic diversity, is
exclusively calculated by using analyses of the mtDNA and the number of known or inferred
genetic stocks (Wallace et al. 2011). Despite this approach is based on biological and
environmental data and does not use solely the information about genetic data, is clear the
importance of its use in this new and more powerful strategy to guide conservation priorities
(Wallace et al. 2010, 2011).

Matings Systems and Multiple Paternity

When a genetic study is aiming to identify aspects from the paternal lineage from marine
turtles, the nuclear DNA has to be used rather than the mtDNA, because the last one is
maternally inherited, failing to reveal aspects from the paternal ancestry. Once recognized for
some species of sea turtles, the multiple paternity (FitzSimmons 1998, Jensen et al. 2006) was
evaluated for leatherbacks (Crim et al. 2002; Stewart & Dutton, 2011). Using microsatellite
data, Crim et al. (2002) concluded that leatherbacks from Playa Grande (Costa Rica) exhibit
low levels of multiple paternity (10%), with a maximum of three males contributing per each
family. They also found evidences of polygyny (two females mating with the same male) by
analyzing and matching the genotypes of hatchlings and females from different families.
Another study genotyped leatherback females and hatchlings from Sandy Point National
Wildlife Refuge (St. Croix, US Virgin Islands) and found multiple paternity levels of 41.7%
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(Stewart & Dutton 2011). Both studies showed that multiple fathers contribute unequally to
the clutches.

Barcodes and PCR-RFLP to Identify Species

In this chapter we found that assays using COI sequences (DNA barcodes) and PCR-
RFLP of cytochrome b can be used to differentiate, at least, five marine turtle species from
each other (Moore et al. 2003, Vargas et al. 2009). The use of turtle meat and eggs as food in
human populations is reported and “take” is considered one of the five threats studied to
guide global conservation priorities (Wallace et al. 2011). Thus, barcode and/or PCR-RFLP
methodologies can be applied wherever turtle meat and eggs are eaten or trafficked, as a way
of identifying species-source, playing an important role to combat illegal trade. They can also
be used during field work, when identifying lost nests, animals stranded on beaches or those
killed as part of the bycatch in fishery nets (Vargas et al. 2009).

As we can see, besides the indirect use in management strategies (improving the
knowledge on a large range of biological concepts: phylogeography, mating systems,
population dynamic, etc.), the molecular data can likewise be useful in direct actions and
policies for the conservation of marine turtle species.

Eretmochelys imbricata

The hawksbill turtle (Eretmochelys imbricata) is a species that inhabits the tropical
waters of the Indo-Pacific and Atlantic oceans (IUCN 2015). It is considered as critically
endangered by the IUCN and is listed in the Appendix | of the Convention on International
Trade in Endangered Species (CITES).

The first studies using molecular markers in E. imbricata started in the late 1970's. The
earliest studies aimed to uncover the taxonomic relations between diverse turtle species (Frair
1979; Chen et al. 1980, see also Mao and Chen 1982 for a review in immunoeletrophretic
studies with turtles), and used the serum proteins to uncover the relationships between
different species.

Among these techniques, electrophoresis, agglutination, and immunoprecipitation were
used to uncover the affinities between different turtle species. Chen et al. (1980) for example,
using immunological distances tried to estimate the divergence time between the different
genera, which showed to be concordant with data from fossil record.

Since the 1990's, DNA data have been used to investigate the phylogenetic position of E.
imbricata. The first study using DNA data, published by Bowen et al. (1993), using the
mitochondrial gene cytochrome b, observed an evolutionary deceleration in the mtDNA rate
among all turtle species, and that spongivory in E. imbricata evolved from a carnivorous
ancestral. Soon after, another studies using other markers followed, dealing with population
genetics and other aspects of the evolutionary history of E. imbricata (Broderick et al. 1994;
Bass et al. 1996; Bowen et al. 1996a; FitzSimmons et al. 1995; Karl et al. 1995).

Among the new markers, we can list the use of the control region (also called D-loop) of
the mitochondrial DNA (Bass et al. 1996; Bowen et al. 1996b), nuclear markers such as
microsatellites (FitzSimmons et al. 1995), and anonymous single-copy loci (Karl et al. 1995).
Even though the first studies using the mitochondrial DNA used restriction enzymes to
estimate the nucleotide divergence (Bowen et al. 1993; Broderick et al. 1994), the first studies
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using small sequences of the mtDNA were published in 1996 (Bass et al. 1996; Bowen et al.
1996b).

Currently, diverse markers have been used to study the genetic diversity in E. imbricata.
These include: microsatellites, restriction fragment length polymorphisms, and mitochondrial
DNA. Each marker has its pros and cons and has been used for a variety of genetic
conservation studies. The control region (CR or D-loop) of the mtDNA is the most widely
used marker when studying E. imbricata. It has shown to perform well in phylogenetic (Naro-
Maciel et al. 2008) and in phylogeographic studies (Leroux et al. 2012; Vilaga et al. 2013;
Bass et al. 1996; Velez-Zuazo et al. 2008), and for species identification (Vargas et al. 2009;
Naro-Maciel et al. 2010). This region has been used until today to study diverse aspects of life
history. Until recently, only a short stretch of the D-loop was used in E. imbricata,
corresponding to a sequence of 384 bp (Bass et al. 1996). This fragment formed the baseline
data (or reference data) for genetic diversity studies. This short fragment proved to be
powerful to perform multiple-stock analysis (given a mixed stock population and a set of
probable source population, this method aims to estimate the fraction in a mixed stock
population that comes from each source population), and to distinguish between rookeries
demonstrating that they are independent entities. Different rookeries within Caribbean and
Atlantic Ocean could be characterized according to their haplotype frequencies.

In more recent years, this fragment of the D-loop has been extended to 832 bp (Abreu-
Grobrois et al. 2006). This longer fragment has proven to be more efficient in distinguishing
between rookeries, since it presents more polymorphic sites than the short fragment, and
allowed the unfolding of several short fragments of 384 bp in different haplotypes. Using this
fragment, even though most major rookeries could be distinguished by their haplotype
frequency or by exclusive haplotypes, some nesting aggregates separated by a few hundred
kilometers could not be differentiated in terms of haplotype frequencies. Studies published
with this longer fragment could unfold haplotypes previously considered as a single one, and
even differentiate geographically close nesting aggregates (Leroux et al. 2012). For example,
the haplotype Q, present in Mexican rookeries and several Caribbean feeding grounds, was
identified as three different haplotypes (EiA23, EiA41, and EiA43).

Also the rookery of Guadaloupe could be described as a distinct demographic unit, and
the total haplotypes that compose the baseline were extended, allowing a better resolution
between close nesting areas.

When comparing these longer fragments with the 384 bp in Caribbean samples, Leroux et
al. (2012) showed that 75% of total variability was present within the 384 fragment. Also the
last 170 bp of the 832 bp fragment showed no variation, and therefore, a 740 bp fragment is
sufficient for describing the different E. imbricata populations. Using the 740 bp fragment,
Vilaga et al. (2013) found new E. imbricata haplotypes (hybrids excluded) that distinguished
Brazilian rookeries from Caribbean, and also unfolded new haplotypes from the previously
384 bp short sequences. The mtDNA gene Cytochrome oxidase ¢ subunit | (COI) have also
been successfully used to uniquely identifying E. imbricata samples (Vargas et al., 2009;
Naro-Maciel et al. 2010).

These two studies showed that E. imbricata can be distinguished from other sea turtle
species, with some diagnostic (autapomorphic) characters. Vargas et al. (2009) found six
diagnostic characters for Brazilians E. imbricata, while Naro-Maciel et al. (2010) found only
one for samples from Puerto Rico and Australia.
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Mitochondrial haplotypes have been proved to be useful to distinguish E. imbricata from
other sea turtle species, between rookeries and feeding areas, and to estimate populational
parameters of diversity and female gene flow (Bass et al. 1996). But because mitochondria is
only one locus, information on diversity across the genome is lost. Also because mitochondria
is female inherited, any information from male dispersal (or any other information male-
driven) is not recovered.

Microsatellites on the other hand, because are nuclear markers, are informative for the
male-mediated gene flow. The first study that used microsatellites for E. imbricata showed
that these markers are useful for gene flow analysis and paternity, because the loci showed
different allele frequencies between rookeries (FitzSimmons et al., 1995). Since then, several
loci were specifically isolated for E. imbricata (Lin et al. 2008; Miro-Herrans et al. 2008;
Shamblin et al. 2013).

Currently, a total of 39 loci microsatellite are available, with the number of alleles
varying from 2 to 24 (based on a maximum of 40 samples typed), therefore showing a wide
range of polymorphism. Other loci developed for other sea turtle species have also been
tested for E. imbricata, with several showing successful amplification, and even high levels of
genetic diversity (see Phillips et al. 2013 for examples).

Despite the low resolution for detecting population structure, microsatellites have been
successfully used to investigate multiple-paternity in E. imbricata (Joseph & Shaw 2011;
Phillips et al. 2013). Phillips et al. (2013) not only managed to determine the rate of multiple
paternity, but also estimated the frequency of polyandry and polygyny, and estimated the
frequency, duration and viability of sperm storage. Using a set of 33 microsatellite loci
(isolated for E. imbricata and other species), they were able to show that almost 91% the
offspring was sired by a single male, and those male did not fertilize more than one female in
the same season.

Anonymous single loci nuclear (scnDNA) loci were also used in E. imbricata samples.
These scnDNA loci are initially amplified in a PCR reaction, and after digested with
restriction enzymes (Karl et al. 1992, 1995; Karl & Avise 1993). Initially developed for
Chelonia mydas (Karl et al. 1992; Karl & Avise 1993), scnDNA showed to be able to
distinguish different sea turtle species, even though they did not any polymorphisms in E.
imbricata samples from Brazil (Vilaga et al. 2012). Despite the lack of polymorphisms within
E. imbricata, these loci are useful to differentiate E. imbricata from other sea turtle species,
and especially useful when studying hybridization (Karl et al. 1995; Vilaga et al. 2012). Using
a restriction fragment length polymorphism (RFLP) generated by the digestion of the PCR
product of these scnDNA loci, diverse cases of hybridization involving E. imbricata and other
three sea turtle species were investigated, and F1 hybrids could be distinguished from later
generation (>F1) hybrids (Karl et al. 1995; Vilaga et al. 2012). One advantage of these
markers in hybridization detection is their low cost (only a PCR and few low cost restriction
enzymes are required) and quick results. When comparing microsatellites with PCR-RFLP,
even though the microsatellites markers developed so far are not able to show high population
structure, microsatellites have a higher mutation rate, which increases the ability to track
coalescence events and detect population-specific alleles.

Nuclear sequences have been standardized for sea turtles only recently (Naro-Maciel et
al. 2008). The first study used five different nuclear loci (four exons and one intron) to
investigate the phylogeny of sea turtles. Subsequently, populational studies using the same
loci, but shorter fragments, were published (Vilaga et al. 2012, 2013; Vilaga & Santos 2013).
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Vilaga et al. (2012) investigated the population structure in the Brazilian coast and the
patterns of hybridization with other three sea turtles species. Using these five nuclear loci, no
population structure was observed in Brazilian rookeries and feeding aggregations, but one
loci (Cmos) showed a small differentiation between two rookeries. Two loci (R35 and Cmos)
showed private haplotypes for rookeries and feeding areas. In contrast, one loci (RAG2) was
monomorphic across Brazilian populations. When comparing the data for these five nuclear
loci with other species, most haplotypes found in E. imbricata were private, even though two
were shared with other turtle species (two RAG1 haplotypes were shared with L. olivacea,
and the monomorphic BDNF loci possessed the same haplotype as C. caretta). Despite the
low polymorphism of the nuclear sequences, they were proven to be useful in hybridization,
and investigating possible introgression (i.e., the backcrossing of hybrids with one or both
parental species) between hybrids of four turtle species in Brazil.

Nuclear markers have the advantage to provide information from male gene flow, but
when comparing different populations, they usually fail to show population structure. This
inability of nuclear markers to recover population structure was hypothesized to be due to the
high levels of male gene flow, but it might also be because of the low evolutionary rates
observed in the karyotype, mitochondrial and nuclear genomes of sea turtles (Bowen et al.
1993; FitzSimmons et al. 1995; Matsuda et al. 2005). If this is the case, only a large amount
of nuclear markers will permit the distinction between different populations.

When comparing the different markers available for E. imbricata, the most commonly
used is the control region of the mtDNA. Considering the resolution given by these two types
of markers, mtDNA is more efficient in distinguishing between rookeries and feeding areas,
but nuclear markers showed to be extremely relevant for studies involving hybridization or
paternity investigation.

The use of Next Generation Sequencing (NGS) for developing nuclear markers for E.
imbricata is promising, since it allows the isolation of hundreds or thousands or markers with
relatively low cost. Even though on sea turtle species have its genome sequenced (Wang et al.
2013) and have populational studies using mitogenomic data (Shamblin et al. 2012c), for E.
imbricata the use of large-scale data was used only in phylogenic studies (Duchene et al.
2012). Duchene et al. (2012) used data from the entire mitochondrial (around 16,000 bp) from
samples from Indo-Pacific (n = 3) and Atlantic (n = 1) Oceans to estimate the divergence time
and phylogenetic position of all sea turtle species. The topology and confidence of the trees
was similar to the ones obtained by Naro-Maciel et al. (2008) using few mtDNA genes and
five nuclear loci, but the divergence dates obtained had a smaller confidence interval. Even
though the mitochondrial DNA can be considered as one loci, the use of larger sequences (or
the entire mtDNA) can increase the resolution of the analysis and provide more confidence in
the results.

Studies with other non-model animal species, with conservation interest, have shown that
is possible the development of hundreds of microsatellite markers and Single Nucleotide
Polymorphisms (SNPs) by sequencing a small fraction of genome. Techniques like RAD-Seq
(Baird et al. 2008; Miller et al. 2007) and Genotyping-By-Sequence (GBS, Elshire et al.
2011) seems promising in dealing with species without a reference genome.

These two methodologies randomly sequence a fraction of the genome, and can be useful
for marker discovery, hybridization, phylogenomics, or selection studies.



Genetics and Conservation of Sea Turtles 137

Caretta caretta

The loggerhead sea turtle, Caretta caretta, is widely distributed in tropical and temperate
waters around the world (Pritchard & Trebbau 1984). In Brazil, loggerheads are the most
abundant sea turtle species nesting along the country’s coastline (Marcovaldi & Marcovaldi
1999). The nesting beaches range from the north of Rio de Janeiro (southeast coast) to
Sergipe states (northeast coast); and nesting density is greatest on beaches of Bahia state
(Marcovaldi et al., 2005). In fact, the Brazilian nesting population of loggerheads is one of the
largest in the world, after the super-aggregations at Masirah, Oman, and Eastern Florida, US
(Marcovaldi & Chaloupka 2007; NOAA 2010).

Currently, C. caretta is internationally listed as “endangered” by the International Union
for Conservation of Nature and Natural Resources Red List of Threatened Species (IUCN
2015). In Brazil, the loggerhead sea turtle was considered “vulnerable” by the Ministry of
Environment - MMA (Martins & Molina 2008). However, this status was recently
reevaluated to “endangered” by Santos et al. (2011).

Loggerheads have a long history of exploitation in Brazil. Prior to 1980 nearly all eggs
laid along the coast were removed, and most nesting females were taken for meat
(Marcovaldi et al. 2005). The establishment of Projeto TAMAR (The Brazilian Sea Turtle
Conservation Program) by the Brazilian government in 1980, and the enactment of full
legislative protection of all sea turtle species in 1986 have contributed significantly to the
improving status of the Brazilian loggerhead stock (Marcovaldi & Marcovaldi 1999;
Marcovaldi & Chaloupka 2007). However, in more recent years, loggerheads have become
exposed to other hazards such as coastal development (Marcovaldi et al. 2006), marine debris
(National Research Council 1990; Bugoni et al. 2001; Milton & Lutz 2010), and incidental
capture in coastal gillnet and pelagic longline fisheries operating in southern Brazilian waters
(Soto et al. 2003; Kotas et al. 2004; Sales et al. 2008). Protection of the Brazilian loggerhead
stock is of great importance for the global conservation of this species.

Genetic analyses have been used worldwide to investigate genetic diversity and rookery
structure, phylogeography, foraging ground composition, rookery contributions to foraging
aggregations, migratory patterns, natal homing behavior, taxonomic relationships, paternity,
and hybridization in sea turtles (Bowen & Karl 2007; Bowen et al. 2007; Bjorndal & Bolten
2008; Jensen et al. 2013).

Bowen et al. (1994), in a phylogeographic survey based on restriction-site analyses of
mMtDNA with 176 samples from rookeries in Greece, Brazil, South Africa, Oman, Japan,
Australia, and US, demonstrated the existence of two primary lineages in loggerheads. Both
lineages are found in both Atlantic-Mediterranean and Indian-Pacific basins, probably due to
the ability of this temperate-adapted species to migrate around southern Africa (Bowen et al.
1994). On the basis of a molecular clock for marine turtles calibrated at 2%-4% per million
years (m.y.) (Avise et al. 1992), the deepest bifurcation in the loggerhead mtDNA phylogeny
would be around 2-4 m.y. old (Bowen et al. 1994). The absence of a clear matrilineal
separation between these oceanic basins could be explained by gene flow around southern
Africa that perhaps occurred through the last 20,000 years. These ocean basins were relatively
isolated by geography and climate in the Pleistocene. During interglacial periods, the
expansion to higher latitudes was possible because of warmer temperatures.

An alternative explanation is that major mtDNA lineages have been retained in both
ocean basins for several million years and recent inter-oceanic exchange of mtDNA
haplotypes has resulted in the similarity of haplotypes in separate oceans (Bowen et al. 1994).
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Bayesian phylogenetic analysis of ~800 base pair (bp) mtDNA fragments has recently
confirmed the presence of two major loggerhead lineages globally (Shamblin et al. 2014).
The deepest bifurcation among loggerhead lineages was estimated at 4.3 m.y.: haplogroup Il
(containing CC-A2 haplotypes and derived variants) was characterized by shallow structure
relative to haplogroup | (represented primarily by CC-Al, CC-A4, and CC-All variants).
The deepest divergence among clade | lineages occurred between Western Pacific/

Southeastern Indian Ocean haplotypes (haplogroup 1A) and the remaining Atlantic and
Indian Ocean haplotypes (haplogroup IB). This coalescent was dated at 2.7 m.y. A clade
containing Brazilian haplotypes, Caribbean CC-A14, and CC-A11.6 from Oman diverged
from the remaining haplogroup IB lineages approximately 1.0 m.y. (see Shamblin et al. 2014
for details). Encalada et al. (1998), based on 380 bp mtDNA control region sequences of 249
Atlantic and Mediterranean loggerhead turtles from 10 major nesting areas, defined six
demographically independent groups: (1) North and South Carolina, Georgia and Northeast
Florida, US, (2) Southern Florida, US, (3) Northwest Florida, US, (4) Quintana Roo, Mexico,
(5) Bahia, Brazil, and (6) Peloponnesus Island, Greece.

At that time, these authors suggested that climate, natal homing, and rare dispersal events
defined the loggerhead biogeographic scenario. Other studies, also based on 380 bp fragment
of the mtDNA, have demonstrated genetic partitioning within the Northwest Atlantic
(Shamblin et al. 2011), Southwest Atlantic (Reis et al. 2010a), and Mediterranean (Carreras et
al. 2007). Despite clear indication of genetic structure through significant frequency
differences, widespread haplotype sharing across ocean basins has limited the utility of the
380 bp sequences as a population marker in mixed stock analysis.

Recently, Wallace et al. (2010) have proposed the definition of nine Regional
Management Units (RMUSs) for loggerhead turtles, based on the integration of multiple tools
and techniques, including genetic analyses (mtDNA and nDNA), site-based monitoring,
mark-recapture studies and telemetry. Studies using longer sequences (~800 bp) have
currently confirmed six RMUs and recognized at least 18 demographically independent
management units (MUs), based on female natal homing (Shamblin et al. 2014). In the
present chapter, we intend to review information on (1) the population genetic composition of
Brazilian loggerhead rookeries, foraging aggregates and bycatch reports, (2) the
phylogeography of this species and (3) hybridization cases. For this propose, we are revisiting
the results described by Reis et al. (2009, 2010a, 2010b), Vilaca et al. (2012) and Shamblin et
al. (2014). Reis et al. (2010a) analyzed 204 female loggerheads from rookeries in Rio de
Janeiro (N = 64), Espirito Santo (N = 50), Bahia (N = 39), and Sergipe (N = 51) states, during
the nesting seasons (September to March) of 1996/1997, 2003/2004, 2004/2005 and 2005/
2006. These authors also sampled 125 loggerheads captured at Elevacdo do Rio Grande
(ERG) as incidental take in the longline fishery. Complementarily, Reis et al. (2009) analyzed
samples from one unusual loggerhead nesting specimen from Rio Grande do Norte and from
five specimens that were incidentally captured in fisheries in Rio de Janeiro (N = 2), Sergipe
(N = 1), Rio Grande do Norte (N = 1) and Ceard (N = 1) states. For both studies, a 627 bp
consensus sequence was produced, but only a fragment length of 380 bp was used for
comparisons with data from other Atlantic and Mediterranean rookeries and foraging
aggregations.

Shamblin et al. (2014), through the establishment of an international working group,
brought together data of loggerhead turtle rookeries in the Atlantic, Mediterranean and
western Indian Ocean, combining information on 380 bp and ~800 bp control region
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sequences from the literature or generated from novel samples (as from Brazil: Rio de Janeiro
N = 49, Espirito Santo N = 23, Bahia N = 32 and Sergipe N = 27; Cape Verde; Oman; and
South Africa). Finally, Reis et al. (2010b) presented the distribution and frequency of
interspecific hybrids within loggerhead nesting beaches in Sergipe state (Abais, Pirambu and
Ponta dos Mangues; N = 51) based on mtDNA analyses, and Vilaga et al. (2012) discussed
the high frequency of hybridization and introgression among sea turtle species on the
Brazilian coast through mitochondrial and nuclear markers.

Brazilian Rookeries

Four distinct loggerhead control region haplotypes of 380 bp were observed among the
204 turtles sampled from Brazilian rookeries: CC-A4 (86.3%), CC-A24 (6.4%), CC-A25
(0.5%), and CCXLO (6.8%) (Figure 1, Table 2).

CC-A2
mCC-A4
mCC-A11
BCC-A24
OCC-A25
0CC-A33
BCC-A34
BCC-A35 ,
cexLo S

4 BRAZIL

Haplotypes

ERG

Data from Reis et al. (2010a).

Figure 1. Surveyed locations on the Brazilian coast and loggerhead turtle mtDNA haplotype
frequencies for rookeries of Rio de Janeiro (RJ), Espirito Santo (ES), Bahia (BA) and Sergipe (SE),
and for the foraging aggregation of Elevacdo do Rio Grande (ERG).

Endemic haplotypes (CC-A4, CC-A24, CC-A25), found only in Brazilian rookeries,
create a unique Brazilian haplotype profile (Reis et al. 2010a). The CCxLO haplotype, only
found in Sergipe, was attributed to specimens considered hybrids because they have the
typical Lepidochelys olivacea mtDNA haplotype, but the external morphology of loggerheads
(64.29%) or a mixture between loggerheads and L. olivacea (35.71%; Reis et al., 2010b).
Brazilian rookeries have low values of genetic and nucleotide diversity (Table 5).



140 E. A. Lépez-Barrera, E. Cardinot Reis, S. Torres Vilaca et al.

The genetic diversity of the Brazilian rookeries decreased from north to south. Sergipe
had higher values with three different 380 bp haplotypes, Bahia had two haplotypes, Espirito
Santo also had two different sequences, but one of them at a low frequency, and finally Rio
de Janeiro had only one haplotype (Figure 1; Table 3; Reis et al. 2010a).

When considering the mtDNA fragments of ~800bp, CC-A4 haplotype was subdivided
into three variants: CC-A4.1, CC-A4.2 and CC-A4.3 (Table 4; Shamblin et al., 2014). Rio de
Janeiro rookery showed only two haplotypes and lower values of haplotype diversity, while
Espirito Santo, Bahia and Sergipe, three haplotypes each and close values of haplotype
diversity (Table 4; Shamblin et al. 2014).

A TCS network with all loggerhead 380 bp haplotypes from Brazil and Atlantic-wide
rookeries revealed that the rookery haplotypes from Brazil and some from US were closely
related (Figure 2). These US haplotypes included CC-Al (the most frequently detected
haplotype in western North Atlantic rookeries), CC-A11, and CC-A14 (Reis et al. 2010a).

Table 2. 380 bp mtDNA control region haplotypes from loggerhead sea turtles
found at Brazilian rookeries (including an uncommon nesting site*),
foraging grounds and bycatch

Foraging

Rookeries f Bycatch
aggregation
Haplotypes RJ ES BA SE RN” ERG RJ SE RN CE
CC-Al 1
CC-A2 13 1
CC-A4 64 49 32 31 59 2
CC-All 19
CC-A17 1
CC-A24 7 6
CC-A25 1
CC-A33 18
CC-A34 15
CC-A35 1
CCxLO 14 1
Total 64 50 39 51 1 125 2 1 1 1

Locations: Rio de Janeiro (RJ), Espirito Santo (ES), Bahia (BA), Sergipe (SE), Rio Grande do Norte (RN*), Ceara (CE)
and Elevacéo do Rio Grande (ERG). Data from Reis et al. (2009, 20107, 2010b).

Table 3. Standard diversity indices (mean +/- SD) calculated for Brazilian rookeries
and foraging grounds based on 380 bp of the mtDNA

Rookeries N h b3

Brazil 190 0.1380 +/- 0.0327 0.000372 +/- 0.000606
Rio de Janeiro 64 0 0
Espirito Santo 50 0.0400 +/- 0.0380 0.000107 +/- 0.000320
Bahia 39 0.3023 +/- 0.0795 0.000810 +/- 0.000957
Sergipe 37 0.2793 +/- 0.0826 0.000749 +/- 0.000915

Foraging grounds N h n

Elevacéo do Rio Grande 125 0.7140 +/- 0.0310 0.01744 +/- 0.001560

CCxLO hybrids from Sergipe (N = 14) were not included in the calculation. N = sample size, h = haplotype or genetic

diversity, = = nucleotide diversity. Data from Reis et al. (2010a).
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Table 4. 800 bp mtDNA control region haplotypes from loggerhead sea turtles
found at Brazilian rookeries and corresponding standard diversity indices

Haplotype RJ ES BA SE
CC-A4.1 9 8 14 6
CC-A4.2 40 11 17 17
CC-A4.3 4

CC-A24.1 1 4

N Total 49 23 32 27
Hap Div 0,306 0,648 0,542 0,553
Hap Div SD 0,071 0,055 0,039 0,084

Locations: Rio de Janeiro (RJ), Espirito Santo (ES), Bahia (BA) and Sergipe (SE). Data from Shamblin et al. (2014).
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Figure 2. TCS network of loggerhead turtle mtDNA haplotypes from Atlantic and Mediterranean
rookeries. Lines between haplotypes represent one mutational step; small black circles are hypothetical
haplotypes; the rectangle identifies the most probable ancestral haplotype according to the coalescent
theory.
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Pairwise Fst, estimates of maternal gene flow (Nm) and the exact test of population
differentiation (see Reis et al. 2010a) revealed that Rio de Janeiro and Espirito Santo
rookeries were significantly different from those of Bahia and Sergipe, and no significant
difference was found between Rio de Janeiro and Espirito Santo, or between Bahia and
Sergipe. These results suggested that Brazil has two loggerhead genetic population units: one
represented by Rio de Janeiro and Espirito Santo (Southern stock), and the other by Bahia and
Sergipe (Northern stock). AMOVA global Fst (see Reis et al., 2010a) indicated significant
genetic structuring among the Brazilian sampled rookeries. However, AMOVA F-statistics
did not confirm this two-stock structure. Due to the limited information provided by
mitochondrial DNA markers (especially with shorter fragments), complementary studies
based on larger sequences of mtDNA and biparentally inherited nuclear markers were then
recommended to confirm and better understand the genetic structure of Brazilian loggerhead
populations. In fact, Shamblin et al. (2014), analyzing ~800 bp mtDNA haplotypes, suggested
that the strongest demographic partitioning within the Brazilian nesting aggregation may
occur between the rookeries of Rio de Janeiro relative to all others in the country. Analyses
based on the 380 bp haplotypes and using the combined sample sets from Reis et al. (2010a)
and Shamblin et al. (2014) supported recognition of Northern and Southern Brazil MUs with
a break between Bahia and Espirito Santo.

So, based on these results, Shamblin et al. (2014) proposed the recognition of three MUs
within the Southwest Atlantic RMU: Northern coast (Sergipe and Bahia), Espirito Santo and
Rio de Janeiro. In light of the subdivision of CC-A4 obtained with the expanded control
region fragments, analysis with larger sample sizes from the Brazilian rookeries is warranted
to better resolve the number of MUs and their boundaries.

Neutrality tests and mismatch distribution analyses (see Reis et al. 2010a) suggested that
Brazil has experienced recent demographic and spatial expansions, resulting from bottlenecks
or founder effects.

Brazilian Foraging Aggregation

Elevacdo do Rio Grande (ERG) is a seamount chain located ca. 800 km off the south
coast of Brazil that rises to within 350 m of the sea surface. Similar to the Azores Archipelago
in the North Atlantic (Bolten et al. 1998), ERG is an important foraging ground and oceanic
developmental habitat for immature loggerheads in South Atlantic waters (Marcovaldi et al.
2006; Sales et al. 2008). Among the 125 loggerhead turtles sampled from the foraging
aggregation atERG, six distinct haplotypes were found: CC-A2 (10.4%), CC-A4 (47.2%),
CC-A11 (15.2%), CC-A33 (14.4%), CC-A34 (12%), and CC-A35 (0.8%) (Figure 1; Table 3;
Reis et al. 2010a). For the first time, CC-A2, CC-All, CC-A33, CC-A34 and CC-A35
haplotypes were reported for a Brazilian foraging aggregation (ERG). CC-A2 and CC-All
have been reported from northwestern Atlantic rookeries (Bolten et al. 1998; Bowen et al.
2004; Reece et al. 2006; Shamblin et al. 2012a), and CC-A2, also from Mediterranean
rookeries (Carreras et al. 2006; Yilmaz et al. 2011; Casale et al. 2013; Garofalo et al. 2013).
CC-A33 is identical to CC-P5, already registered for rookeries of Western Australia,
Queensland and New Caledonia (FitzSimmons et al. 1996; Boyle et al. 2009) and CC-A34 is
identical to CC-P1, also registered for these same rookeries (Bowen et al. 1995; Boyle et al.
2009) and for Japan (Watanabe et al. 2011). CC-A35 represented an orphaned haplotype
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since its source rookeries are still unknown. The foraging aggregation (Elevacdo do Rio
Grande) had high haplotype diversity and a moderate nucleotide diversity (Table 3) compared
with other Atlantic-wide foraging aggregations. Generally, foraging aggregations also show
higher diversity indices than rookeries because rookeries host philopatric females while
foraging aggregations can receive individuals from many source rookeries.

Mixed Stock Analysis (MSA) indicated a major contribution to the ERG foraging
aggregation from Brazil (mean 59.5%) and a non-significant contribution from the US,
Mexico, and Turkey (see Reis et al. 2010a). This result is expected due to the presence of the
Brazilian exclusive haplotype (CC-A4) in 59 out of 106 individuals from the foraging
aggregation used for the MSA. The second highest contribution detected by MSA was from
Australia (28.5%), because haplotype CC-A34 has only been reported from Australian
rookeries. Another significant contribution was also detected from Greece, due to the
presence of CC-A2 among the Brazilian foraging aggregation, which is present at high
frequencies in Greece. Although CC-A2 is also frequently observed in US, the MSA takes
into account that the contribution from a particular rookery should include all of the most
frequent haplotypes (Reis et al. 2010a). The occurrence of CC-A4, an endemic Brazilian
haplotype, in the ERG aggregation indicates that those turtles belong to the Brazilian
loggerhead genetic stock, which was corroborated by the MSA results. However, the ERG
aggregation is a mixed stock with haplotypes from worldwide rookeries. The haplotypes CC-
A33, CC-A34 and CC-A35 form an independent cluster in phylogenetic reconstructions and
probably have a common origin. The MSA results must be interpreted with care, since this
analysis assumes that all source rookeries are known, but African and Indo-Pacific rookeries
have been very poorly surveyed.

Thus, the proposed contributions from Australia and Greece may well derive from
rookeries on the west coast of Africa or Indo-Pacific rookeries (Reis et al. 2010a). Dispersal
patterns for oceanic juveniles modeled under the assumption of passive drift supported the
likelihood of dispersal of South African juveniles into the South Atlantic but did not indicate
connectivity between the South Atlantic and more distant rookeries in the Indian Ocean basin
(Mansfield & Putman 2013).

Nonetheless, confirmation of CC-A2.1 from South Africa and CC-A11.6 from Oman
(Shamblin et al. 2014) warrants reconsideration of the possibility of long distance migratory
connectivity between the South Atlantic and Indian Ocean basins (Figure 3).

Furthermore, Caraccio et al. (2008), analyzing 14 loggerheads incidentally captured by
coastal trawl and 29 by pelagic longline fisheries in Uruguayan waters, found the same
haplotypes identified among the ERG samples: CC-A2 (N = 6, 14%), CC-A4 (N = 32, 74%),
CC-Al11 (N = 1, 2.3%), CC-A33 (N = 2, 4.6%) and CC-A34 (N = 2, 4.6%), with genetic
diversity (h) equal to 0.4319 +/- 0.0872 and nucleotide diversity (n) equal to 0.014616 +/-
0.007978. All turtles analyzed from the Uruguayan continental shelf (N = 14), classified as
adults or late maturing juveniles, showed CC-A4 haplotype, which is only found at Brazilian
rookeries. On the other hand, turtles studied from the oceanic area (N = 29), classified as
juveniles, were genetically diverse and presented haplotypes that pertained to distance nesting
colonies: CC-A2 (present in the US, Mexico, Mediterranean and South African rookeries),
CC-A11 (present in the US and Oman), CC-A33, CCA34 (found in the Indo-Pacific Ocean),
and also CC-A4. These data suggested that some adult individuals move on the continental
shelf carrying out feeding migrations from the nesting beaches in Brazil towards higher
latitudes.
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Figure 3. Loggerhead turtle haplotype distribution for an oceanic foraging aggregation and major Indian
Ocean rookeries. Control region haplotype (380 base pair) frequencies for the oceanic juvenile foraging
aggregation from the Elevacdo do Rio Grande (ERG) and adjacent ridge and slope of the continental
shelf in the South Atlantic Ocean (Reis et al. 2010a) and the RMUs in the South Atlantic, Indian, and
South Pacific Ocean basins.

However, juvenile turtles that pertain to diverse nesting colonies carry out feeding
migrations towards areas of high productivity in open waters of the southwestern Atlantic
Ocean. Prosdocimi et al. (2015), analyzing 24 samples of bycatch and 37 samples of stranded
loggerhead sea turtles (all of them classified as adults or sub-adults) on the coast of the
province of Buenos Aires, Argentina, have found similar results. Both shorter (380 bp) and
longer (760 bp) mtDNA sequence analysis showed that in the foraging grounds of the
Argentinean coast only haplotypes from Brazilian nesting areas (CC-A4 = 98% and CC-A24
= 2% for shorter sequences, and CC A4.2 = 81%, CC A4.1 = 17% and CC A24.1 = 2% for
longer sequences) were found. The homogeneous stock located relatively close to the rookery
where individuals originated contradicts the paradigm of immature loggerhead sea turtles
forming mixed stocks in foraging and developmental areas. The conservation of the stock in
coastal areas of Argentina could benefit the nesting population in the nearby Brazilian
rookeries, and could be achieved by conservation actions between these two countries, as well
as Uruguay in between.

Additional Reports: Bycatch and Uncommon Nesting Site

Finally, among the samples from bycatch (N = 5) and an uncommon nesting site (N = 1),
five distinct control region haplotypes were observed: CC-Al (N = 1, unusual nesting report
for Rio Grande do Norte), CC-A2 (N = 1, Rio Grande do Norte bycatch report), CC-A4 (N =
2, Rio de Janeiro bycatch reports), CC-A17 (Ceard bycatch report) and CCxLO (Sergipe
bycatch report) (Table 4; Reis et al. 2009). For the first time, CC-Al and CC-A17 haplotypes
were reported for the Brazilian coast. The loggerhead sampled in Rio Grande do Norte
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(6°13°39”S 35°03”01”W) is an unusual report because in Brazil the northern-most regular
nesting region for this species is Sergipe. CC-Al, found for this sample, is a characteristic
haplotype from north western Atlantic nesting and feeding grounds (Bowen et al. 2004; Reece
et al. 2006; Shamblin et al. 2012a). But it has also been reported for Cape Verde rookery, as
well as for feeding aggregations in the eastern Atlantic and Mediterranean Sea (Carreras et al.
2006; Monzdn-Arglello et al. 2009, 2010; Garofalo et al. 2013). CC-A17, from a bycatch
sample of Ceara (3°43°06”S 38°32°02”W), is typically found in juvenile aggregations from
Andalusia, Madeira and Canary Islands and has recently been reported for Cape Verde
rookery (Bolten et al. 1998; Monzén-Arglello et al. 2009, 2010). In fact, Ceara has been
pointed through telemetry data as an important foraging ground for loggerheads in the
northern coast of Brazil (Marcovaldi et al. 2010). The occurrence of these haplotypes (CC-
Al, CC-A2 and CC-Al7) suggests transoceanic migratory behavior of C. caretta and a
possible origin for the Brazilian rookeries colonization. The natal homing behavior of C.
caretta is also confirmed by the fact that there are some in-water loggerheads with haplotypes
(CC-A2 and CC-AL17) that are not found in Brazilian rookeries, suggesting these animals
would return to their natal nesting areas for reproduction.

Brazilian Demography History

The CC-A4 haplotype is common to all Brazilian rookeries and foraging areas (Figure 1).
This fact, associated with the Brazilian low nucleotide diversity (Table 3) and phylogenetic
proximity among rookery haplotypes (Figure 2), suggested a common origin, with CC-A4 the
probable ancestral haplotype of Brazilian populations (Reis et al. 2010a). These data indicate
that Brazilian rookeries may have had the same origin. Because the Brazilian rookeries also
show low genetic diversity values and low divergence between those haplotypes, the
Brazilian populations were probably colonized recently, as also suggested by neutrality tests
and mismatch distribution analyses (see Reis et al. 2010a). As genetic diversity decreases
from northern to southern Brazil (Figure 1; Table 3), the authors suggested that colonization
of the rookeries followed a north to south route along the coastline, probably influenced by
the Brazilian warm current which flows from north to south. In fact, neutrality tests indicated
that the Brazilian southern stock is more recent than the northern one. At times of glacial
retreats, loggerhead nesting and foraging habitats expanded into higher latitudes. Encalada et
al. (1998) suggested that, during these interglacial periods, an equatorial lineage may have
colonized northern latitudes along the Florida peninsula, which explains the existence of
different phylogenetic lineages in US.

Reis et al. (2010a) believe that colonizations in Brazil followed the same pattern. This
hypothesis is supported by the fact that loggerheads show the propensity for occasional long-
distance colonization, as indicated by the widespread distribution of some haplotypes. As
maritime current dynamics have changed through the years; this colonization hypothesis
should be re-evaluated considering paleogeography and paleocurrents.

Reis et al. (2009, 2010a) also hypothesized that, considering the phylogenetic proximity
between CC-Al and CC-A4 haplotypes (380 bp), the colonization of Brazilian rookeries
could have been from the US stock, especially from the south. However, with expanded
sequences (~800 bp) it is clear that the Brazilian haplotypes appear basal among haplogroup
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IB lineages (see Shamblin et al., 2014 for details). Thus, the Brazilian rookery harbors
lineages older than those nesting in the southeastern United States (Shamblin et al. 2014).

Global Population Structure and Phylogeography

Parwise Fst, exact test of population differentiation, Nm estimation, and AMOVA (see
Reis et al. 2010a) indicated strong genetic structuring among global rookeries. These data
corroborate the natal homing behavior of loggerheads on a global scale. If female loggerheads
return to natal sites for nesting, then rookeries would show pronounced differences with
respect to female-transmitted genetic markers such as mtDNA (Bowen et al. 1994). However,
natal homing in loggerhead turtles cannot be absolute, because new rookeries must be
colonized by turtles hatched elsewhere.

Results of the Mantel test (see Reis et al. 2010a) supported the isolation by distance
model between western Atlantic (northern and southern US, and Brazil) and Mediterranean
(Greece and Turkey) rookeries. This model results from spatially limited gene flow with gene
dispersal only between adjacent areas. However, long distance colonization is essential to
explain the current global distribution of loggerhead rookeries. Despite the great migratory
capacity of loggerheads, isolation by distance is a result of their philopatric behavior. As
females tend to return to their natal region to nest, it is expected that new colonizations would
occur in adjacent areas. Data also suggested that the most recently colonized rookeries are
Greece and Brazil. Colonization into the Mediterranean Sea was most likely accomplished
within the last 10,000 years, after the Wisconsin glaciation (Encalada et al. 1998).

Recently, Clusa et al. (2013), based on the new data available to the Mediterranean Sea
(by Carreras et al. 2007; Garofalo et al. 2009; Yilmaz et al. 2011), suggested that loggerhead
rookeries in the Mediterranean would be the result of at least two colonization events from
the Atlantic, the oldest one in Libya and a most recent in Calabria, combined with local
extinctions during Pleistocenic glaciations and re-colonizations from glacial refugia in Libya,
eastern Turkey and western Greece.

Based on ~800bp mtDNA sequences, Shamblin et al. (2014) suggested the invasion of
the Atlantic by Indo-Pacific loggerhead lineages via southern Africa, as demonstrated in the
case of the haplogroup I. These authors also suggested that inter-oceanic exchange of
loggerhead lineages likely occurred multiple times and in both directions.

Hybridization

Although hybridization events have previously been reported for marine turtle
populations (Conceicdo et al. 1990; Bowen et al. 1992, 1994; Karl et al. 1995; Bass et al.
1996; Bowen & Karl 1996; Lara-Ruiz et al. 2006), hybrids between C. caretta and L.
olivacea were reported for the first time on the Brazilian coast by Reis et al. (2009, 2010a,
2010b). Fossil evidence suggests that time of separation among these two species is around
10-20 million years ago (Zangerl 1980; Dodd & Morgan 1992). Sea turtles are likely the most
ancient vertebrates hybridizing under natural conditions, since hybrids exist between Caretta
and Chelonia genera, which were separated about 50 million years ago (Bowen et al. 1992,
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1994; Karl et al. 1995). The capacity of sea turtles to generate fertile hybrids seems to be
related to the slow chromosomal and anatomic evolution.

The maintenance of chromosomal number and structure may allow genomic
compatibility among species (Bickham 1981). The fitness success of the carapace and
accompanying morphological adaptations should favor interspecific mating. Moreover, a
dearth of behavioral barriers to hybridization may be an issue, as well as the fact that male
turtles are notably indiscriminate in mating preferences (Bowen 2003).

C. caretta x L. olivacea (CCxLO) hybrids were identified into the loggerhead nesting
population (N = 14, 27%) and bycatch (N = 1) of Sergipe (Table 3). From the 14 individuals
genotyped as CCxLO hybrids, nine (64%) presented C. caretta external morphology and five
(36%), mixed morphological characteristics from both C. caretta and L. olivacea. In this last
case, specimens show a combination of morphological characteristics from both species, i.e.,
number of lateral scutes on the carapace and on the head, the format of the carapace and the
animal’s biometry. These two types of hybrids led the authors to suppose that at least two
hybridization events may have occurred between these two species, but both of them
involving the same L. olivacea haplotype. Thus, even if more than one hybridization event
had taken place, they involved the same L. olivacea mtDNA haplotype. An ancient event
resulted in individuals with L. olivacea mtDNA haplotypes without morphological vestiges of
this species. In this case, hybrids will most likely be F2 or >F2 and introgression probably
occurred by backcrossing of female hybrids with C. caretta males. A second more recent
event resulted in individuals with mixed morphological characteristics from both C. caretta
and L. olivacea, possibly from direct interspecific coupling, therefore, F1. This scenario,
however, cannot be distinguished from an ongoing process of hybridization over the last few
millennia without nuclear DNA data.

An additional hypothesis considers the CCxLO hybrids as a result of a long and antique
process of introgressive hybridization, although it predicts a morphological gradient of
characteristics which was not observed in the present scenario. However, Vilaca et al. (2012),
through the complementary analyses of 12 nuclear markers, indicated that most of these
individuals in the crossings C. caretta x L. olivacea were F1 hybrids. Thus, some sort of
reproductive barrier might be present affecting the fertility of the progeny.

Reis et al. (2010b) only observed hybrids between females L. olivacea and males C.
caretta (see also Hahn et al. 2007). This suggests that only unidirectional hybridization and
subsequent backcrossing occurred between these two species. Karl et al. (1995) suggested
that a numerical predominance of hybrids with mothers from the more common species is due
to a constant “error" rate in the choice of mate per female. Nonetheless, Vilaga et al. (2012)
reported a unique hybrid between a female C. caretta and a male L. olivacea, from a bycatch
sample of S&o Paulo state previously classified by morphology as a loggerhead, but identified
by mtDNA as an olive ridley. It suggested that mating occurred in either direction, as hybrids
with mitochondria of either parental species were detected.

The incidence of hybridization between loggerheads and olive ridleys in Sergipe, that
hosts the largest Brazilian nesting population of L. olivacea (Silva et al. 2007), may be related
to an overlap in the reproduction period and area of both species. Recalling that the L.
olivacea nesting population is larger than the C. caretta, we assumed that the same proportion
is maintained at the reproduction colony. Naturally, the availability of L. olivacea females
was superior to C. caretta, favoring the interspecific mating of loggerhead males with olive
ridley females. The scenario is even more severe since the sex ratio is female biased
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(Marcovaldi et al. 1997). This may also be associated to global warming since it might alter
the sex ratio of sea turtles, thus facilitating interspecific mating. Because of that, it is
important to evaluate natural sex proportion in those species. Moreover, the monitoring of
natural temperature changes is crucial to better understand this ongoing hybridization process.

The unusually high proportion of hybrids between C. caretta and L. olivacea in Sergipe
(almost 30%), as well as in related hybridization events between E. imbricata and C. caretta
or E. imbricata and L. olivacea in Bahia (Lara-Ruiz et al. 2006), and between C. caretta and
C. mydas also in Bahia (Bowen et al. 1992, 1994; Karl et al. 1995), represents a serious
concern for the conservation of these species in Brazil, which raises a controversial issue
about conservation efforts focusing on hybrid populations (Allendorf et al. 2001).

Although hybrids are rare in populations, a few hybrids may form a bridge which allows
a trickle of alleles to be transferred between species; thus, if species that hybridize are
common, even low rates of hybridization per individual can have important evolutionary
consequences (Mallet 2005).

Vilaga et al. (2012) suggested that hybridization on the Brazilian coast is a recent
phenomenon, spanning at least two generations or approximately 40 years. These authors also
suppose that sea turtle hybridization occurring in Brazil may be linked to overhunting and
local warming of beaches due to coastal deforestation (Matsuzawa et al. 2002). These could
be the direct causes of the recent decline of sea turtle populations, reaching its climax in the
1970s in Brazil, which could have triggered an increase in interspecies hybridization.

In fact, frequent examples of hybridization in nature are often attributed to environmental
degradation (Mallet 2005). Therefore, the occurrence of hybrids among sea turtle species may
point to the existence of anthropogenic pressure that needs to be investigated.

Equally, if we consider that the process of hybridization has important evolutionary
consequences, it becomes essential to evaluate its impact on the genetic diversity and identity
of those species.

Conservation Perspectives for Caretta caretta

Reis et al. (2009, 2010a, 2010b) have not distinguished new mtDNA haplotypes with the
longer sequences of 627 bp. However, Shamblin et al. (2014) have subdivided CC-A4 into
three variants based on ~800 bp fragments. Indeed, over the past few years, expanded
mitochondrial control region sequences of about 760 to 817 bp has been used to increase
resolution of population structure and mixed stock analysis (e.g., Monzén-Arglielo et al.
2010; Shamblin et al. 2012a, 2014; Garofalo et al. 2013). Up to now, results have been
promising and novel polymorphisms have been detected. Nevertheless, additional data are
needed from major Atlantic rookeries (including Brazilian ones) to evaluate the utility of the
expanded sequences to improve resolution of those analyses.

The variation uncovered in CC-A4 from Brazil should be further explored in two
directions: i) analysis with larger sample sizes from the Brazilian rookeries is warranted to
better resolve the number of MUs and their boundaries, and ii) reanalyzing Brazilian oceanic
juvenile samples for the longer control region fragment should be also investigated to let
testing juvenile natal homing along the Brazilian coast.

Therefore, in a global scale, phylogeographycal and mixed stock analyses should be
redone considering the recent data available for western Atlantic (Ruiz et al. 2008; Monzon-
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Arguello et al. 2010; Shamblin et al. 2011, 2012a, 2014), eastern Atlantic (Monzon-Arguello
et al. 2009, 2010), Mediterranean (Carreras et al. 2007, 2011; Garofalo et al. 2009, 2013;
Chaieb et al. 2010; Yilmaz et al. 2011; Saied et al. 2012; Casale et al. 2013), and Indo-Pacific
(Boyle et al. 2009; Watanabe et al. 2011; Shamblin et al. 2014). Additionally, due to the
limited information provided by mitochondrial DNA markers (especially shorter fragments),
complementary analyses based on larger sequences of the mtDNA, and biparentally inherited
nuclear markers are also recommended to confirm and better understand the genetic structure
and demographic history of loggerhead populations.

The existence of three loggerhead genetic population units in Brazil, as well as evidence
of extensive hybridization between C. caretta and L. olivacea, will influence the development
and implementation of appropriate management strategies in the country. The extent of
hybridization between different species of the Family Cheloniidae must be investigated to
understand the implications and causes of such events, and its impact on the genetic diversity
and identity of those species. Natal homing in loggerhead females, which was corroborated
by these data, means that each regional nesting population comprises an independent stock or
an Evolutionary Significant Unit (ESU). Thus, an extirpated rookery will not be reestablished
over a timescale compatible with human interests. Although new nesting beaches must be
occasionally colonized, the frequency of such events is low. It reinforces the need of an
adequate management plan for each ESU, designed to meet its specific needs, in order to
guarantee the maintenance and conservation of loggerhead populations. Recently, Wallace et
al. (2010) have proposed the definition of Regional Management Units (RMUs), based on
genetic, demographic, geographic, and oceanographic considerations, to organize marine
turtles into global units of protection.

For loggerheads, nine significant nesting aggregations have been globally recognized as
RMUs: (1) Northwest Atlantic Ocean, (2) Southwest Atlantic Ocean, (3) Northeast Atlantic
Ocean, (4) Mediterranean Sea, (5) Southwest Indian Ocean, (6) Northwest Indian Ocean, (7)
Southeast Indian Ocean, (8) North Pacific Ocean, and (9) South Pacific Ocean. A tenth
putative RMU has been also proposed for the Northeast Indian Ocean, but genetic and
biological data are still lacking.

Additionally, Wallace et al. (2011) developed a new assessment framework that allows
evaluating, comparing and organizing these RMUs according to categories of paired risk and
threats scores, also highlighting important gaps in available information. The definition of
RMUs and this risk and threats framework provide valuable guidance to the research,
management and conservation of sea turtle species, including loggerheads.

Perspectives for Genetic and Conservation of Sea Turtles

The importance of a profound knowledge on endangered species biology is
unquestionable to create management strategies that fit the excepted species behaviors. This
genetic data chapter, made for three sea turtles species found within widespread geographic
range, shows that studies on leatherbacks are less frequent. For example, only three studies on
MSA of feeding aggregations were published (Vargas et al. 2008, 2013; Prosdocimi et al.
2014) compared with many (more than ten) for the other species (Jensen 2010; Table 5).

Scarce studies on phylogeography (Dutton et al. 1999, 2007, 2013; Molfetti et al. 2013;
Vargas et al. 2008) and multiple paternity (Crim et al. 2002; Stewart & Dutton 2011) were
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found. We did not find studies comparing data among different life cycles stages for
leatherbacks, despite its great importance to better understand the combinations of forces that
can affect the construction of genetic diversity, the spreading, the recruitment and the
migratory behavior on all life-history stages of marine species (see Velez-Zuazo et al. 2008

for an example in Eretmochelys imbricata).

Table 5. Studies using Mixed Stock Analysis of marine turtle foraging aggregations,
categorized by species and region

Reece et al. 2006
Rankin-Baransky et al. 2001
Atlantic-East

Bolten et al. 1998
Monzén-Argiello et al. 2009
Atlantic-Brazil

Reis et al. 2010a
Mediterranean

Laurent et al. 1998

Maffucci et al. 2006
Carreras et al. 2006

Casale et al. 2008
Monzén-Arguello et al. 2009
Pacific

Bowen et al. 1995

Boyle et al. 2009

Caribbean

Engstrom et al. 2002

Richardson et al. 2009
Atlantic-US

Bass et al. 2006

Bass and Witzell 2000
Atlantic-Brazil

Naro-Maciel et al. 2007
Proietti et al. 2009

Bjorndal et al. 2006
Prosdocimi et al. 2011
Naro-Maciel et al. 2012
Proietti et al. 2012
Pacific-Hawaii

Dutton et al. 2008

Australia

Dethmers unpub.

Jensen et al. 2013 - Chapter 5
Jensen et al. 2013 - Chapter 3
SE Asia

Jensen et al. 2013 - Chapter 4

Diaz-Fernandez et al. 1999
Bowen et al. 2007
Velez-Zuazo et al. 2008
Blumenthal et al. 2009
Browne et al. 2010

Troéng et al. 2005
Richardson et al. 2009
Australia

Broderick et al. 1994 Bell et
al. Unpub.

Jensen et al. in prep

Indian Ocean

Jensen et al. Unpub.
Atlantic-Brazil

Vilaca et al. 2013

Loggerhead turtle Green turtle Hawksbill turtle Leatherback turtle (D.
(C. caretta) (C. mydas) (E. imbricata) coriacea)
Overall = 17 Overall =19 Overall = 14 Overall = 3
Caribbean
Atlantic-US Bass et al. 1998
Sears et al. 1995 Lahanas et al. 1998
Bass et al. 2004 Luke et al. 2004 Caribbean
Bowen et al. 2004 Bolker et al. 2007 Bowen et al. 1996b
Roberts et al. 2005 Bjorndal and Bolten 2008 '
Bass 1999

Atlantic-Brazil
Vargas et al. 2008
Vargas et al. 2013
Prosdocimi et al. 2014

Adapted from Jensen 2010.

Despite most of the paper reviewed in this chapter had the mtDNA control region and/or
the microsatellites as the molecular marker of choice, new tools and methods such as single
nucleotide polymorphisms (SNPs) and mitogenomics can disclose important accompaniments
to the molecular database that promise to overcome some of the constraints of previous
studies (Jensen et al. 2013) for all marine turtle species.

CONCLUSION

To choose a molecular marker for conservation genetics analysis is very important,
because a selection of inappropriate markers will result in incorrect conservation actions, so
the choice of technique depends on the objective and preliminary information. Molecular
techniques provide information to different taxonomic levels. All have their limitations and
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application will be determined largely by the information been looked in the study and the
availability of resources to the development of these techniques. Genetic data have provided
important information on the distribution and migratory patterns of sea turtles in the
southwestern Atlantic, reaffirming the importance of international cooperation in the
management of this species.
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ABSTRACT

Wild animals, such as sea turtles, are becoming more common at clinics and
veterinary practices. Diagnostic methods for these species are under development and
more work is needed, including hematologic diagnosis and blood cytology procedures.
The work presented here explores variable studies describing blood cells of sea turtles.
Within red blood cell series, we present the following red cell types (erythrocytes),
hemoglobin (Hb), Hematocrit (HCT), erythrocytes levels, mean corpuscular volume
(MCV), mean corpuscular hemoglobin (MCH), and mean corpuscular hemoglobin
concentration (MCHC). Within white blood cell series, we present the following:
heterophils, eosinophils, basophils, monocytes, azurophils and thrombocytes.

* Corresponding Author’s Email: mlara@uabcs.mx.
T Corresponding Author’s Email: www.ProFauna Baja.org.
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Hematologic values such as hematocrit, total counts, and hemoglobin and erythrocytes
levels are also presented. Hematologic and blood cytology interpretation provide an
excellent diagnostic tool for sea turtle health given cytological parameters of main blood
cells. At the same time techniques for cell count and evaluation are detailed, with an
interpretation of pathologies and physiological alterations. This work is aimed at
biologists, veterinarians, cytologist and pathologist to assist examination of blood frotis
between different sea turtle species.

INTRODUCTION

Mexico is one of the few places in the world where six out of the seven species of sea
turtles nest (Marquez 2002), of which all are considered endangered. Sea turtles serve as good
indicators of ecosystem contamination, mainly due to their long lifespan and broad
distribution. Therefore, the understanding of their health could also be used as a proxy to
determine ecosystem health.

Due to the level of research conducted on the green sea turtle (Chelonia mydas) in terms
of conservation, this species is probably the most understood due to its historical value. This
species is listed as endangered by national Mexican and international laws and treaties.

Hematological and cytological reference values can aid wildlife conservation efforts,
especially to threatened and endangered species, such as sea turtles as in the case of this
study. Health determination and possible afflictions of individuals from blood metabolite
levels aid in the selection of more precise treatments, prevention and control of various
pathologens. Results prevent speculation about the reasons behind depletion of health, such as
when clinical observations are the only available information.

The best available hematological and biochemical reference levels are currently only
available from countries other than Mexico. Chelonia mydas, is one species of sea turtle that
nests along the Yucatan, Mexico coastline. The present study was performed using a practical
manual sampling design, whose objective was to obtain blood samples to serve as reference
values, and to find differences between apparently healthy and sick turtles. We compared our
study to relative studies performed on a global scale to better understand the application of
our results on this vastly migratory species. The present work recommends research
techniques to establish reference levels to improve treatment efficacy by using levels closer to
the reality of sea turtle populations in Mexican waters. The aim of this paper is to provide a
relevant tool using manual blood parameter evaluations for people interested and involved not
only on sea turtle conservation but also on wildlife in general.

Hematology

Every single cell of the analyzed blood components has a particular relevance because
they are involved in different metabolic paths for carbohydrates, proteins and lipids. These
metabolic routes are active on different levels in accordance to the associated organ.
Therefore a modification on the metabolic route can be detected as a change on blood levels
of various metabolites and consequently their levels within the related organ.
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Enzymes are proteins that catalyze chemical reactions performed at the cell level and
their level can be modified when cells decrease in activity, since intracellular components,
included enzymes, are liberated. An increase in plasma concentration of certain types of
enzyme can indicate variable levels of tissue damage which can alter reproductive
capabilities. Therefore, the laboratory work determination of levels of metabolites can be used
for the diagnosis of different pathologens.

Implementation of these diagnostic techniques can define concentration levels (reference
levels) for each blood metabolite under normal conditions. References to the state of health
can be determined as acceptable for each species in accordance to their gender, age, habitat,
time of the year and even time of the day when samples were taken. This level of detail sets a
solid baseline to measure changes in the levels of metabolites observed at any time.

It is extremely complicated to establish reference levels on wildlife fauna. Therefore, it is
necessary to select a sample of various populations considered as “healthy” for each one of
the sea turtle species to determine blood metabolites concentrations. This process needs to be
supported by the level of experience of biologist, marine biologists, veterinarians, ecologist
and chemist professionals involved on the study of wildlife health.

Limited information of sea turtle hematologic values and cytology techniques inhibits
effective health diagnosis. These two parameters serve as excellent indicators for many
aspects of sea turtle well being, including health and reproductive potential. Reference values
among published research is not well documented in respect of providing a comparison
between lower and higher limits of each chemical and hematological threshold. In this study
we compare blood parameters ranges of Chelonia mydas to related studies in other areas with
other species of sea turtles to present a hands-on approach. Blood samples can help scientists
identify the ratio of healthy to sick turtles of a given population.

Blood samples can be counted by different methods, including manual and automatized
counts, but problems arise due to the challenges in in differentiating erythrocytes from
nucleated thrombocytes. Some studies have determined that the most reliable leucocytes
count can be obtained by the use of automatized counters such as Cell Dyn 3500 and the
associated computer program for veterinarians produced by Abbott Diagnostics, Abbott Park,
IL. Nevertheless, it is still necessary for the researcher to modify the parameters to validate
the count for each of the studied species and eliminate the variations between cellular lines.
The manual analysis of blood samples must take into account various factors that are not
necessary in automatic analysis.

Hematological studies of sea turtles started in the 1970°s intended on identifying
correlations between diet and anemia conditions potentially present in Chelonia mydas (Frair
1977). From these early studies, a large number of blood value variations were documented,
related to different factors such as: age, gender, stress, diet, temperature, hydration, etc., This
has spurred additional research needs on this particular topic in order to understand how
blood value variations might be related to certain health conditions of this endangered sea
turtle species (Aguirre & Balazs 2000).

Despite the fact that hematological evaluation is a simple method where blood values are
used as indicators of the health status of an individual, such as parasitic infestations (Watson
1999), no blood value research on Chelonia mydas have been done for nesting female turtles
in Mexico.



168 Ma. Ménica Lara Uc, G. Hinojosa Arango, F. Aranda Cirerol et al.

The objective of the present study was to obtain baseline information of hematological
values and compare the findings between apparently healthy and sick (parasitized) nesting
Chelonia mydas sea turtles in the northeast coast of Yucatan, Mexico.

METHODOLOGY

Blood Collection in the Field

Methods vary on how to capture turtles to collect blood samples. Most turtles are caught
manually by the use of snorkeling gear or scuba diving that result on less stress for the turtles.
Yet, depending on the region, most sea turtles are captured by gillnets set in place overnight
and checked every 2 to 12 hours. Individuals are then retained until a blood sample can be
collected safely and precisely.

An important factor to take into consideration during blood sample collection is the
injection site. Final counts and hematocrit value can differ depending on the area and method
used for collection. For example, lymphatic vessels usually run in close proximity to blood
vessels on reptiles, which can result in contamination of the sample from lymph fluid during
extraction (Frye 1991). Therefore, the best places to collect blood samples from sea turtles are
the carotid artery and the brachial plexus.

In the case for C. mydas population, researchers extracted blood samples by dorsal
cervical sinuses puncture (Owens and Ruiz 1980); sampled was collected by a 6 or 10 ml
syringe with a 22 by 1.5” needle that was introduced at a perpendicular angle at the neck.
Samples were place on 5 ml Vacutainer® tubes that contained lithium heparin. Pressure was
applied to the neck area after blood extraction to prevent hematoma formation and help with
cauterization (Sykes and Klaphake, 2008).

Manual Preparation of Blood Samples

Samples should be diluted to a suitable concentration for counting cells. It is important to
consider various aspects of using anticoagulants when analyzing blood samples of reptiles.
Some anticoagulants can lead to the degradation of erythrocytes which can result in false
positives of a healthy sea turtle. The three most common anticoagulants used for blood
screening include: ethylenediaminetetraacetic acid (EDTA), heparin and lithium heparin. For
example EDTA has been observed to cause degradation of erythrocytes in sea turtle blood
samples (Muro et al. 1998) also been observed in samples from other reptiles, however it is
appropriate to use for cell tinction. In contrast, lithium heparin, has been successfully used
diagnostic analysis (Sykes and Klaphake 2008, Lawrence 1985) as a preservative of the blood
samples collected. However, overall, EDTA is the better option for cell identification when
compared to heparin. The present study was carried out during the nesting season, April to
October 2008 and 2009, at northeast beaches, identified as “El Cuyo” and “Las Coloradas” in
Yucatan, México. A total of 100 blood samples were collected from the dorsal cervical sinus
of Chelonia mydas turtles using a Vacutainer system during egg laying. Physical examination
and measurement of individuals were also performed during sampling.
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Blood samples were placed in crystal tubes containing lithium heparin (Sykes and
Klaphake 2008, Lawrence 1985). Erytrocytes (RBC) and leucocytes (WBC) were counted
using the Natt and Herricks solution (Campbell 1995).

Hemoglobin (Hb), Hematocrit (Ht), Mean Corpuscular Volume (MVC), and Mean
Corpuscular Hemoglobin Concentration (MCHC), were obtained using Beckman Coulter
equipment. WBC differential count was carried out with stain of blood smears with Dip
Quick Stain.

Individual turtles were classified as apparently healthy (AH) during clinical examination
in the absence of parasites or sick (S) when parasites were present on their bodies.

The minimum/maximum values (Range) for each red and white series components was
determined.

Counting Cells Manually

The Neubauer hemocytometer chamber for cell counting method is most commonly used
(counting grid 4 x 4 lines); the Neubauer-improved chamber (counting grid 5 x 5 lines) with
the application of the Natt and Herrick solution (Frye 1991); or the Unopette system (Becton-
Dickinson, Rutherford, NJ) (Figurel).

1. Approximately 10 pl of dilution should be placed on the Neubauer chamber central
area and left to rest for 5 minutes for cells to deposit.

2. Counts are performed on the four square sections at the corner and the central one.
Square areas at the four corners are counted on addition to the central area of the
chamber. The total number of erythrocytes per ml is calculated by multiplying the
total count by 10,000.

3. Thrombocytes are counted at a Neubauer chamber with the application of Natt and
Herrick solution to blood on 1:200 rate. In this case, counts include both sides of the
chamber and the totality of the grid. Total number is multiplied by 1,000 to obtain
thrombocytes/ul in blood.

4. Leukocytes are counted using same chamber and dilutant (Natt & Herrick 1952).
One of the major disadvantages of the present technique is the complications to
differentiate lymphocytes from thrombocytes and immature erythrocytes. Some
authors suggest including the two latest cells in the final leukocytes account on the
blood sample, this way the total count on the chamber can be corrected (Wilkinson
2001). Leukocytes by ul should be obtained to estimate the total leukocytes present
on the 9 major fields of the Neubauer chamber. This number should be increased by
10% and the result multiplied by 200.

Unopette’s technique provides better results than the Natt and Herrick system, however
variation can result between species depending on the percentage of eosinophils present in
relation to heterophils (Strik et al. 2007).

This method counts the number of leucocytes with 40x magnification in 10 fields; then
the middle value of counts is multiplied by 1,000 and that represents the total number of
leukocytes/ul, allowing to confirm the manual counts of these cells.
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Figure 1. Neubauer-improved chamber counting grid detail (central area has a 5 x 5 lines grid).

Hematocrit Determination

Blood samples were analyzed to determine the hematocrit following the microhematocrit
technique. Samples were placed in test tubes using a centrifuge machine to maintain
homogenization (Nutator shaker by Clay Adams, Germany).

Each capillary tube was filled %ths by introducing the end into the test tube with blood
samples and inverting the position. The capillary tube was sealed by maintaining the tube
horizontal and melting the empty side using a Bunsen burner.

The tubes were centrifuged for 5 min at 11.000 RPM (Centrifuge LW Scientific, DSC-
024, 14.490 xg, China), then the cellular volume was recorded a reader for microhematocrit.

Determination of Total Leukocytes and Erythrocytes

Blood samples were homogenized (APSA, SM, Mexico) and a Thoma pipette (precision
*+ 3%, Germany) was filled up with the resulting solution to be diluted at 1:200 ratio. This
was achieved by filling up the pipette with blood solution to the 0.5 mark and completing
with Natt and Herrick’s solution to the 101 mark (Natt & Herrick 1952), followed by a 20
min settling period. Pipettes were shaken for 2-3 minutes (mechanical shaker Clay Adams,
Nutator, Germany).

The first four drops were released to eliminate the liquid from the capillary proportion
that was not mixed with blood, followed by the normal filling of the hemocytometer (EC
Brad®, Germany) and including a 20-min settling period before count.

Erythrocytes were counted within 5 small squares along the grid in the central part of a
slide at 40x magnification (Primostar microscope, Carl Zeiss®, Germany).
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Counts were totaled using the following equations:

Number of Red blood cell x mm? = height x dilution x area.
Number Red blood cell x mm?® = 1/10 x 1/200 x 1/5 = 1/10 000,

Number Red blood cell x mm?® = Red blood cell counted x 10 000 to determine the total
number of erythrocytes per liter.

Leukocytes were counted at 9 squares, also under a 40x magnification, then multiplied by
220 and divided by 1000. This final number was multiplied by 109 to determine the total
number of leukocytes per liter.

To determine the section with the lowest superposition of cell counts, a differential
leukocyte count was performed using the direct observation of a frotis sample stained with
Wright solution at 10x magnification. Differential count implies the classification of 100
leukocytes that results on a percentage of the types of leukocytes present in the blood.
Prepared slides were then observed at a 100x magnification (oil objective). Absolute value
was obtained by multiplying the calculated differential count using the hemocitometer.

Thrombocytes were determined based on frotis stain of every 100 leukocytes using the
technique by Sypek and Borysenko (Campbell and Ellis 2007).

Recording Cell Measurements

Microphotography was used to measure cells (camera Lieca DC and software 1M 1000,
Germany) (Lieca Company 2005). The number of cells to be measured was determined by the
Fuentes-Mascorro method which considers the percentage of the cell type present at the
hemogram (Fuentes-Mascorro 2007). Frotis samples were used to perform the differential
count during this process. Measurements of round cells were performed at the x and y axes
juntion in accordance to the Cartesian organization, which defines length as the longest
measurement. These measurements established maximum and minimum lengths (Fei-Yan et
al. 2001). The morphological index (MI), was calculated by dividing the minimum by the
maximum length where the length closest to 1 determine rounded shapes. Values assessed
father away from 1 determine elliptical shapes'.

Evaluation of Cell Morphology

To assess the morphology of cells, blood smears should be conducted without
anticoagulant and immediately after extraction, air dried and stained using the Romanowsky
techniques, such as May-Grlinwald Giemsa (Campbell 1998) regardless of the technique used
for tinction. This technique requires some time, but provides better results for the
differentiation of leukocytes, thrombocytes and immature erythrocytes. Following these
recommendations we can prevent “false positives” or “false negatives,” alterations on
leukocyte and thrombocyte morphology problems on monocyte visualization or increase on

! Note - This measurement was not obtained for monocytes and basophils due to the presence of lobulated nuclei.
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lymphocyte size. Another technique used for the same purpose is the Diff-Quick?, although it
may not provide the best differentiation between the types of leukocytes, and heterophils can
be glued together making evaluation difficult (Muro et al. 1998). Reagent Formulae. “Diff
Quick” solution I/II or kits can be purchased from IHC Store. Store Diff-Quik at 5°C to retard
growth of organisms. "Diff-Quick™ includes specific technical instructions: Exposure to
alcohol should be as brief as possible to prevent excessive discoloration. Paraffin sections can
be rehydrated using distilled water.

Using the Diff Quick” solution II stain for 30s

Counterstain (optional) with “Diff Quick” solution I for additional 30s
Rinse rapidly in tap water,

Rapidly dehydrate in absolute alcohol,

Clear and mount.

abrwnE

For smears/imprints using an air dry method absent of alcohol, follow these instructions:

Air-dry the smear,

Fix in “Diff Quick” Fixative (or methanol) for 30 s/drain.

Stain with “Diff Quick” solution II for 30 s/drain.

Counterstain (optional) with “Diff Quick” solution | for 30 s/drain.
Rinse in tap water to remove excess stain,

Rapidly dehydrate in absolute alcohol,

Clear and mount

NoghkwbdhpeE

Color Reference of Blood Cell Types Using Diff Quick

Platelets violet to purple
heterophyls nucleus dark blue
cytoplasm pale
eosinophils nucleus blue
cytoplasm blue
granules red to red/orange
basophils nucleus purple or dark blue
granules dark purple/black
monocytes nucleus violet
cytoplasm sky blue

2 “Diff-Quick” is a proprietary brand of a Romanowski stain. The Romanowski group of stains are defined as being
the black precipitate formed from the addition of aqueous solutions of methylene blue and eosin, dissolved in
methanol. The variants of the Romanowski group differ in the degree of oxidation (polychroming) of the
methylene blue stain prior to the precipitation. The stain class was originally designed to incorporate
cytoplasmic (pink) staining with nuclear (blue) staining and fixation as a single step for smears and thin films
of tissue (spread preparations of omentum). Minor modifications of working stain concentration and staining
time have been made over the years for fixed tissue sections.
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Blood samples were taken from 100 individual sea turtles (C. mydas), during egg
deposition on Yucatan beaches. Individuals were categorized as apparently healthy (N = 84),
and sick turtles (N = 16). Sick turtles were categorized when ectoparasites were present on

their bodies.

The range of blood values between apparently healthy turtles and sick turtles are
presented below (Table 1). Differences between the minimum range blood values, except
monocytes, from the two animal groups were noted. It is important to mention that these

RESULTS

blood values represent the first baseline information from this species in the area.

Table 1. Comparison of blood value ranges between healthy and sick sea turtles

Blood Category Healthy Range Sick Range

RBC 0.500 to 0.614108/uL 0.215 t0 0.689 x 108/ul
Ht 31.5t041.4% 26.5t047.6 %

Hb 14.910 189 g/L 13.210 20.0 g/L

MCV 118.1t0 148.7 fl 87 to 152 fl

MCHC 30.2t039.1g/L 25.0to 45 g/L

WBC 4.710 6.9 x 103/l 3.710 6.9 x 103/l
Heterophils 3.0to 82.56 x 103/ul 2.22 10 6.831 x 10%/ul
Eosinophils .094 to 7.74 x 10%/ul .037 t0 0.897 x 103/l
Lymphocytes 0.679 to 39.56 x 10%/ul 0.333 to0 3.588 x 10%/ul
Monocytes 01t02.35x 10%/ul 0t0 0.555 x 10%/pl

Table 2. Comparison of blood vale ranges between sick and apparently healthy
Chelonia mydas sea turtles nesting on the northeast beaches of Yucatan, Mexico,
with reference to other related studies

. ST? AHTP Study 1°¢ Study 2¢
Blood Variable (n=16) (n=84) (" :)\’;O) n :32/5)6
RBCfx 108/pl 0.251-0.689 0.5-0.614 0.24 -0.57 0.28 - 0.64
Hb? g/dl 13.2-20 149-18.9 No data 53-124
Hth % 26.5-47.6 315-414 21-38 22 -52
MCV' fl 87 - 152 118.1 -148.7 509.4 - 1310 601.6 — 1446.4
MCHCI g/dI 25-45 30.2-39.1 No data 20-325
WBCK x 10%/ul 3.7-6.9 47-6.9 26-12.1 0.2-43
Heterophils' x 10%/ul 2.22 -6.83 3.0-82.56 1.98 - 10.76 0.11-2.84
Eosinophils' x 103/pl 0.037 —0.588 0.094 —7.74 0-0.191 0-1.26
Lymphocytes' x103/ul 0.333 - 3.588 0.679 — 39.56 0.154 - 3.102 0.02 -0.87
Monocytes' x 10%/ul 0-0.552 0-235 0-0.360 0.0-0.13

Note: 2Sick turtles, Papparently healthy turtles, “Montilla et al., 2006 YSamour et al., 1998.°Adult females, Red
blood cells, 9Hemoglobin, "Hematocrit, ‘Mean corpuscular volume,. iMean corpuscular hemoglobin
concentration, “White blood cells, 'Absolute values.
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Based on 100 total samples, 84 were classified as apparently healthy turtles (AHT), and
16 classified as sick (ST) due to presence of parasites The blood values compared between
the two turtle groups (AHT and ST) showed differences, especially the minimum range value,
suggesting that the presence of parasites have an impact over these hematological variables
(Table 2). The observed cells on blood smears were the following: different cell types of the
red series and white series as eosinophilic leukocyte, 2) erythrocyte, 3) polychromatic
erythrocyte, and 4) thrombocyte (Figures 2-5) are observed. These cells are observed in the
green turtle of our work were seen eosinophilic leukocyte broken.

Figure 2. Blood smear of four types of blood cells identified: 1) eosinophilic leukocyte, 2) erythrocyte,
3) polychromatic erythrocyte, and 4) thrombocyte.

Figure 3. Red blood series cells: 2) erythrocyte, 3) polychromatic erythrocyte.
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Figure 4. Cells on the red and white series: 1) eosinophilic leukocyte, 2) erythrocyte,
and 4) thrombocytes.

Blood Samples as Reference Values

In order to determine reference values for nesting females in Yucatan, Mexico from the
blood samples collected above, we compared our values to previous studies in other regions
yet of the same species, C. mydas. Below we present a summary of the findings from
comparable studies in Venezuela, just south of Mexico and presumably within the same
population range as the sea turtles studied from Yucatan as presented above.

Gulf of Venezuela, Alta Guajira (Montilla et al. 2006)

In this study, blood samples from, thirty individual turtles (N = 30) were taken from the
dorsal cervical sinuses of C. mydas. Researchers recorded the following blood parameters:
Red Blood Cell (RBC), White Blood Cell (WBC), Packed Cell Volume (PCV), Mean
Corpuscular Volume (MCV), and differential count of leukocytes. Curved carapace length
(CCL) and curved carapace width (CCW) was collected from each turtle in order to estimate
the age.

Results from this study included average values of the hematological parameters as
follows: RBC (0.42 x 106 pL), WBC (6.16 x 10%uL), PCV (29.40%), MCV (730.17 fL),
Heterophils (82.9% - 5.1023 x 10%/uL), Lymphocytes (14.7% - 0.9081 x 10%/uL), Eosinophils
(0.47% - 0.0236 x 10%/uL), Monocytes (1.97% - 0.1259 x 10%/uL).

These results coincide with the reference intervals documented for the species. The
variability in some of the parameters evaluated could be attributed to factors as age, sex,
reproductive state, stress, temperature, and capture technique and analysis methods (Figure 5
and 6). A Mann-Whitney test concluded significant differences (P = 0.038) between male and
female based on the MCV values.

The Wildlife Refuge Aves Island, Venezuela
This area provides the main nesting area for Chelonia mydas in the country and the
second largest breeding colony of relevant in the Caribbean (Prieto-Torres et al. 2012).
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Magnification: 7000x.

Figure 5. Eosinophil cell of individual green sea turtle (Chelonia mydas).

Magnification: 7000x.
Figure 6. Heterophil cells of green sea turtle (Chelonia mydas).

Thus this study provides a good comparison to our study in Yucatan, Mexico to provide
reference values. In this study, researchers determined hematological values from July and
September 2010 based on blood samples of 64 turtles (52 females and 12 males) collected
from the dorsal cervical sinus. A complete hematological study was performed using the
following parameters: Red Blood Cell (RBC), White Blood Cell (WBC), Hematocrit (Hct),
Hemoglobin (Hb), Mean Corpuscular Volume (MCV), Mean Corpuscular Hemoglobin
(MCH), Mean Corpuscular Hemoglobin Concentration (MCHC) and Leukocytes differential
count Researchers measured curved carapace length (CCL), curved carapace width (CCW) of
all 64 turtles and tail length (LT), each male turtle, to estimate the minimum sexual maturity.
Due to working conditions at the study area, samples were placed on ice and refrigerated for
30-60 min ice then processed at the scientific laboratory at the Simoén Bolivar navy base
RFSIA. The differential leukocyte count was performed on two frotis samples that were
stained with a Dip-Quick solution, resulting in absolute values as percentages (Montilla et al.
2006). Results from this study included average values of the hematological parameters as
follows, noting below turtles identified in the “sick” category: RBC (457.187 x 103°uL),
WBC (3.66 x 10%uL), MCV (727.83 fL), Heterophils (52.3% - (1.990 x 10%uL),
Lymphocytes (36% - 1.297 x 10%uL), Eosinophils (7.4% - 0.234 x 10%/uL), Monocytes
(3.8% - 0.123 x 10%/uL), basophils 0.4% (0.0097x10%/uL), Ht 30.77%, Hb 9.60 g/dL, MCHC



Practical Manual on Clinical Cytology and Hematology for Sea Turtle ... 177

31.21 g/dL. Figure 7 below shows the differences of various cell types reported from this
study that were used as baseline comparison model for the current study in Yucatan, Mexico.
In this study, researchers noted emerging fibropapilloma disease present on front flippers and
the cervical region of two of the female turtles. Mean CCL and CCW for nesting females was
112.1 cm and 101.4 cm, respectively. Recorded average measurements for males was 105.6
cm CCL, 96.2 cm CCW and 34.3 cm LT.

CONCLUSION AND DISCUSSION

It is imperative to create reference values for studies involving blood samples to
determine the health status of wildlife populations. In the case presented here using sea
turtles, reference values are applied when analyzing condition of nesting females and foraging
populations. Based on results, researchers can then adapt conservation strategies in
accordance to environmental conditions present in various regions.

Correlations between sea turtle morphology and hematological variables are important, in
as well as differences between nesting females, hatchlings and migrating individuals. It is a
general agreement that differential counts vary from previously reported literature, mainly
due to the lack of standardized criteria to measure and differentiate types of leukocytes
(Aguirre et al. 1995). Various publications describe the presence of erythrocytes, eosinophils,
basophils, azurophils, neutrophils, lymphocytes, monocytes and thrombocytes on frotis
samples from green sea turtles (Chelonia mydas), with the help of light microscopes (Work et
al. 1998). For example, Aguirre et al. (1995) used the same methodology but classified
leukocytes as heterophils, neutrophils, lymphocytes, eosinophils and basophils. Differences in
cell classification are a result of the lack of identification using cytochemistry and/or the
analysis of ultrastructure by electronic microscopy to corroborate results.

Figure 7. Blood cells observed from green nesting females (Chelonia mydas) at the Wildlife Refuge
from Isla de Aves, during the 2010 nesting season. A) heterophil (7000x); B) reactive lymphocyte
(6000x); C) reactive lymphocyte (7000x); D) eosinophil (6000 x); E) monocyte (5000x)

and F) basophile (7000x).
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Some authors describe the presence of neutrophils on reptiles, same that are reported as
heterophils by others and that play the same role as neutrophils in mammals (Aguirre et al.
1995; Montilla et al. 2006; Work et al. 1998). Heterophils are defined as polymorphic-nuclear
cells that are most frequently present on bird and reptile blood samples (Myers et al. 2004;
Montilla et al. 2006; Flint et al. 2010).

The influence of climatic or environmental variations over the hematological values on
reptiles is still controversial (Campbell 1995; Fuentes-Mascorro 2007; Work et al. 1995).

Studies to resolve this question occur in different times and are run for short periods,
factors that can temper the observed results.

Some authors have pointed out that no significant differences exist between
hematological values between males and females from some species (Rossini 2002).
Nevertheless it has also been mentioned that difference on sizes, sex, temperature, corporal
hydration and reproductive state may be responsible of the observed variations on
hematological parameters (Bolten & Bjorndak 1992; Campbell 1995; Christopher et al. 1999;
Rosskopt 2000). It is hard to compare the results from this study to those mentioned above,
because most samples were obtained from juveniles where sex differentiation has not been
achieved. This chapter presents findings from Yucatan, Mexico of 100 sampled nesting
females in comparison to related studies from Venezuela in order to provide future studies a
range reference values.
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ABSTRACT

The supply of wild fry of coral reef fishes for aquaculture has resulted in the
deterioration of their natural stock status, causing public concern. Through a series of
studies on the establishment of artificial-fry production technologies for coral reef fishes,
we found that ovary, testis, eggs and fry of coral reef fishes have high or intermediate
levels of arachidonic acid (ArA), which is a relatively minor component in temperate and
cold-water species. In gonadal polar lipids of selected coral reef, in particular demersal
fishes (19 species), ArA, eicosapentaenoic acid (EPA), and docosahexaenoic acid (DHA)
levels ranged from 6.0% to 19.4%, from 0.9% to 6.2%, and from 7.9% to 27.8%,
respectively. It is notable that the major highly unsaturated fatty acids (HUFA) of polar
lipids in all coral reef fish gonads are DHA and ArA (not EPA) in a ratio of about 2:1.
This result allowed us to speculate that not only DHA but also ArA may be nutritionally
much important for egg development and larval growth in coral reef fishes.
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Thus, feeding trials were conducted to investigate the effects of dietary ArA
supplementation on reproductive performance of coral reef rabbitfish (Siganus guttatus)
broodstock. The number of spawning and the number of hatched larvae tended to be
better in broodstock fed diets with ArA than in those fed a diet without ArA. Next, larval
rearing tests were conducted to investigate survival and growth in rabbitfish fry fed live
rotifers which had been enriched with or without ArA. Fry fed the rotifers enriched with a
combination of DHA Protein Selco (Inve Aquaculture, Baasrode, Belgium) + 5% ArA
(VEVODAR CRUDE ARACHIDONIC OIL, DSM Food Specialties, Delft, the
Netherlands) showed significantly the best survival (44.4+4.5% for Dayl7 fry), although
growth was not different among treatments. The present study indicates that ArA is not a
minor component in coral reef fishes, and that dietary ArA is very promising for the
improvement of fry production technologies of the coral reef fishes.

Keywords: arachidonic acid (ArA), DHA, EPA, coral reef, fry production, aquaculture

INTRODUCTION

Coral reefs are not only biologically but also economically productive waters, and in fact
coral reef fishes such as grouper, snapper and rabbitfish are high marketable fish (Johnson,
2007). An increasing demand for such high value fish has intensively developed aquaculture
of these species during these few decades, which has provided excellent food fish as well as
the means to rise revenue for coastal communities around the waters. Aquaculture appears a
semi-sustainable activity which allows for avoiding overfishing and destructive fishing
practices such as dynamite fishing. However, aquaculture of coral reef fishes is based on
wild-caught fry, that is, the industry still relies largely on the natural capture of seed fish in
the wild, because of the shortage of artificial seed fish produced in hatcheries. The heavy
supply of wild fry of coral reef fishes for aquaculture may lead to the deterioration of the
natural stock status, causing public concern as a new threat.

Fry supply is the most important component in aquaculture, but the fry needed for
aquaculture still come mostly from the wild as mentioned above, and thus due to poor
production of the artificial fry, their availability is a major constraint in the development and
extension of aquaculture not dependent on wild fry (Marte, 2003). Although hatcheries should
have the responsibility to stably produce and supply healthy fry to famers, fry production of
coral reef species remains variable due to poor fecundity of broodstock and low survival of
hatched larvae. The nutritional condition of broodstock is one of the first determinants of egg
and larval quality, and diet quality and nutrients have been shown to have a profound effect
on egg nutritional composition and subsequent gonadal development, fecundity (total number
of eggs produced), fertilization rate, normal embryo development, hatching rate and survival
rate of hatched larvae (lzquierdo et al., 2001). However, nutritional information on
broodstock is limited to a few species, and little information is available in coral reef fishes.
In order to improve egg production/quality and larvae/fry quality through dietary
manipulation, we have conducted a series of studies that was aimed at developing advanced
artificial diets for coral reef fishes.

Through a study to investigate a difference in nutritional components between mangrove
red snapper (a coral reef species) (Lutjanus argentimaculatus) and cold/cool-water species,
we found that the EPA: ArA ratios were interestingly around 1 based on analyses of eggs and
newly hatched-larvae of mangrove red snapper. The EPA:ArA ratios are 7.5 in Atlantic
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salmon Salmo salar (cold water species) eggs (Cowey et al., 1985), and 11.5 in Japanese
flounder Paralichthys olivaceus (cool water species) eggs (Furuita et al., 2000), respectively
(Figure 1). In the “Research & Development” of fry production technology, the most
innovative finding is that marine fish require essential fatty acids, or dietary docosahexaenoic
acid (DHA) and EPA for the developments of gonads in broodstock and the normal growth
and development in embryo/larvae. Practically, dietary EPA and DHA have successfully
improved reproductive performance and egg/larvae quality such as fecundity, embryo
development, hatchability and survival in several species (Watanabe et al., 1984; Izquierdo et
al., 2001). In contrast, although ArA also is an essential fatty acid in higher vertebrates, the
acid is a minor component in cold/cool-water species, and thus little attention was paid to the
function of ArA in marine fish. Considering together the practical importance of essential
fatty acids in hatcheries and the existence of ArA in an amount almost equal to EPA in the
snapper’s eggs, it has been highly speculated that ArA may be nutritionally much more
essential for reproduction and larvae growth in coral reef fishes than in cold/cool water fishes.
Thus, our efforts have been directed toward demonstrating the efficacy of ArA in the
advancement of artificial diets for fry production of coral reef fishes. The present paper
describes I: the wide distribution of ArA as a major fatty acid component in coral reef
associated, in particular demersal fishes; II: the effects of dietary ArA supplementation on
reproductive performance of rabbitfish broodstock; and I11: the effects of DHA/ArA-enriched
rotifers on survival and growth of rabbitfish fry.

11.5
0.0
EPA/ArA ratios
7.5
5.0
0.9
0 . ﬁ ;
Atlantic Japanese Mangrove Mangrove
salmon flounder red snapper red snapper
Eggs Eggs Eggs Larvae
Cold water Cool water Tropical species

Figure 1. Comparison of EPA/ArA ratios of eggs in cold water, cool water and tropical species.

1. WIDE DISTRIBUTION OF ARACHIDONIC ACID AS MAJOR FATTY
AcID COMPONENT IN CORAL REEF ASSOCIATED FISHES

The details of sample species analyzed and fatty acid analysis are described in our
previous papers (Ogata et al., 2004; Suloma and Ogata, 2011).
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1.1. Coral Reef Associated, Demersal Fishes

Tables 1-17 list fatty acid composition of coral reef associated, demersal fishes in
Philippines and Ishigaki Island, Japan. Grouper’s data are shown in Tables 1-3, Lutganidae in
Tables 4-10, Siganedae in Tables 11-15, and Lethridae in Tables 16-17. The most striking
result is that ArA level is higher than EPA level in polar lipids of most wild fishes (gonads
and muscle). In ovarian polar lipids, ArA levels ranged from 6.0% (Epinephelus areolatus)
(Table 2) to 19.4% (Lethrinus. atkinsoni) (Table 16), while EPA levels ranged from 0.9%
(Sigunus virgatus) (Table 15) to 6.2% (Pristipomoides argyrogrammicus) (Table 13). ArA in
ovarian polar lipids was one of the top three fatty acid components in Cephalopholis argus
(12.6%, Table 2), E. quoyanus (15.2%, Table 3), Epinephelus. sp.-1 (11.4%, Table 3),
Epinephelus sp.-2 (11.7%, Table 3), Lutjanus decussatus (16.5%, Table 5), L. erythropterus
(17.5%, Table 5), Plectropomus leopardus (Ishigaki, Japan) (19.2%, Table 10), L. gibbus
(12.3%, Table 4), L. miniatus (17.3%, Table 16), S. canaliculatus (Ishigaki, Japan) (9.9%,
Table 13), L. atkinsoni (19.4%, Table 16), S. guttatus (12.7%, Table 11) and S. virgatus
(8.9%, Table 15). Irrespective of the maturity (see Suloma and Ogata, 2011), ovarian polar
lipids had higher levels of ArA than EPA levels. DHA was also one of the top three fatty acid
components in ovarian polar lipids. Ovarian DHA level in polar lipids was always higher than
EPA in almost all of the species analyzed, ranging from 7.9% (S. virgatus, Table 15) to
27.8% (S. canaliculatus, Table 14).

Surprisingly, ArA was the top fatty acid component in testis polar lipids of L. ornatus
(22.9%, Table 17), L. nebulosus (22.5%, Table 17) and L. atokinsoni (21.4%, Table 16). ArA
levels in testis polar lipids of two Siganus species were intermediate but higher than EPA
levels (Tables 11 and 15). Testes of the five species of coral reef fishes had average ratios of:
ArA/EPA of 9.8, DHA/EPA of 6.5 and DHA/ArA of 0.8 in polar lipids and ArA/EPA of 5.5,
DHA/EPA of 3.4 and DHAJ/ArA of 0.6 in neutral lipids, respectively. This result suggest that
since the average DHA/ArA ratio was smaller in the testis than in the ovary, the optimum
dietary ratio of HUFA during gonadgenesis might be different between males and females,
and moreover that the degree of the physiological essentiality of ArA might be greater in
testis than in ovary.

The characteristics of ArA, EPA and DHA distribution of the gonads in the coral reef
demersal fishes are shown in Figures 2 and 3. In the present study, ovaries of 19 species of
coral reef fishes had average ratios of: ArA/EPA of 4.8, DHA/EPA of 6.2 and DHA/ArA of
1.7 in polar lipids and ArA/EPA of 2.5, DHA/EPA of 3.8 and DHA/ArA of 2.5 in neutral
lipids, respectively. This result indicates that unlike cold water species in the northern
hemisphere, ovarian DHA/ArA ratio, not DHA/EPA ratio, is about 2 in tropical and coral reef
fishes, suggesting that the DHA/ArA (not EPA) ratio of around or more than 2 may be
optimum for broodstock diets, especially for ovary development in coral reef fishes. It should
be again mentioned that the major HUFA are DHA and ArA for the coral reef group, and
DHA and EPA for the cold/temperate group in about 2:1 of DHA-to-ArA or -to-EPA ratio in
each group. We recommend a dietary ratio of DHA/ArA (not EPA) of about 2 or greater as an
ideal for broodstock diets of coral reef fishes. In this connection, it is quite interesting that
ArA, EPA and DHA levels and ArA/EPA ration of wild goose eggs was respectively 9.3%,
1.8%, 4.8% and 3.9 (Speake et al., 1999), namely the pattern of gonadal essential fatty acids
in the coral reef fishes is similar to that in the goose rather than that in the cold/cool-water
fishes.
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Figure 2. Levels (%) of ArA, EPA and DHA of ovaries in coral reef demersal fishes.
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Figure 3. Levels (%) of ArA, EPA and DHA of testes in coral reef demersal fishes.

As an overall trait, ArA, EPA and DHA levels in neutral lipids were lower than those in
polar lipids due to relatively high levels of 16:0, 18:0 and 18:1n-9 fatty acids in neutral lipids
in gonad tissues. Yet, in neutral lipids, ArA levels were entirely higher than EPA levels
throughout all the species.
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Table 1. Fatty acid composition (%) of groupers

Source Ishigaki Ishigaki Puerto Princesa

Japan Japan

Plectropomus leopardus Plectropomus leopardus | Plectropomus. Leopardus
Sample name

ovary muscle ovary
Sample # 2 2 3
Lipid class PL NL PL NL PL NL
14:0 11 4.5 0.5 6.1 1.42 3.87
14:1 0.5 0.2 0.2 0.3
15:0 0.3 0.8 0.2 0.9 0.58 1.00
16:0 19.0 314 20.7 34.5 25.58 28.46
16:1n-7 15 6.7 1.8 7.3 2.59 7.22
17:0 0.8 0.3 0.3 0.2 0.92 1.29
16:3n-6 0.6 0.9 0.5 0.9
16:3n-3 0.2 0.3 0.2 0.3
18:0 12.6 8.2 9.6 8.7 10.18 8.36
18:1n-9 7.3 9.4 8.3 9.5 7.63 16.78
18:1n-7 2.0 2.6 14 2.6 2.28 3.97
18:2n-6 0.9 1.6 1.3 1.3 0.78 0.90
18:3n-6 0.4 1.2 0.4 0.9 0.20 0.15
18:3n-3 0.1 0.5 0.2 0.4 0.34
18:4n-3 0.0 0.7 0.2 0.3 0.58 0.19
20:0 0.2 0.3 0.1 0.5 0.34
20:1 0.8 1.2 0.5 1.3
20:2n-6 0.3 0.4 0.2 0.3 0.26 0.15
20:3n-6 0.8 0.8 0.9 0.7
20:4n-6 19.2 7.0 111 3.9 8.03 2.25
20:3n-3 0.1 0.1 0.1 0.1 0.29
20:4n-3 0.2 0.5 0.3 0.3 0.23
20:5n-3 12 2.1 2.2 1.2 5.07 2.39
22:0 0.2 0.3 0.1 0.5
22:1 0.4 0.5 0.3 0.6
22:4n-6 4.6 1.9 3.1 1.6 191 1.66
22:5n-6 25 1.2 3.8 0.9 2.20 0.67
22:5n-3 2.1 21 2.8 1.7 151 1.24
22:6n-3 9.3 5.1 22.6 4.4 20.88 12.03
24:0 0.3 0.3 0.1 0.5
24:1 24 0.6 0.4 0.8
YSaturates 345 46.1 316 52.0 38.68 43.15
YMonoenes 14.8 21.3 12.7 22.3 12.49 27.96
>n-6 29.3 15.0 21.3 10.6 13.15 5.29
>n-3 13.3 114 28.6 8.8 27.74 15.70
*n-3HUFA 12.8 9.8 28.0 1.7 27.45 15.44
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Table 2. Fatty acid composition (%) of groupers
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Source Puerto Princesa Puerto Princesa Puerto Princesa
Sample name Cephalopholis cyanostigma | Cephalopholis argus Epinephelus areolatus
ovary ovary ovary
Sample # 3 3 3
Lipid class PL NL PL NL PL NL
14:0 1.37 5.35 1.79 4.10 1.16 4.36
14:1 0.06 0.09 0.05 0.14 0.04 0.13
15:0 0.20 0.64 0.34 1.07 0.39 0.98
16:0 19.99 38.75 23.93 41.13 22.58 31.02
16:1n-7 2.74 8.74 2.81 7.94 2.94 10.52
17:0 0.25 0.30 0.20 0.28 0.89 0.98
16:3n-6 0.43 1.02 0.72 1.30 0.37 1.09
16:3n-3 0.26 0.52 0.35 0.55 0.23 0.59
18:0 12.39 8.69 11.26 16.68 11.93 7.68
18:1n-9 8.38 16.25 10.93 10.30 8.27 14.79
18:1n-7 1.30 3.49 1.84 3.03 1.91 3.79
18:2n-6 0.75 0.78 1.00 1.13 0.71 0.97
18:3n-6 0.27 0.33 0.57 0.43 0.28 0.20
18:3n-3 0.14 0.17 0.12 0.14 0.11 0.32
18:4n-3 0.16 0.12 0.22 0.10 0.25 0.03
20:0 0.17 0.14 0.14 0.29 0.13 0.19
20:1 0.63 111 0.57 0.99 0.46 0.74
20:2n-6 0.29 0.10 0.27 0.19 0.15 0.15
20:3n-6 0.37 0.10 0.67 0.20 0.24 0.11
20:4n-6 7.78 1.34 12.55 1.77 5.53 1.30
20:3n-3 0.06 0.06 0.07 0.08 0.03 0.18
20:4n-3 0.42 0.13 0.18 0.14 0.32 0.52
20:5n-3 5.24 1.02 3.82 0.51 4.59 2.02
22:0 0.14 0.10 0.12 0.07 0.13 0.09
22:1 0.17 0.09 0.18 0.10 0.24 0.11
22:4n-6 2.04 0.41 1.29 0.68 1.37 0.87
22:5n-6 2.57 0.41 1.91 0.13 2.73 0.73
22:5n-3 2.45 0.63 3.58 0.47 3.05 1.43
22:6n-3 25.05 4.90 12.26 0.72 24.27 11.42
24:0 0.15 0.11 0.11 0.07 0.22 0.06
24:1 0.11 0.04 0.33 0.11 0.09 0.00
Y Saturates 34.56 53.98 37.79 63.63 37.11 45.27
YMonoenes 13.34 29.77 16.38 22.49 13.36 29.43
¥n-6 14.49 4.49 18.98 5.83 10.88 421
¥n-3 33.62 7.44 20.40 231 32.58 15.85
>n-3HUFA 33.17 6.69 19.85 1.53 32.22 15.32
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Table 3. Fatty acid composition (%) of groupers (gonads)
Source Puerto Princesa Puerto Princesa Puerto Princesa
Sample name Epinephelus quoyanus Epinephelus sp. -1 Epinephelus sp. -2
ovary ovary ovary
Sample # 2 2 1
Lipid class PL NL PL NL PL NL
14:0 1.60 1.96 0.84 211 1.82 4.45
14:1 0.07 0.19 0.15 0.14 0.03 0.15
15:0 0.35 0.94 0.26 0.76 0.24 0.70
16:0 18.06 29.28 23.37 32.07 22.54 36.08
16:1n-7 2.99 412 2.35 5.95 2.83 12.26
17:0 0.58 0.28 0.19 0.27 0.29 0.10
16:3n-6 0.87 1.30 0.50 1.15 0.57 0.88
16:3n-3 0.40 0.63 0.35 0.41 0.23 0.54
18:0 12.22 11.45 11.19 11.54 11.22 6.62
18:1n-9 14.03 18.23 11.17 16.23 9.99 16.98
18:1n-7 2.65 3.18 1.86 3.74 1.38 3.62
18:2n-6 0.97 0.63 0.83 0.48 0.71 0.94
18:3n-6 0.30 0.55 0.35 0.39 0.24 0.41
18:3n-3 0.14 0.65 0.17 0.60 0.17 0.35
18:4n-3 0.12 0.15 0.16 0.16 0.14 0.28
20:0 0.19 0.52 0.24 0.49 0.13 0.14
20:1 0.94 0.98 0.68 0.77 0.48 0.94
20:2n-6 0.24 0.24 0.23 0.14 0.24 0.19
20:3n-6 0.46 0.55 0.45 0.25 0.96 0.38
20:4n-6 15.21 2.60 11.38 1.83 11.67 2.40
20:3n-3 0.14 0.23 0.10 0.11 0.07 0.05
20:4n-3 0.12 0.15 0.51 0.20 0.45 0.35
20:5n-3 1.69 0.96 2.16 1.13 3.40 0.86
22:0 0.27 0.91 0.41 0.31 0.06 0.10
22:1 0.69 0.36 0.24 0.16 0.26 0.13
22:4n-6 4.28 4.18 4.65 2.84 3.26 0.77
22:5n-6 1.53 0.37 2.19 0.72 2.79 0.45
22:5n-3 2.26 0.50 1.63 0.59 2.73 0.77
22:6n-3 8.78 7.35 9.59 5.97 16.28 2.39
24:0 0.27 0.23 0.41 0.38 0.06 0.03
24:1 1.42 0.00 1.75 0.66 0.20 0.01
Saturates 33.10 45,58 36.48 4757 36.29 48.19
YMonoenes 22.03 27.05 16.46 26.99 14.97 34.07
¥n-6 23.85 10.42 20.58 7.81 20.43 5.96
*n-3 13.52 10.46 14.50 2.72 23.32 4,54
*n-3HUFA 12.85 8.96 13.89 1.60 22.85 3.60
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Table 4. Fatty acid composition (%) of Lutjanidae
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Source Ishigaki Ishigaki Ishigaki

Japan Japan Japan

Pristipomoides Pristipomoides Lutjanus gibbus
Sample name . -

Argyrogrammicus ovary Argyrogrammicus muscle ovary
Sample # 2 2 2
Lipid class PL NL PL NL PL NL
14:0 0.6 0.9 0.2 1.9 0.9 7.2
14:1 0.1 0.1 0.1 0.2 0.1 29
15:0 0.4 0.4 0.4 1.2 0.5 0.9
16:0 17.6 16.2 20.7 29.5 22.4 24.3
16:1n-7 0.9 1.7 0.7 1.8 1.2 6.2
17:0 0.1 0.3 0.1 0.2 0.2 1.0
16:3n-6 1.4 1.4 0.8 0.8 1.0 15
16:3n-3 0.6 0.7 0.3 0.5 0.5 0.5
18:0 8.8 11.2 7.6 10.3 9.8 10.5
18:1n-9 13.6 12.4 53 7.2 9.5 9.7
18:1n-7 2.3 29 1.2 2.0 1.8 3.4
18:2n-6 11 1.2 0.9 0.9 1.6 1.3
18:3n-6 0.5 0.3 0.5 0.6 0.3 0.3
18:3n-3 0.2 0.3 0.1 0.3 0.2 0.4
18:4n-3 0.1 0.2 0.3 0.2 0.0 0.1
20:0 0.4 0.3 0.3 0.6 0.1 0.6
20:1 1.0 1.4 0.6 1.4 0.3 2.1
20:2n-6 0.4 0.3 0.2 0.3 0.4 0.4
20:3n-6 0.2 0.2 0.1 0.1 0.6 0.4
20:4n-6 10.7 9.1 5.2 3.6 12.3 4.3
20:3n-3 0.2 0.2 0.1 0.1 0.1 0.1
20:4n-3 0.3 0.3 0.2 0.2 0.6 0.4
20:5n-3 6.2 49 2.7 25 29 15
22:0 0.1 0.2 0.1 0.7 0.1 0.4
22:1 0.2 0.3 0.1 0.7 0.3 1.1
22:4n-6 1.6 15 0.9 0.5 55 1.9
22:5n-6 34 2.8 4.3 1.6 29 0.5
22:5n-3 2.4 22 1.9 1.2 31 1.4
22:6n-3 18.4 16.7 39.7 18.6 16.1 3.7
24:0 0.0 0.1 0.4 0.0 0.3
24:1 1.0 0.9 0.0 0.7 0.2 0.6
YSaturates 27.9 29.5 29.4 447 34.1 45.2
YMonoenes 19.1 19.6 7.9 14.0 134 26.1
¥n-6 19.3 16.8 13.0 85 24.6 10.7
¥n-3 28.4 254 454 238 235 8.2
>n-3HUFA 27.4 24.1 44.5 22.6 22.7 7.0
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Table 5. Fatty acid composition (%) of Lutjanidae
Source Ishigaki Puerto Princesa Puerto Princesa

Japan

Lutjanus gibbus Lutjanus decussatus Lutjanus erythropterus
Sample name

muscle ovary ovary
Sample # 2 2 3
Lipid class PL NL PL NL PL NL
14:0 0.6 7.7 0.59 6.07 0.60 4.75
14:1 0.2 2.8 0.40 0.20 0.32 0.43
15:0 0.3 11 0.21 143 0.27 1.84
16:0 19.3 25.9 8.61 31.93 14.42 26.38
16:1n-7 15 53 1.17 6.32 0.96 7.74
17:0 0.3 0.3 0.16 0.56 0.23 0.43
16:3n-6 0.6 0.8 0.64 0.44 1.24 2.09
16:3n-3 0.3 0.5 0.24 0.52 0.26 0.87
18:0 9.3 13.7 12.44 14.26 15.72 12.83
18:1n-9 7.9 9.0 7.10 10.28 8.23 12.19
18:1n-7 1.7 2.8 1.93 3.40 1.83 3.81
18:2n-6 1.4 1.0 0.57 0.78 0.96 1.89
18:3n-6 0.3 0.5 0.37 0.20 0.41 0.69
18:3n-3 0.2 0.3 0.34 0.65 0.08 0.22
18:4n-3 0.0 0.1 0.09 0.13 0.09 0.11
20:0 0.1 0.7 0.07 0.36 0.10 0.34
20:1 0.5 1.9 0.90 191 0.27 1.57
20:2n-6 0.4 0.3 0.34 0.37 0.34 0.55
20:3n-6 0.6 0.3 0.51 0.37 0.67 0.59
20:4n-6 10.8 4.1 16.48 1.64 17.47 4.80
20:3n-3 0.1 0.1 0.10 0.03 0.06 0.10
20:4n-3 0.3 0.2 0.19 0.23 0.13 0.26
20:5n-3 2.2 1.0 3.30 1.49 4.35 2.00
22:0 0.1 0.6 1.01 0.40 0.08 0.11
22:1 0.4 1.1 0.38 0.51 0.31 0.32
22:4n-6 3.9 0.9 4.58 0.76 2.48 1.22
22:5n-6 3.6 0.5 3.99 0.53 1.78 0.45
22:5n-3 2.8 0.9 3.19 1.06 3.76 1.43
22:6n-3 24.4 4.5 23.34 3.97 18.28 3.22
24:0 0.2 0.5 1.14 0.38 0.05 0.04
24:1 0.1 0.7 0.36 0.34 0.05 0.07
YSaturates 30.2 50.5 22.80 55.39 31.38 46.69
YMonoenes 12.2 23.7 11.74 22.62 11.78 26.06
>n-6 21.7 8.5 27.47 5.10 25.33 12.29
>n-3 30.3 7.6 30.70 7.96 26.92 7.17
¥n-3HUFA 29.6 6.6 30.02 6.75 26.51 5.98
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Table 6. Fatty acid composition (%) of Lutjanidae
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Source Tigbauan Tigbauan Tigbauan

Lutjanus ehrenbergii Lutjanus malabaricus Lutjanus sp.-3
Sample name

muscle muscle muscle
Sample # 3 3 2
Lipid class PL NL PL NL PL NL
14:0 0.17 2.44 0.16 2.85 0.13 2.64
14:1 0.02 0.10 0.02 0.09 0.02 0.46
15:0 0.18 0.78 0.21 0.85 0.15 0.75
16:0 20.71 30.40 24.58 33.60 21.07 32.84
16:1n-7 0.83 4.46 1.22 5.98 1.14 5.91
17:0 0.16 0.39 0.14 0.37 0.15 0.39
16:3n-6 0.51 1.18 0.55 1.38 0.49 1.18
16:3n-3 0.42 0.49 0.42 0.71 0.47 0.53
18:0 8.49 12.12 6.64 10.70 8.35 11.83
18:1n-9 7.52 14.73 9.56 18.48 8.87 16.41
18:1n-7 2.24 3.90 1.85 3.79 2.37 4.21
18:2n-6 0.75 1.05 0.88 0.63 0.69 0.66
18:3n-6 0.07 0.13 0.05 0.11 0.07 0.10
18:3n-3 0.16 0.34 0.18 0.40 0.13 0.29
18:4n-3 0.08 0.16 0.09 0.11 0.06 0.12
20:0 0.08 0.64 0.09 0.57 0.08 0.53
20:1 0.22 151 0.38 1.67 0.26 1.46
20:2n-6 0.24 0.33 0.27 0.40 0.19 0.21
20:3n-6 0.26 0.22 0.39 0.17 0.40 0.14
20:4n-6 9.21 3.31 14.01 2.69 10.40 2.74
20:3n-3 0.06 0.07 0.03 0.07 0.05 0.06
20:4n-3 0.15 0.23 0.18 0.12 0.23 0.18
20:5n-3 4.46 2.29 5.49 2.54 4.24 1.77
22:0 0.14 0.61 0.14 0.52 0.13 0.52
22:1 0.21 0.49 0.44 0.51 0.40 0.46
22:4n-6 1.37 111 2.62 0.78 2.22 1.17
22:5n-6 2.63 0.68 2.85 0.42 2.93 0.58
22:5n-3 2.48 2.04 2.40 1.37 3.02 1.64
22:6n-3 30.92 7.72 18.50 3.77 26.16 4.45
24:0 0.28 0.27 0.18 0.20 0.23 0.33
24:1 0.13 0.24 0.21 0.27 0.10 0.45
Saturates 30.22 47.64 32.13 49.61 30.28 49.84
YMonoenes 11.10 25.42 13.67 30.81 13.09 29.35
¥n-6 15.04 8.01 21.62 6.58 17.40 6.79
*n-3 38.72 13.34 27.30 9.08 34.36 9.01
*n-3HUFA 38.01 12.28 26.57 7.81 33.66 8.04
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Table 7. Fatty acid composition (%) of Lutjanidae
Source Tigbauan Tigbauan Tanghalan
Sample name Lutjanus sp.4 Lutanus sp.5 Lutjanus argentimaculatus wild fry
muscle muscle
Sample # 2 2 2 pooled
Lipid class PL NL PL NL PL NL
14:0 0.27 3.97 0.17 3.26 1.2 4.0
14:1 0.06 0.42 0.08 0.27
15:0 0.31 1.40 0.19 1.13 1.0 2.2
16:0 20.53 26.78 19.13 30.80 22.8 24.9
16:1n-7 1.01 5.66 0.96 6.65 2.7 7.0
17:0 0.45 1.18 0.23 1.59
16:3n-6 0.78 1.81 0.49 0.83
16:3n-3 0.47 0.76 0.30 0.75
18:0 7.96 11.09 8.59 14.54 11.8 10.1
18:1n-9 8.96 18.51 8.45 16.65 9.2 9.6
18:1n-7 2.59 4.45 2.39 3.75 2.9 4.4
18:2n-6 0.87 0.79 1.27 0.81 1.1 15
18:3n-6 0.30 0.24 0.24 0.46
18:3n-3 0.12 0.62 0.24 0.30 0.3 0.8
18:4n-3 0.07 0.19 0.07 0.11 0.1 0.4
20:0 0.05 0.14 0.09 0.16
20:1 0.40 4.94 0.22 4.02 0.4 0.6
20:2n-6 0.31 0.46 0.40 0.40
20:3n-6 0.39 0.27 0.37 0.18 0.2 0.2
20:4n-6 14.65 2.38 14.86 1.05 4.0 21
20:3n-3 0.01 0.06 0.10 0.00
20:4n-3 0.16 0.09 0.22 0.16 0.4 05
20:5n-3 6.58 1.46 4.32 0.42 3.2 3.0
22:0 0.36 0.54 0.04 0.46 0.3 0.4
22:1 0.19 0.88 0.14 0.85 0.1 0.3
22:4n-6 2.09 0.77 2.55 0.26 0.9 0.2
22:5n-6 3.00 0.29 2.85 0.19 trace trace
22:5n-3 2.89 0.59 3.52 0.18 1.7 2.3
22:6n-3 17.95 1.19 21.13 0.76 235 11.6
24:0 0.17 0.06 0.14 0.06
24:1
XSaturates 30.11 45.17 28.58 52.00 38.1 435
YMonoenes 13.20 34.86 12.24 32.19 15.3 22.4
¥n-6 22.39 7.00 23.04 4.18 6.0 4.3
2n-3 28.26 4.96 29.91 2.68 29.4 19.3
2n-3HUFA 27.58 3.34 29.19 1.53 28.9 17.8
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Table 8. Fatty acid composition (%) of Lutjanidae

193

Source lgang-AQD lgang Palawan

L. argentimaculatus L. argentimaculatus L. argentimaculatus
Sample name .

hatchery fry wild ovary hatchery ovary
Sample # 2 pooled 3 3
Lipid class PL NL PL NL PL NL
14:0 1.7 45 0.84 3.24 1.29 4.86
14:1 0.16 0.12 0.10 0.33
15:0 0.4 0.6 0.30 0.57 0.52 1.14
16:0 218 21.2 18.97 28.61 19.50 29.86
16:1n-7 35 7.0 2.53 5.96 2.59 5.64
17:0 0.34 0.42 0.51 0.60
16:3n-6 0.63 0.46 0.62 0.51
16:3n-3 0.31 0.19 0.81 0.53
18:0 8.7 5.8 12.28 9.95 13.37 12.52
18:1n-9 12.9 16.6 13.07 26.16 9.96 16.27
18:1n-7 35 3.9 2.86 4.59 2.62 4.29
18:2n-6 4.3 7.1 1.42 1.92 0.81 1.02
18:3n-6 0.10 0.13 0.13 0.18
18:3n-3 0.6 1.6 0.24 0.31 0.33 0.44
18:4n-3 0.2 0.8 0.10 0.08 0.15 0.15
20:0 0.18 0.40 0.26 0.58
20:1 1.2 31 0.51 1.60 0.77 2.56
20:2n-6 0.22 0.30 0.24 0.39
20:3n-6 0.2 0.1 0.36 0.20 0.23 0.23
20:4n-6 2.3 1.1 10.73 1.31 9.46 1.25
20:3n-3 0.04 0.06 0.08 0.10
20:4n-3 0.6 0.7 0.10 0.16 0.21 0.34
20:5n-3 4.3 35 1.93 111 1.72 0.92
22:0 0.3 0.3 0.38 0.30 0.37 0.48
22:1 0.4 2.0 0.28 0.42 0.21 0.58
22:4n-6 0.6 0.1 2.34 0.58 1.73 0.61
22:5n-6 0.9 0.3 1.88 0.34 2.22 0.61
22:5n-3 2.5 1.8 1.92 0.92 1.80 1.16
22:6n-3 18.0 6.4 14.35 2.99 15.16 4.52
24:0 0.16 0.13 0.30 0.43
24:1 1.23 0.39 1.47 0.48
YSaturates 34.4 33.2 33.30 43.48 36.00 50.26
YMonoenes 21.7 32.9 19.73 39.06 17.19 29.59
¥n-6 7.5 9.9 13.45 4.33 13.99 4.34
¥n-3 26.6 15.3 18.96 5.82 20.27 8.16
¥n-3HUFA 25.4 12.4 18.31 5.24 18.92 6.96
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Table 9. Fatty acid composition (%) of Lutjanidae
Source Igang Igang-AQD Palawan
Sample name L. 'arg?ntimaculatus L. argentirpaculatus L. argentimaculatus
Wild liver Hatchery liver Hatchery liver
Sample # 3 3 1
Lipid class PL NL PL NL PL NL
14:0 0.89 1.73 1.82 2.17 0.67 1.12
14:1 0.07 0.07 0.23 0.19 0.08 0.04
15:0 0.42 0.40 231 221 0.39 0.43
16:0 24.03 29.00 32.47 31.67 24.39 28.88
16:1n-7 3.35 5.79 5.46 7.26 331 4.26
17:0 0.39 0.41 1.06 1.11 0.59 0.56
16:3n-6 0.55 0.49 1.77 1.65 0.68 0.36
16:3n-3 0.27 0.38 1.71 2.53 0.64 0.81
18:0 13.31 7.52 11.07 6.27 13 7.99
18:1n-9 15.03 33.49 15.78 25.24 14.64 31.23
18:1n-7 3.40 5.19 6.26 7.82 3.47 5.34
18:2n-6 1.48 1.30 1.17 0.94 0.89 0.83
18:3n-6 0.12 0.17 0.18 0.17 0.13 0.12
18:3n-3 0.18 0.14 0.33 0.39 0.37 0.24
18:4n-3 0.07 0.06 0.27 0.10 0.18 0.2
20:0 0.17 0.25 0.24 0.18 0.2 0.28
20:1 1.11 2.03 1.54 1.29 1.46 2.39
20:2n-6 0.24 0.30 0.17 0.14 0.32 0.17
20:3n-6 0.32 0.35 0.23 0.11 0.24 0.1
20:4n-6 7.11 0.87 1.93 0.47 4.93 0.96
20:3n-3 0.06 0.06 0.08 0.04 0.15 0.07
20:4n-3 0.12 0.37 0.10 0.07 0.21 0.2
20:5n-3 1.21 0.57 0.50 0.15 0.97 0.47
22:0 0.29 0.26 0.30 0.30 0.28 0.44
22:1 0.23 0.49 0.27 0.46 0.3 0.77
22:4n-6 1.18 0.30 0.32 0.18 0.88 0.33
22:5n-6 1.25 0.26 0.21 0.06 1.55 0.37
22:5n-3 1.42 0.54 0.88 0.35 1.12 0.63
22:6n-3 14.60 2.76 2.54 0.41 16.2 2.99
24:0 0.26 0.24 0.22 0.27 0.18 0.29
24:1 1.10 0.56 0.35 0.27 1.44 0.97
YSaturates 39.43 39.45 49.49 44.18 39.52 39.69
YMonoenes 23.90 47.37 29.89 42.52 23.25 44.04
n-6 9.84 3.48 5.97 3.70 7.19 2.55
¥n-3 17.91 4.88 6.42 4.05 19.84 5.62
¥n-3HUFA 17.39 4.30 4.02 0.98 18.66 4.36
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Table 10. Fatty acid composition (%) of Lutjanidae
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Source lgang Igang-AQD Puerto Princesa
Sample name L. .argentimaculatus L. argentimaculatus L. argentimaculatus
Wild muscle Hatchery muscle Hatchery muscle
Sample # 3 3 1
Lipid class PL NL PL NL PL NL
14:0 0.34 2.62 0.35 4.66 0.34 2.81
14:1 0.05 0.21 0.05 0.43 0.04 0.15
15:0 0.15 0.51 0.79 3.45 0.20 0.57
16:0 19.89 28.28 19.05 30.41 18.57 2554
16:1n-7 0.97 4.81 2.02 8.24 0.90 3.79
17:0 0.18 0.40 0.38 1.05 0.27 0.41
16:3n-6 0.33 0.66 0.87 2.03 0.37 0.85
16:3n-3 0.18 0.52 1.30 2.02 0.28 0.66
18:0 9.53 11.15 9.03 10.07 10.00 10.63
18:1n-9 13.36 23.63 11.52 16.77 11.00 22.71
18:1n-7 1.67 3.82 3.21 6.34 1.45 3.67
18:2n-6 2.09 211 1.61 0.93 0.92 3.23
18:3n-6 0.12 0.11 0.15 0.19 0.09 0.14
18:3n-3 0.12 0.21 0.46 0.34 0.22 0.28
18:4n-3 0.07 0.06 0.13 0.11 0.08 0.04
20:0 0.08 0.33 0.28 0.42 0.11 0.36
20:1 0.24 1.26 0.92 1.26 0.28 1.10
20:2n-6 0.13 0.35 0.18 0.11 0.14 0.36
20:3n-6 0.37 0.25 0.52 0.10 0.18 0.31
20:4n-6 9.72 3.52 9.72 0.70 7.83 3.77
20:3n-3 0.03 0.07 0.07 0.05 0.04 0.05
20:4n-3 0.14 0.12 0.29 0.13 0.19 0.12
20:5n-3 2.01 1.05 3.17 0.38 1.52 1.04
22:0 0.14 0.31 0.12 0.28 0.13 0.36
22:1 0.20 0.78 0.51 0.39 0.14 0.47
22:4n-6 1.39 0.59 1.53 0.20 1.40 0.35
22:5n-6 3.01 0.63 2.28 0.14 4.25 0.68
22:5n-3 1.20 0.81 3.73 0.52 0.98 0.49
22:6n-3 22.04 4.08 16.92 0.59 28.32 4.30
24:0 0.20 0.19 0.18 0.21 0.19 0.22
24:1 0.34 0.42 0.08 0.20 0.10 0.45
YSaturates 30.49 43.79 30.19 50.56 29.80 40.92
>Monoenes 16.83 34.93 18.31 33.62 13.91 32.34
¥n-6 17.15 8.22 16.87 4.36 15.17 9.68
*n-3 25.78 6.93 26.08 4.14 31.63 6.97
Zn-3HUFA 25.40 6.14 24.11 1.62 31.06 6.00
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1.2. Tropical Pelagic Fishes

For tropical pelagic fishes including coral reef waters, Table 18 shows the gonadal fatty
acid composition of two Trachurus species and Tables 19-21 do the whole-body fatty acid
composition of six pelagic species. Most important feature to be noted is that in the polar lipid
fraction, EPA level ranging 4.1% to 9.6% was always higher than ArA level ranging 2.6% to
6.6% excluding the cases of Trachurus sp.-2 (testis) (Table 18) and Rastrelliger sp. (whole
body) (Table 21). The polar lipid fraction had ArA level lower than EPA level even in the
ovary of the two Trachurus species (Table 18). It should also be noted that DHA ranging
11.7% to 26.5% was always the top or second-top fatty acid component in the polar lipid
fraction. Thus, there was a difference in the ArA distribution between the coral reef demersal
fishes and the tropical pelagic fishes.

1.3. Possible Origin of ArA in Coral Reef

EPA and DHA in fish have been known to be derived from the pelagic food chain from
phytoplankton to accumulate in higher order carnivores, especially in pelagic species and
deeper offshore demersal species (Sargent and Whittle, 1981). Thus, planktonic
microorganisms may be not the primary source of ArA even in tropical waters. This appears
to reflect in the ArA distribution of the tropical pelagic fishes in the present study. On the
other hand, all the demersal species investigated in the present study were coral reef-
associated species. Serranidae, Lujanidae, Lethridae and Labridae are carnivores, which feed
on smaller fishes, crabs, shrimps, cephalopods, polychaeta worms, gastropods and
urochordates. Sigaidae are herbivores, which feed mainly on benthic macroalgae. Dunstan et
al. (1988) found that in temperate marine fish from Southern Australian coastal waters,
demersal omnivore species (macroalgae consumers) have relatively high ArA/EPA ratio (0.9)
compared to demersal carnivores (0.6) and pelagic carnivores (0.2). ArA may be provided
primarily from some organisms existing in/on benthic substrate and benthic detritus rather
than pelagic organisms. Little information is available on fatty acid composition of benthic
organisms as an ArA source in the tropical marine food chain. The present result, high ArA
levels in coral reef demersal fishes, suggests that the existence of an ArA-rich food chain may
be widespread in coral reef areas, and that the widespread existence of ArA-rich food chain
may lead to comparatively higher ArA contents in the coral reef demersal fishes. However,
the issue of ArA origin in the coral-reef food web is still unclear. In this connection, see
another chapter of the present text book “Coral Reefs: Ecosystems, Environmental Impact
and Current Threats.”

1.4. Rabbitfish

Tables 11-14 show fatty acid composition of ovaries of S. guttatus (wild-caught and
hatchery-produced) and S. canaliculatus (wild-caught). Rabbitfish (S. g. and S. ¢.) ovaries
also showed that in the polar lipid fraction, ArA levels were always higher than EPA levels,
irrespective of the difference in species and in sample source (wild and hatchery). It should
also be noted that S. g. ovary contained a relatively high linoleic acid (18:2n-6) level,
irrespective of the source and lipid class (Table 12), compared to S. c. ovary. In wild S. g. and
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S. ¢., linoleic acid levels of the ovarian polar lipids were 6.9 and 0.9%, respectively. The
whole-body fatty acid composition (%) of wild-caught S. g. fry or hatchery-produced S. c. fry
is shown in Tables 12 and 14, although direct comparison in fatty acid composition is not
appropriate due to the difference in species and sample source. ArA, EPA, DHA levels and
the ratios of wild S. g. fry were 4.0, 2.7, 23.9% and 1.5/1.0/8.8, while those of hatchery-
produced S. c. fry were 1.4, 2.1, 13.4% and 0.7/1.0/6.5, respectively (Figure 4). ArA/EPA
ratio of hatchery-produced S. c. fry was less than 1.0.

ArA level and ArA/EPA ratio
of wild (@ and hatchery () fry

ArA (%) ArA/EPA ratio
15

10

(o]

Mangrove itfi Mangrove e
red snapper Rabbitfish o er Rabbitfish

Figure 4. Comparison of ArA level and ArA/EPA ratio between wild and hatchery fry.

The information in the present study can be used as a guideline for development of
appropriate broodstock and larval diets, to ensure high egg and larval quality of sustainable
hatchery production in coral reef areas. We have conducted follow-up studies on the effects
of dietary ArA on reproductive performance and larval/fry quality in coral reef rabbitfish.

2. EFFECTS OF DIETARY ARACHIDONIC ACID SUPPLEMENTATION ON
REPRODUCTIVE PERFORMANCE OF RABBITFISH BROODSTOCK

Feeding trials were conducted to investigate the effects of dietary ArA supplementation
on reproductive performance of rabbitfish (Siganus guttatus) broodstock.

2.1. First Trial

Five females and five males (340g—810q) of rabbitfish broodstock were each stocked in
5-ton-concrete tanks at Tigbauan Main Station, the Aquaculture Department of the Southeast
Asian Fisheries Development Center (SEAFDEC/AQD) (lloilo, Philippines). Fish have been
fed each of the three test diets (Table 22) twice a day at a rate of 4% of biomass/day from
July. Diet 1 was a basal diet with 1% of soybean oil + 6% cod oil, in diet 2 the soybean oil
was replaced with 0.75% of ArA (VEVODAR CRUDE ARACHIDONIC OIL (DSM Food
Specialties, Delft, the Netherlands)), and in diet 3 all of the soybean oil and a part of cod oil
was replaced with 1.5% of ArA. Fish meal, soybean meal, acetes and squid meal were the
protein sources and wheat flour and corn starch were the carbohydrate sources. The mixture
was pelleted using a twin-screw extruder.
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Table 11. Fatty acid composition (%) of Siganedae

Source Ishigaki Ishigaki Ishigaki

Japan Japan Japan
Sample name Sigunus guttatus Siganus guttatus Sigrfmus guttatus

ovary ovary testis
Sample # 4 4 3
Lipid class PL NL PL NL PL NL
14:0 1.3 4.5 11 4.6 1.3 1.6
14:1 0.2 0.8
15:0 0.7 1.3 0.6 11 0.3 0.7
16:0 29.5 33.6 27.0 29.0 27.0 26.2
16:1n-7 2.7 104 19 12.0 1.2 4.1
17:0 0.7 14 1.0 1.0 0.7 0.8
16:3n-6 1.0 14
16:3n-3 1.0 0.9
18:0 6.4 3.9 7.3 31 11.8 8.8
18:1n-9 7.5 8.1 7.4 12.6 8.3 104
18:1n-7 2.3 6.6 1.8 5.7 2.3 4.4
18:2n-6 1.5 1.7 0.9 2.2 3.2 5.5
18:3n-6 0.2 0.3 0.2 0.5 0.6 0.8
18:3n-3 15 3.7 0.2 1.3 15 2.9
18:4n-3 0.2 0.8 0.4 0.3 0.5
20:0 0.1 0.2
20:1 0.2 0.6 0.2 0.3 0.2
20:2n-6 0.1 0.1 0.3 0.3 0.4
20:3n-6 1.0 0.4 0.5 0.7 0.8 0.9
20:4n-6 9.0 19 12.7 4.3 6.7 10.0
20:3n-3 0.4 0.5 0.1 0.3 0.5 0.8
20:4n-3 1.2 0.7 0.3 0.6 0.4 0.6
20:5n-3 1.6 15 2.7 2.6 1.7 25
22:0 0.1 0.8 0.2 0.4
22:1 0.3 0.1
22:4n-6 2.0 0.6 3.2 1.3 2.3 2.2
22:5n-6 1.5 0.2 1.7 0.6 1.7 14
22:5n-3 3.7 1.7 5.3 4.4 4.4 4.5
22:6n-3 145 3.3 19.9 7.0 11.9 104
24:0
24:1
YSaturates 38.7 45.7 37.0 38.9 41.7 37.0
YMonoenes 13.3 26.5 111 30.5 11.8 19.0
2n-6 16.2 6.5 195 9.6 15.6 21.0
2n-3 24.2 131 28.4 16.4 20.7 22.2
>n-3HUFA 21.1 7.1 28.1 14.6 18.4 18.1
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Table 12. Fatty acid composition (%) of Siganedae
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Igang

lgang

Source lgang AQD AQD AQD

Sample name S. guttatus S. guttatus S. guttatus S. guttatus
wild ovary hatchery ovary hatchery liver hatchery fry

Sample # 4 4 2 2 pooled

Lipid class PL NL PL NL PL NL PL NL

14:0 1.29 2.98 1.64 3.29 1.13 3.74 2.1 3.6

14:1 0.07 0.14 0.15 0.09 1.04 0.09

15:0 0.37 0.43 0.32 0.32 0.32 0.54 0.5 0.5

16:0 28.51 22.63 26.44 19.74 28.36 35.66 23.2 21.3

16:1n-7 1.89 7.30 2.08 5.10 1.54 4.30 2.0 3.6

17:0 0.13 0.21 0.28 0.23 0.09 0.24

16:3n-6 0.24 0.42 0.29 0.29 0.39 0.57

16:3n-3 0.11 0.31 0.17 0.31 0.08 0.25

18:0 5.97 3.22 6.30 291 9.31 6.27 9.0 51

18:1n-9 10.90 28.83 13.35 29.62 12.29 24.08 15.1 22.7

18:1n-7 1.45 4.31 1.22 2.28 1.06 2.16 2.6 2.7

18:2n-6 6.89 11.44 5.66 12.69 5.38 7.83 9.2 15.7

18:3n-6 0.53 0.99 0.52 1.57 0.30 0.29

18:3n-3 0.79 1.58 0.11 0.51 0.09 0.20 0.4 1.1

18:4n-3 0.14 0.86 0.03 0.11 0.04 0.06 0.1 0.3

20:0 0.14 0.13 0.06 0.11 0.09 0.15

20:1 0.45 1.11 0.36 1.28 0.39 1.35 1.6 2.6

20:2n-6 0.45 0.36 0.37 0.53 0.40 0.47

20:3n-6 1.91 0.66 2.09 1.31 1.66 0.80 0.7 0.4

20:4n-6 5.48 0.59 5.82 0.98 6.73 1.14 1.4 0.6

20:3n-3 0.12 0.18 0.05 0.08 0.06 0.07

20:4n-3 0.53 0.50 0.30 0.16 0.08 0.50 0.4 0.5

20:5n-3 1.48 0.47 0.79 0.43 0.85 0.28 2.1 1.1

22:0 0.05 0.08 0.13 0.13 0.19 0.11 0.3 0.2

22:1 0.03 0.53 0.30 0.45 0.20 0.25 0.8 1.2

22:4n-6 1.18 0.19 0.90 0.45 0.65 0.32 0.3 0.1

22:5n-6 1.33 0.16 1.50 0.53 1.37 0.28 0.4 0.2

22:5n-3 2.46 0.88 1.43 1.36 1.02 0.68 1.8 2.1

22:6n-3 20.43 2.47 21.97 7.22 20.66 3.00 13.4 5.7

24:0 0.11 0.04

24:1 0.11 0.13 0.37 0.49 0.04

YSaturates 36.45 29.69 35.15 26.68 39.53 46.71 36.7 31.2

XMonoenes 14.78 42.27 17.71 38.87 17.00 32.23 22.4 33.0

¥n-6 15.48 14.44 14.75 17.37 16.88 11.68 12.6 18.6

¥n-3 25.97 7.22 24.85 10.18 22.87 4.96 18.6 11.2

¥n-3HUFA 25.00 4.49 24.54 9.26 22.67 4.48 17.8 9.7
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Table 13. Fatty acid composition (%) of Siganedae (wild)
Ishigaki

Source Tangharan Sagay Japan

S. guttatus S. guttatus Siganus canaliculatus
Sample name

Muscle Muscle ovary
Sample # 3 3 3
Lipid class PL NL PL PL NL
14:0 0.91 3.16 0.32 1.2 2.6
14:1
15:0 0.41 1.33 0.40 0.7 13
16:0 20.16 33.82 21.34 311 32.2
16:1n-7 251 7.04 1.18 12 7.8
17:0 1.03 1.39 0.99 0.7 0.9
16:3n-6
16:3n-3
18:0 8.71 11.60 8.05 5.6 43
18:1n-9 7.82 10.34 6.42 5.8 154
18:1n-7 2.36 3.49 2.48 14 4.4
18:2n-6 1.22 1.37 9.93 0.7 25
18:3n-6 0.45 0.51 0.87 0.2 0.6
18:3n-3 0.40 0.57 7.22 0.2 1.3
18:4n-3 0.15 0.54 0.2 0.4
20:0 0.55 0.35
20:1 0.2
20:2n-6 0.20 0.17 0.70 0.1 0.2
20:3n-6 0.37 0.34 1.14 0.8 1.0
20:4n-6 8.38 4.73 7.14 9.9 3.9
20:3n-3 1.01 0.1 0.4
20:4n-3 0.36 0.37 1.46 0.4 12
20:5n-3 3.82 2.04 4.04 2.3 1.6
22:0 0.31
22:1
22:4n-6 141 0.68 1.68 1.8 15
22:5n-6 3.51 1.23 2.34 1.3 0.9
22:5n-3 4.44 2.55 4.71 5.1 4.4
22:6n-3 25.23 9.12 12.52 27.0 6.9
24:0 0.33
24:1 0.50
YSaturates 31.72 51.66 31.11 39.3 41.3
>Monoenes 13.03 21.02 10.08 8.4 27.8
>n-6 15.47 8.63 23.81 14.8 105
¥n-3 34.29 14.52 3151 35.1 16.2
>n-3HUFA 33.85 13.95 22.74 34.7 14.1
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Table 14. Fatty acid composition (%) of Siganedae
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Source lgang-AQD lgang Tanghalan

S. canalicilatus S. canaliculatus S. canaliculatus
Sample name . .

ovary wild ovary wild fry
Sample # 2 3 2 pooled
Lipid class PL NL PL NL PL NL
14:0 1.07 2.06 1.67 4.28 1.8 3.7
14:1 0.12 0.27
15:0 0.57 0.82 0.69 1.05 0.8 13
16:0 30.60 27.85 31.87 30.43 24.2 26.9
16:1n-7 1.18 7.51 1.70 10.43 2.2 5.0
17:0 1.09 1.16 0.25 0.32
16:3n-6 0.59 0.98
16:3n-3 0.26 0.46
18:0 6.65 6.60 6.83 6.64 12.7 12.0
18:1n-9 7.72 23.75 6.40 12.55 8.6 8.6
18:1n-7 1.77 5.17 1.36 4.02 2.2 3.8
18:2n-6 2.48 5.11 0.92 3.29 1.3 15
18:3n-6 0.25 0.80 0.10 0.45
18:3n-3 0.20 0.62 0.19 1.32 0.3 0.5
18:4n-3 0.05 0.42 0.1 0.2
20:0 0.05 0.20
20:1 0.55 0.13 0.90 0.1 0.6
20:2n-6 0.15 0.27 0.17 0.27
20:3n-6 0.50 0.34 0.80 0.60 0.3 0.1
20:4n-6 6.79 1.74 10.57 2.55 4.0 4.0
20:3n-3 0.10 0.22
20:4n-3 0.23 0.35 0.28 0.80 0.4 0.6
20:5n-3 1.52 0.75 1.77 1.42 2.7 2.7
22:0 0.06 0.09 0.4 0.4
22:1 0.26 0.36 0.1 0.2
22:4n-6 1.10 0.54 2.01 0.77 1.2 0.5
22:5n-6 2.43 1.00 2.76 0.51 Tr Tr
22:5n-3 2.59 2.07 3.94 2.80 2.7 3.2
22:6n-3 27.83 6.78 18.84 4.50 23.9 12.0
24:0 0.09 0.03
24:1 0.35
Y Saturates 39.97 38.48 41.44 43.03 40.8 454
YMonoenes 10.84 36.97 9.97 28.41 13.7 18.5
¥n-6 13.49 9.78 13.16 8.14 5.8 6.3
¥n-3 32.35 10.56 25.42 11.95 304 19.2
>n-3HUFA 32.16 9.94 24.92 9.75 29.8 18.4
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Table 15. Fatty acid composition (%) of Siganedae (wild)
Ishigaki Ishigaki
Source lgang Japan Japan
Sample name S canaliculatus Sigunus virgatus Siggnus virgatus
liver ovary testis
Sample # 2 2 3
Lipid class PL NL PL NL PL NL
14:0 1.60 4.61 7.5 2.8 4.1 14
14:1 0.18 0.18
15:0 0.65 1.32 0.9 0.7 0.6 0.6
16:0 38.49 57.87 234 29.1 28.1 26.0
16:1n-7 1.55 5.56 0.9 4.8 0.8 2.7
17:0 0.17 0.29 1.1 0.7 0.9 0.9
16:3n-6 1.15 1.54
16:3n-3 0.10 0.16
18:0 12.70 8.91 114 7.9 12.6 10.1
18:1n-9 7.27 6.34 6.4 16.6 9.0 125
18:1n-7 143 2.87 14 2.8 1.7 25
18:2n-6 0.50 0.85 0.7 1.3 1.0 1.7
18:3n-6 0.12 0.16 0.4 0.4 0.5 0.7
18:3n-3 0.13 0.25 0.5 0.3 0.5
18:4n-3 0.10 0.09 0.2
20:0 0.10 0.42 0.3 0.3
20:1 0.40 0.27 0.4 0.4 0.5
20:2n-6 0.13 0.09 0.2 0.3 0.3
20:3n-6 0.46 0.25 0.6 0.9 0.6 0.8
20:4n-6 6.66 1.63 8.9 10.1 7.9 13.2
20:3n-3 0.07 0.09 0.2 0.2
20:4n-3 0.13 0.14 0.9 0.3 0.3
20:5n-3 0.68 0.36 0.9 17 1.3 2.1
22:0 0.28 0.06 0.7 0.4
22:1 0.21 0.07
22:4n-6 0.69 0.24 3.3 2.6 2.6 34
22:5n-6 161 0.23 18 1.0 2.2 2.3
22:5n-3 181 0.67 4.7 5.6 4.7 6.1
22:6n-3 13.56 1.57 7.9 6.0 9.6 9.7
24:0 0.35 0.05 0.4
24:1 0.49 0.03 1.8 0.9
YSaturates 54.32 7351 454 41.3 47.0 39.0
YMonoenes 11.51 15.26 105 24.6 12.8 18.1
>n-6 11.29 4.98 15.6 16.3 15.0 22.4
>n-3 16.59 3.32 135 14.9 15.8 185
>n-3HUFA 16.26 2.83 135 14.2 15.7 18.2
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Table 16. Fatty acid composition (%) of Lethridae (wild)
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Source Ishigaki Ishigaki Ishigaki

Japan Japan Japan

Lethrinus miniatus Lethrinus atokinsoni Lethrinus atokinsoni
Sample name -

ovary ovary testis
Sample # 2 2 2
Lipid class PL NL PL NL PL NL
14:0 0.7 3.8 0.7 3.7 0.5 15
14:1
15:0 0.8 2.1 0.5 14 0.6 11
16:0 214 27.3 19.7 30.9 19.1 26.2
16:1n-7 1.8 125 11 6.6 1.2 2.2
17.0 1.2 19 1.2 1.7 1.1 19
16:3n-6
16:3n-3
18:0 10.7 8.9 111 9.3 9.2 11.9
18:1n-9 6.7 15.7 8.0 134 12.0 8.2
18:1n-7 2.5 5.9 18 3.8 1.9 3.0
18:2n-6 1.4 1.6 15 3.2 1.4 1.7
18:3n-6 0.3 0.5 0.4 0.7 0.8 0.8
18:3n-3 0.2 0.7 0.3 13
18:4n-3 0.4
20:0 0.2 0.4 0.4 0.5
20:1 0.3 2.0 0.2 0.8 0.4 1.0
20:2n-6 0.3 0.4 0.4 0.6 0.9 1.3
20:3n-6 0.4 0.4 0.5 0.5 0.7
20:4n-6 17.3 3.7 194 7.4 21.4 14.3
20:3n-3 0.2 0.3
20:4n-3 0.2 0.3 0.3
20:5n-3 4.8 1.7 4.8 3.1 1.1 13
22:0 0.3 0.2 0.3 0.6
22:1
22:4n-6 34 1.6 3.2 18 3.8 45
22:5n-6 1.5 0.4 1.6 0.5 1.5 0.8
22:5n-3 45 1.7 5.4 2.3 2.7 2.4
22:6n-3 14.8 2.6 144 3.3 144 7.6
24:0
24:1 0.4 0.3 0.6 1.3
Y Saturates 35.0 44.2 33.3 47.0 31.3 43.8
YMonoenes 11.2 36.1 11.2 245 16.1 15.7
*n-6 24.6 8.2 26.8 14.6 30.3 24.0
*n-3 245 6.6 25.2 10.8 18.1 11.3
¥n-3HUFA 24.3 6.0 24.9 9.0 18.1 11.3
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Table 17. Fatty acid composition (%) of Lethridae and Kyphosidae (wild)

Source Ishigaki Ishigaki Ishigaki
Japan Japan Japan

Sample name Lethrinus nebulosus testis Lethrinus ornatus testis E\)//;)rr;osus vaigiensis
Sample # 2 2 1
Lipid class PL NL PL NL PL NL
14:0 1.2 2.6 15 2.6 1.2 2.8
14:1 0.7 0.3
15:0 0.9 1.1 0.1 0.4 0.4 0.8
16:0 175 24.8 19.3 27.3 21.2 30.2
16:1n-7 15 4.1 0.7 3.4 1.2 6.3
17:0 15 1.8 0.5 0.3 0.7 1.4
16:3n-6 0.2 0.5
16:3n-3 0.1 0.3
18:0 13.2 15.3 135 8.9 121 113
18:1n-9 6.8 12.0 7.8 10.6 9.3 20.9
18:1n-7 3.3 3.4 1.1 2.0 2.9 3.7
18:2n-6 1.6 2.0 0.8 2.1 15 2.1
18:3n-6 0.6 0.6 0.1 0.3 0.5
18:3n-3 0.6 0.3 2.2 0.8
18:4n-3 0.1 0.8 0.4
20:0 0.5 0.5 0.1 0.4 0.5 0.5
20:1 0.8 0.4 1.6 0.9
20:2n-6 0.4 0.2 0.5 0.4 0.6
20:3n-6 0.5 0.4 1.1 1.2 0.5 0.4
20:4n-6 225 10.9 26.7 11.7 22.9 4.6
20:3n-3 0.1 0.3
20:4n-3 0.7 1.0 0.3
20:5n-3 2.2 2.4 1.1 1.4 2.7 2.8
22:0 0.8 0.2 0.5 0.7 0.5
22:1 0.1 0.6
22:4n-6 4.7 2.6 5.7 35 3.9 1.3
22:5n-6 11 0.8 2.4 1.3 1.1 0.3
22:5n-3 3.6 2.3 2.3 1.6 3.0 1.4
22:6n-3 4.9 3.8 4.7 2.6 4.5 1.6
24:0 0.2 0.1
24:1 1.3 1.6 1.6 0.9 13
YSaturates 355 45.9 355 40.5 36.8 47.6
~Monoenes 13.0 22.0 124 194 14.7 317
>n-6 30.9 175 37.3 21.0 30.2 9.8
¥n-3 10.8 9.1 9.3 10.0 10.2 7.3
“n-3HUFA 10.8 8.6 8.7 6.5 10.2 6.1




Arachidonic Acid is a Major Fatty Acid in Gonads ...

205

Table 18. Fatty acid composition (%) of small-size pelagic fish (horse mackerel) (wild)

Source Guimbal Guimbal Guimbal
Sample name Trachurus sp=1 | o o churus sp-2 ovary Trachurus sp-2

ovary testis
Sample # 3 2 2
Lipid class PL PL NL PL NL
14:0 142 0.9 35 0.7 7.8
14:1 0.4 0.1 0.3 0.2
15:0 0.57 0.3 0.5 0.5 11
16:0 29.21 27.4 24.0 25.7 304
16:1n-7 2.81 2.6 12.1 2.6 9.3
17:0 1.18 0.2 0.3 0.4 0.5
16:3n-6 0.7 1.0 1.0 1.7
16:3n-3 0.3 11 0.3 0.3
18:0 5.18 8.9 7.5 8.5 134
18:1n-9 8.54 5.9 19.2 6.9 9.8
18:1n-7 1.98 2.3 74 35 2.9
18:2n-6 0.49 0.6 11 0.5 0.8
18:3n-6 0.23 0.2 0.3 0.3 0.5
18:3n-3 0.27 0.2 0.2 0.2 0.4
18:4n-3 1.04 0.2 0.1 0.1 0.3
20:0 0.28 0.2 0.5 0.3 04
20:1 0.2 0.7 0.4 0.7
20:2n-6 0.2 0.3 0.2 0.1
20:3n-6 0.2 0.2 0.1 0.1
20:4n-6 2.71 6.6 2.7 5.1 4.9
20:3n-3 0.0 0.1 0.1 0.0
20:4n-3 0.3 0.3 0.2 0.2
20:5n-3 491 9.6 5.1 49 2.7
22:0 0.2 0.1 0.2 04
22:1 0.2 0.1 0.0 0.0
22:4n-6 0.5 0.3 0.5 0.2
22:5n-6 0.95 1.3 0.4 1.3 0.1
22:5n-3 4.1 15 4.0 1.0
22:6n-3 20.21 21.7 4.8 26.5 3.7
24:0 0.1 0.0 0.3 04
24:1 0.68 0.0 0.0 0.4 0.0
YSaturates 37.36 38.0 36.5 36.3 54.1
YMonoenes 14.01 11.7 39.5 13.6 23.0
>n-6 4.38 10.3 6.4 9.1 8.3
>n-3 21.34 36.0 6.7 36.1 6.3
>n-3HUFA 23.48 35.6 5.4 35.6 5.6
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Table 19. Fatty acid composition (%) of tropical pelagic fishes (wild)
Source Guimbal Guimbal
Cypselurus sp. Stolephorus andhraensis
Sample name |\ le body whole body
Sample # 2 2
Lipid class TL PL NL TL PL NL
14:0 3.07 191 4.55 4.17 6.41 2.67
14:1 0.21 0.23 0.30 0.26 0.44 0.15
15:0 0.56 0.46 0.73 0.96 1.31 0.75
16:0 19.84 18.95 22.17 25.10 25.10 24.97
16:1n-7 4.19 2.95 6.67 431 8.33 3.05
17:0 0.56 0.42 0.50 0.45 0.68 0.65
16:3n-6 0.58 0.36 0.46 0.17 1.44 1.07
16:3n-3 0.41 0.60 0.24 0.39 0.29 0.43
18:0 13.21 14.00 10.22 7.53 7.26 7.60
18:1n-9 5.94 6.26 6.73 6.14 5.28 6.75
18:1n-7 3.22 2.86 3.91 2.66 2.80 2.52
18:2n-6 1.33 0.69 1.81 1.11 2.20 0.95
18:3n-6 0.29 0.17 0.33 0.26 0.45 0.22
18:3n-3 0.41 0.13 0.43 0.71 0.99 0.54
18:4n-3 0.72 0.12 0.54 0.69 1.21 0.43
20:0 0.28 0.08 0.27 0.35 0.49 0.26
20:1 2.27 0.58 2.84 0.92 0.80 0.47
20:2n-6 0.78 0.21 0.69 0.81 1.22 1.68
20:3n-6 0.14 0.08 0.18 0.28 0.25 0.20
20:4n-6 2.66 3.28 2.84 2.57 2.62 2.72
20:3n-3 0.55 0.11 0.03 0.06 0.00 0.13
20:4n-3 0.34 0.22 0.23 0.17 0.00 0.17
20:5n-3 6.93 4.10 5.82 6.11 7.16 5.68
22:0 0.44 0.65 0.39 0.42 0.50 0.27
22:1 2.66 0.22 1.24 0.28 0.45 0.23
22:4n-6 0.47 0.39 0.40 0.18 0.22 0.19
22:5n-6 0.80 1.64 0.65 1.16 0.74 1.36
22:5n-3 2.00 2.63 2.20 0.72 0.73 0.95
22:6n-3 18.50 26.28 13.01 20.91 11.69 26.32
24:0
24:1
YSaturates 37.96 36.47 38.84 38.99 41.75 37.18
>Monoenes 18.49 13.10 21.68 14.58 18.11 13.16
>n-6 7.04 6.82 7.36 6.54 9.14 8.38
¥n-3 29.13 34.07 21.97 29.07 20.86 34.23
>n-3HUFA 27.42 33.02 21.04 27.74 19.57 32.95
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Table 20. Fatty acid composition (%) of tropical pelagic fishes (wild)
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Source Guimbal Guimbal

Sardinella sp. Gymnocaesio gymnoptera
Sample name | le body whole body
Sample # 2 2
Lipid class TL PL NL TL PL NL
14:0 7.82 0.91 17.60 6.03 3.90 8.03
14:1 0.32 0.62 0.37 0.17 0.20 0.21
15:0 1.79 0.19 1.68 0.77 0.47 0.76
16:0 31.92 20.40 27.16 28.92 24.38 31.07
16:1n-7 7.04 1.98 9.47 8.61 4.57 11.41
17:0 0.61 0.15 0.64 0.35 0.38 0.35
16:3n-6 0.97 0.33 2.08 0.94 0.93 0.94
16:3n-3 0.32 0.19 0.35 0.34 0.45 0.54
18:0 6.28 9.25 6.24 9.14 11.57 7.20
18:1n-9 5.37 13.93 6.80 8.82 7.05 8.37
18:1n-7 4.01 2.65 4.09 3.54 3.38 3.72
18:2n-6 0.78 0.44 1.13 0.69 0.63 0.70
18:3n-6 0.36 0.13 0.49 0.22 0.30 0.19
18:3n-3 0.37 0.08 0.37 0.29 0.20 0.27
18:4n-3 0.23 0.04 0.18 0.29 0.10 0.43
20:0 0.27 0.15 0.57 0.34 0.27 0.28
20:1 1.40 1.77 131 0.84 0.71 0.77
20:2n-6 0.20 0.22 0.22 0.21 0.87 0.19
20:3n-6 0.13 0.13 0.33 0.10 0.11 0.17
20:4n-6 1.88 3.44 1.19 2.93 4.08 2.71
20:3n-3 0.05 0.41 0.00 0.05 0.08 0.02
20:4n-3 0.13 0.15 0.00 0.24 0.16 0.26
20:5n-3 3.56 9.28 4.21 6.35 5.64 6.69
22:0 0.38 0.08 0.46 0.44 0.49 0.33
22:1 0.41 0.12 0.34 0.17 0.17 0.31
22:4n-6 0.07 0.34 0.16 0.25 0.33 0.21
22:5n-6 0.43 0.49 0.31 0.72 1.27 0.42
22:5n-3 0.40 1.86 0.29 1.15 1.11 1.15
22:6n-3 13.27 25.11 4.47 11.17 18.95 6.45
24:0
24:1
Y Saturates 49.07 31.13 54.34 45.98 41.46 48.02
YMonoenes 18.57 21.07 22.39 22.15 16.09 24.79
¥n-6 4.82 551 5.92 6.07 8.53 5.53
¥n-3 18.10 37.06 9.70 19.59 26.58 15.38
>n-3HUFA 17.23 36.24 8.98 18.67 25.70 14.29
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Table 21. Fatty acid composition (%) of tropical pelagic fishes (wild)
Source Guimbal Guimbal
Rastrelliger sp. Pterocaesio pisang
Sample name |\ le body whole body
Sample # 2 2
Lipid class TL PL NL TL PL NL
14:0 2.99 1.75 4.95 4.28 1.76 4.74
14:1 0.23 0.12 0.44 0.11 0.22 0.13
15:0 0.91 0.56 1.20 0.54 0.31 0.51
16:0 24.80 21.14 26.35 29.00 23.74 27.74
16:1n-7 3.91 2.20 6.59 8.49 3.42 9.89
17:0 0.70 0.52 0.84 0.36 0.30 0.31
16:3n-6 1.40 1.22 1.76 0.74 0.67 0.67
16:3n-3 0.43 0.41 0.34 0.31 0.44 0.40
18:0 12.98 12.56 12.49 7.66 10.50 6.13
18:1n-9 6.32 6.83 6.87 12.21 8.92 12.46
18:1n-7 291 2.66 3.66 3.18 1.44 3.13
18:2n-6 0.69 0.56 0.71 0.64 0.59 0.69
18:3n-6 0.54 0.46 0.48 0.19 0.25 0.13
18:3n-3 0.20 0.14 0.22 0.25 0.17 0.45
18:4n-3 0.14 0.11 0.22 0.38 0.06 0.53
20:0 0.57 0.39 0.77 0.33 0.21 0.29
20:1 1.32 131 1.72 0.73 0.67 0.75
20:2n-6 0.46 1.45 0.63 0.20 0.97 0.16
20:3n-6 0.22 0.25 0.16 0.12 0.16 0.18
20:4n-6 4,75 5.29 3.99 2.60 4.07 2.57
20:3n-3 0.06 0.13 0.03 0.06 0.10 0.07
20:4n-3 0.16 0.18 0.07 0.37 0.28 0.44
20:5n-3 3.67 4.07 3.72 6.83 6.32 7.93
22:0 0.37 0.35 0.54 0.43 0.38 0.30
22:1 0.60 0.24 0.76 0.48 0.21 0.30
22:4n-6 0.60 0.66 0.45 0.37 0.53 0.36
22:5n-6 1.87 2.47 0.78 0.76 1.57 0.62
22:5n-3 1.24 1.55 0.85 1.89 1.90 2.10
22:6n-3 17.17 22.60 8.22 10.48 20.42 9.53
24:0
24:1
YSaturates 43.34 37.27 47.14 42.60 37.20 40.02
>Monoenes 15.29 13.36 20.03 25.20 14.88 26.67
>n-6 10.54 12.37 8.97 5.62 8.81 5.38
>n-3 22.93 29.09 13.45 20.19 29.63 20.92
>n-3HUFA 22.08 28.22 12.79 19.19 28.64 19.56
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To induce natural spawning, pairs of one female and one male of each dietary treatment
were separately transferred to spawning tanks just before first quarter moon when it is the
time for S. guttatus to spawn (natural spawning of this species follows a lunar cycle) (Duray
1998). Since eggs spawned from S. guttatus are demersal and strongly adhesive (Duray
1998), and indeed the sticky eggs were attached to the wall of the spawning tank, we were not
able to collect and count the number of spawned eggs. In the present report, we show only the
number of spawning and the total number of hatched-larvae in each dietary treatment.

Table 22. Composition of test diets fed to rabbitfish broodstock (first trial)

Ingredients (%) Diet 1 Diet 2 Diet 3
Fish meal (Peruvian) 25 25 25
Soybean meal 25 25 25
Acetes’ 8 8 8
Squid meal 15 1.5 1.5
Soybean oil 1.0 0.25 0
Cod oil 6.0 6.0 5.5
Arachidonate 0.75 1.5
Lecithin (Soybean) 3.0 3.0 3.0
Rice bran 4.3 4.3 4.3
Wheat (Bread) flour 10 10 10
Corn starch 10 10 10
Dicalcium Phosphate 2 2 2
Vitamin mix? 1 1 1
V-223 2 2 2
Vitamin C 0.2 0.2 0.2
CMC (Binder) 1.0 1.0 1.0

1 Shrimp meal. 2 Imported vitamin. mixture. * vitamin mixture for poultry.

Table 23. Supplementation level of arachidonic acid (ArA) and reproductive
performance of S. guttatus fed test diets

No. of spawning | No. of Total No. of hatched-larvae
hatching
Diet 1 (+0%ArA) 3 1 500,000
Diet 2 (+0.75% ArA) 4 3 1,548,000
Diet 3 (+1.5% ArA) 3 0 0

The number of spawning, the number of hatching and the total number of hatched-larvae
are shown in Table 23 without statistical treatment. The broodstock spawned three times for
diets 1 and 3 and four times for diet 3 during the period from July to December. The total
numbers of hatched-larvae were 500,000 for diet 1, 1,548,000 for diet 2 and O for diet 3. Diet
3 with 1.5% of ArA supplementation appeared to affect negatively the reproductive
performance of S. guttatus broodstock, perhaps due to the excessive supplementation. Similar
results were observed, that is, reproductive performance of Japanese flounder was improved
by ArA supplementation with 0.6 g/100 g diet but was adversely affected by that with 1.2
0/100 g diet (Furuita et al., 2003).
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2.2. Second Trial

Diet 1 was a basal diet with 1% of soybean oil + 6% squid oil + 4% cod oil (Table 24).
The soybean oil was replaced with 0.3% (for diet 2) or 0.6% (for diet 3) of ArA (Vevodar
Crude Arachidonic Oil, DSM Food Specialties, Delft, the Netherlands). Fish meal, soybean
meal, acetes and squid meal were the protein sources and wheat flour and corn starch were
the carbohydrate sources. The mixture was pelleted using a twin-screw extruder.

Two sources of broodstock, hatchery-bred broodstock and wild-caught broodstock, were
employed in the 2nd feeding trial. The hatchery-bled broodstock were raised from eggs that
were spawned at Tigbauan Main Station, and the wild-caught broodstock were purchased
from local dealer. Three females and three males from each source were each stocked in six
5-ton-concrete tanks at Tigbauan Main Station (two sources per each dietary treatment x three
dietary treatments and three pairs in each tank) (Table 25). Fish have been fed each of the
three test diets (Table 24) twice a day, six days a week at a rate of 3% of biomass/day from
March. To induce natural spawning, pairs of one female and one male of each dietary
treatment were separately transferred to spawning tanks (18 tanks: three pairs x three dietary
treatments x two sources) just before first quarter moon when it is the time for rabbitfish S.
guttatus to spawn (natural spawning of this species follows a lunar cycle) (Duray, 1998).
Since eggs spawned from S. guttatus are demersal and strongly adhesive, and indeed the
sticky eggs were attached to the wall of the spawning tank, we were not able to collect and
count the number of spawned eggs. Again, we show only the number of spawning and the
total number of hatched-larvae in each dietary treatment.

The number of spawning and the number of hatching during the period of May through
January of the next year are shown in Table 26. Table 27 lists the total number of hatched-
larvae, the average number of hatched larvae per pair, the total number of normal larvae and
the average number of normal larvae per pair. Table 28 also shows average % of normal
larvae. There were no differences between hatchery-bled and wild broodstock in any indices.

The broodstock spawned 13 times for diet 1, 14 times for diet 2 and 17 times for diet 3
during the period May through Jan 2of the next year. The numbers of hatching were 10 of the
13 spawning for diet 1, 11 of the 14 spawning for diet 2 and 14 of the 17 spawning for diet 3,
respectively. The total numbers of hatched-larvae were 3,818x10° for diet 1, 4,391x10° for
diet 2 and 4,597x10° for diet 3. The average numbers+S.E. (x103%) of hatched larvae were
6361216 for diet 1, 878+257 for diet 2 and 766+213 for diet 3, respectively. The total
numbers of normal larvae were 3,322x10° for diet 1, 3,700x10° for diet 2 and 3,876x10° for
diet 3. The average numbers%S.E. (x10%) of normal larvae were 554+183 for diet 1, 740+243
for diet 2 and 646+183 for diet 3, respectively. Thus, broodstock fed diet 2 or 3 with ArA
supplementation tended to show better performance in spawning and hatching, but with big
variations. Percent of normal larvae (average+S.E.) was as: 76.316.4% for diet 1, 79.3+6.1%
for diet 2 and 79.2+5.8% for diet 3. The % of normal larvae did not differ among dietary
treatment. Considered together with the adverse effects of ArA over-supplementation (Furuita
et al., 2003) and the results of the 1st trial, the optimum supplementation level of ArA in
broodstock diets may be 0.5% to 0.7%.
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Table 24. Composition of test diets fed to rabbitfish broodstock (second trial)

Ingredients (%) Diet 1 Diet 2 Diet 3
Fish meal (Peruvian) 23 23 23
Soybean meal 23 23 23
Acetes™ 4 4 4
Squid meal 10 10 10
Soybean oil 1.0 0.70 0.40
Squid oil 6.0 6.0 6.0
Cod oil 4.0 4.0 4.0
Arachidonate™ 0.30 0.60
Lecithin (Soybean) 2.0 2.0 2.0
Rice bran 6.3 6.3 6.3
Wheat (Bread) flour 6.5 6.5 6.5
Corn starch 8 8 8
Dicalcium Phosphate 2 2 2
Vitamin mix™ 1 1 1
V-22" 2 2 2
Vitamin C 0.2 0.2 0.2
CMC (Binder) 1.0 1.0 1.0

*1 Shrimp meal. *2 Vevodar Crude Arachidonic Oil (DSM Food Specialties, Delft, the Netherlands). *3 Imported vitamin
mix. *4 vitamin mix for poultry (local vitamin mix.).

Table 25. Pairing and body weight (g) of rabbitfish broodstock

Diet 1 (0% ArA)

hatchery-bled wild

No. 1 No.2 No.3 No. 1 No.2 No.3
Female 508.9 414.6 600.0 468.1 338.6 476.6
Male 495.2 389.5 281.7 406.5 380.8 458.9

Diet 2 (0.3% ArA)

hatchery-bled wild

No. 1 No.2 No.3 No. 1 No.2 No.3
Female 716.1 615.9 476.0 490.2 473.7 579.5
Male 447.0 376.1 413.3 406.4 424.1 426.6

Diet 3 (0.6% ArA)

hatchery-bled wild

No. 1 No.2 No.3 No. 1 No.2 No.3
Female 968.7 578.6 511.7 574.5 460.8 420.4
Male 258.3 347.6 403.2 441.5 343.8 431.6

Table 26. Total number of spawning and total number of hatching during the period

of May through Jan of the next year

No. of pair No. of spawning No. of hatching
Diet 1 (0% ArA)
hatchery-bled 3 7 5
wild 3 6 5
Total 6 13 10
Diet 2 (0.3% ArA)
hatchery-bled 2 3 3
wild 3 11 8
Total 5 14 11
Diet 3 (0.6% ArA)
hatchery-bled 3 8 7
wild 3 9 7
Total 6 17 14
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Table 27. Total number of hatched larvae (x10%), the average number of hatched larvae
per pair (x10%) (£S.E.), the total number of normal larvae (x10%) and the average
number of normal larvae per pair (x10%) (zS.E.)

Total No. of No. of hatched Total No. of No. of normal
hatched larvae larvae per pair normal larvae larvae per pair
Diet 1
hatchery-bled 1,779 5934399 1,492 497+188
wild 2,039 680+271 1,830 610+242
Total 3,818 6364216 3,322 5544183
Diet 2
hatchery-bled 1,569 7854189 1,424 71247
wild 2,822 941+450 2,276 7594433
Total 4,391 878+257 3,700 740+243
Diet 3
hatchery-bled 2,682 894+410 2,182 7274349
wild 1,915 638+204 1,694 565+196
Total 4,597 7664213 3,876 646+183
Table 28. Average % of normal larvae (£S.E.)
No. of sample % of normal larvae
Diet 1
hatchery-bled 5 75.8+10.6
wild 5 76.8+8.5
mean 10 76.3+6.4
Diet 2
hatchery-bled 3 91.9+1.7
wild 8 74.6+6.6
mean 11 79.316.1
Diet 3
hatchery-bled 7 73.0£6.5
wild 7 85.5+4.3
mean 14 79.245.8

3. EFFECTS OF DHA/ARACHIDONIC ACID-ENRICHED ROTIFERS
ON SURVIVAL AND GROWTH OF RABBITFISH FRY

Feeding trials were conducted to investigate the effects of DHA/ArA-enriched rotifers on
survival and growth of rabbitfish (Siganus guttatus) fry.

3.1. Preliminary Studies

Our preliminary studies showed that rotifers (a live food) were enriched with emulsified
triacylglycerol-type ArA, that EPA and DHA levels in the rotifers decreased as the increment
of the amount of ArA in culture media, and that the optimum level ArA supplementation to
the culture media appeared at 5% or lower.
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3.2. Materials and Methods

Rabbitfish eggs used in this experiment came from rabbitfish broodstock maintained at
Tigbauan Research Station of SEAFDEC/AQD. Rabbitfish eggs were naturally spawned. The
eggs were incubated according to standard practice at SEAFDEC/AQD.

Rotifers Brachionus sp. were first cultured in 20 cubic meter outdoor concrete tanks fed
with Nannochloropsis sp. for five days. The rotifers were harvested and were intensively
cultured in four different 30 | cylindrical-conical fiberglass tanks by feeding an artificial
rotifer-diet (Culture Selco (CS), Inve Aquaculture, Baasrode, Belgium) for 24 h.
Subsequently, the rotifers were cultured with various combinations of artificial rotifer-diets
and ArA. Rotifers in the first group were enriched with Culture selco, the second group was
enriched with Culture Selco + 5% ArA, the third group were enriched with DHA Protein
Selco (DHAPS) and the fourth group were enriched with DHA Protein Selco + 5% ArA. The
enrichment of rotifers with each treatment was performed twice a day (9-10 AM and 7-8 PM),
and the rotifers were harvested after 24 h. Prior to the enrichment, rotifer density in each tank
was determined to calculate the amount of each supplement to the tank. For the second and
fourth group an addition of 5% ArA by weight were made.

Newly hatched (Day 0) rabbitfish were stocked (30 larvae/l) in circular, conical-bottom
fiberglass tanks filled with 200 | filtered seawater. Larval rearing protocol followed the
method described by Gapasin & Marte (1990) with modifications.

The four treatments (in a completely randomized design with 4 replicates) were:

e Treatment I: larvae fed rotifers cultured on Culture Selco

e Treatment II: larvae fed rotifers cultured on Culture Selco + 5% ArA

e Treatment IlI: larvae fed rotifers cultured on DHA Protein Selco, and

e Treatment IV: larvae fed rotifers cultured on DHA Protein Selco + 5% ArA.

Treatment | was a control, which is standard procedure of rabbitfish larvae practiced at
SEAFDEC/AQD. Larval culture for all treatments was conducted using greenwater
(Nannochloropsis sp) with a density of 5-10 x 10* cells/ml. Temperature (27-29°C), salinity
(29-31%o) and standing food count were monitored prior to water exchange and feeding.

3.3. Survival and Growth

The feeding trials were terminated on day 17. Larval survival was determined, and 10
samples from each tank were measured for total length and body weight.

Survival of D17 rabbitfish fry (Figure 5) was significantly improved. The average
survivaltS.E. was 16.4+4.1% for CS, 31.2+3.7% for CS+5% ArA, 23.9+7.4% for DHAPS,
44.4+4.5% for DHAPS+5% ArA. Surprisingly, of DHAPS+5% ArA group, the best survival
value recorded 58.8%. The body length (mm) and the body weight (mg) were 5.44+0.38 and
2.0+0.3 for CS, 6.20+0.34 and 2.5£0.5 for CS+5%ArA, 6.05+0.53 and 2.6+0.5 for DHAPS,
and 6.23+0.27 and 2.4+0.3, respectively. Growth was not different among treatments. Thus,
although dietary ArA supplementation would help advance fry production technologies in
coral reef fishes, it should be noted that excessive feeding of ArA also causes adverse effects
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to fry and juvenile performance (Zeng et al., 1996; Xu et al., 2010). Since DHA level in
rotifers is decreased by over-supplementation of ArA as shown in our preliminary studies, the
dietary balance between DHA and ArA should be considered.

DHAPS+5%ArA improved survival of rabbitfish fry.

| a

cs i B Survival (%)
ab
CS+5%ATA N
a
DHAPS
I b

0 10 20 30 40 50

Figure 5. Survival and total length in larval rearing test - DHAPS+5%ArA improved survival
of rabbitfish larvae (Day 17).

CONCLUSION

ArA was not a minor HUFA but an essential component in gonads of coral reef, demersal
fishes with 2:1 of DHA-to-ArA ratio.

The number of spawning and the number of hatched larvae tended to be better in
rabbitfish broodstock fed diets with ArA enrichment than in those fed a diet without ArA
enrichment. The optimum level of ArA incorporation in broodstock diets appears between
0.5% and 0.7%.

Rabbitfish fry fed ArA-enriched rotifers showed significantly improved survival.

The present paper indicates that dietary ArA supplementation is very promising for the
advancement of fry production technologies in coral reef fishes.
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ABSTRACT

Although reef-building corals engaged in mutualistic relationships with
dinoflagellates of the genus Symbiodinium are threatened by global climate change, many
anthozoan-dinoflagellate endosymbioses display a marked capacity for acclimation with
respect to temperature changes. For instance, specimens of the Indo-Pacific reef coral
Seriatopora hystrix from Southern Taiwan were found to readily acclimate to
temperatures that fluctuated from 23 to 29°C over six hours, a periodicity aimed to

* Corresponding Author’s Email: andersonblairmayfield@ gmail.com; Tel.: + 1-337-501-1976; Fax: +886-2-265-
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simulate local upwelling events that are common during boreal summer spring tides. To
gain greater insight into the molecular mechanisms underlying this ability to acclimate to
a variable temperature regime, proteins from corals exposed to both stable (26°C) and
variable temperatures for one week were electrophoresed across two dimensions, and
differentially expressed proteins were sequenced with mass spectrometry. Seventy-five
(64%) and forty-two (36%) proteins were expressed at higher levels by coral hosts and
their Symbiodinium populations, respectively, of the stable temperature treatment. This
suggests that a number of cellular pathways, including lipid body stabilization and
metabolism in the Symbiodinium cells, are down-regulated upon exposure to variable
temperature, and the potential shift in energy modulation implied by these findings may
play a role in the restoration of homeostasis necessitated by exposure to such highly
variable temperature conditions.

INTRODUCTION

Most current global climate change (GCC) models assume that reef-building corals are
unable to acclimate to changes in their abiotic environment [1]. Although it is true that many
corals are known to live near the upper threshold of their thermotolerance and readily bleach
in response to sustained temperature increases [2-3], recent studies have revealed that not
only can corals readily acclimate to elevated temperature, salinity, and pCO- [4-7], but they
can thrive under such conditions [8-10]. For instance, corals from Houbihu, Taiwan (Figure
1A) are readily exposed to episodic, spring tide upwelling during the boreal summer, periods
during which temperatures may change up to 9-10°C within several hours [11]. Corals from
these upwelling habitats have proven to be markedly resilient to both short- [12] and long-
term [13] increases in temperature, as has been predicted to occur based on studies of
intertidal organisms [14].

In order to gain insight into how corals from these upwelling sites acclimate to such
dramatic temperature changes, an experiment was conducted in which corals from not only
Houbihu, but also a nearby, non-upwelling site, Houwan, were exposed to either a variable
(23-29°C over a 6-hr period) or stable (26°C) temperature profile for seven days [15-17].
Seriatopora hystrix (Figure 1B-C) was chosen as the model coral for such laboratory-based
studies, given its 1) widespread distribution across the Indo-Pacific [18-19], 2) propensity for
bleaching under periods of elevated temperatures [20], and 3) modest existing understanding
of its molecular eco-physiology [21-22]. In general, even S. hystrix specimens that were never
exposed to upwelling in situ readily acclimated to variable temperature conditions (Table 1),
and an effort was made to develop both a physiological and a sub-cellular understanding of
how such acclimation occurred in the samples from this “Seriatopora hystrix variable
temperature study” (SHVTS; [15-17]).

Given recent success in employing molecular biology-driven approaches to answering an
array of both fundamental [23-27] and stress/environmental biology [28] questions in the field
of anthozoan-dinoflagellate endosymbiosis, the expression of a series of gene mMRNAs was
measured in samples of the SHVTS [15, 17]. Although several genes encoding proteins
involved in photosynthesis were differentially expressed between the stable and variable
temperature treatments (TT; [15, 17] and Table 1), the variation was generally modest, and it
was, furthermore, unclear whether such changes in mRNA expression would actually lead to
altered levels of translation of the respective proteins; indeed, in the few studies that have
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looked at both gene and protein expression in the same anthozoan-dinoflagellate sample [7,
26], there was not always a significant, positive correlation between gene and protein
expression [7]. Therefore, a whole-proteome-based approach employing two-dimensional
(2D) electrophoresis followed by protein sequencing via mass spectrometry (MS) was taken
herein in order to better unravel the molecular means by which S. hystrix and its
endosymbiotic Symbiodinium populations acclimate to a variable temperature regime.

c D| SDS-PAGE+western blot
s ; | Laemmli " quantify m SDS-PAGE Western blot with
TR sample buffer ' _(n=12) (20 pg) RBCL antibody
§ 1 precipitate/wash _ thiourea rehydration
£8 (n=2) Q..‘ buffer (n=2)
protein E )
extraction mix proteins (n=3) from both sites Urea rehydratloh s
& tify/
3 Q8 for each temperature treatment  Puffer (n=2) quaniEyimey
c ‘§ : 4 variable
§ g urea/CHAPS m quantify temperture gels
bl ) buffer (n=12) 4 stable 2D gels
EI 2D gel electrophoresis | temperature gels (100 pg/gel)

Figure 1. The upwelling field site Houbihu, the model coral Seriatopora hystrix, and an analytical flow-
chart of the proteomic analyses. (A) Houbihu, the upwelling site from which half of the Seriatopora
hystrix specimens used in the variable temperature study were sampled (photograph taken by Dr. Pi-Jen
Liu, National Museum of Marine Biology and Aquarium, Taiwan). (B) An adult S. hystrix colony.

(C) Proteins were extracted from each of two technical replicates (i.e., nubbins) from each of the 12
experimental aquaria after a 7-d exposure to either variable (23-29°C over a 6-hr period; n = 6 aquaria)
or stable temperature (26°C; n = 6 aquaria). (D) The expression of RBCL was quantified in the 12
samples dissolved in SDS-PAGE sample buffer. (E) For the second technical replicate from each
aquarium, proteins were prepared for 2-dimensional gel electrophoresis as described in the text.
Proteins were pooled across sites of origin (SO; i.e., proteins from Houbihu were mixed with those of
Houwan) for each of the two temperature treatments (TT) given the fact that only a TT effect on protein
expression was of interest herein. The numbers on the arrows represent the respective experimental
steps in E, and the scale bars in A, B, and C represent 500, 50, and 5 mm, respectively.
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MATERIALS AND METHODS

SHVTS

The SHVTS was discussed in previous works [15-17]. Briefly, six S. hystrix colonies
from both the upwelling (Houbihu; Figure 1A) and non-upwelling (control) sites (Houwan)
were collected, acclimated in indoor aquaria to allow for recovery from transplantation [16],
fragmented into nubbins, acclimated again for several weeks, and randomly assigned to 1 of
12 experimental aquaria: 3 for each site of origin (SO) x TT combination. For protein work,
~100 mg pieces/branches from each nubbin (n = 2 pseudo-/technical replicates per aquarium)
were immediately immersed in TRIzol® (Life Technologies, USA) after a 7-d exposure to
either a stable (26°C, n = 6 aquaria) or variable TT (23-29°C over a 6-hr period, n = 6
aquaria), with time 0 samples (~100 mg; n = 2 pseudo-replicated nubbins/aquarium) taken
just before the temperature began to fluctuate in the variable temperature aquaria; such
samples (n = 6 for each SO) were collected to uncover SO, rather than TT (the focus of this
work), differences and are not discussed further herein. Samples were frozen in TRIzol at -
20°C until the day of extraction. The remainder of each of the 48 nubbins (2
nubbins/aquarium x 12 aquaria [3 for each of 4 SO x TT interaction groups] x 2 sampling
times [t = 0 and 7 d]) was used for a variety of additional molecular and physiological
analyses discussed in Table 1 and in prior works [15-17]. RNAs and DNAs were isolated
from the same 100-mg fragments from which the proteins, discussed below, were isolated, as
TRIzol permits the extraction of high quality RNA, DNA, and protein from the same
biological sample [12].

Protein Extraction

Proteins were extracted from ~100-mg fragments from each of the 24 nubbins sampled at
the t = 7 d sampling time (2 pseudo-replicates/aquarium x 12 aquaria) with TRIzol as
recommended by the manufacturer except with 10-min sonications on ice between the washes
with “protein wash 1.” As mentioned above, the respective RNAs and DNAs from each of the
same 24 samples were already purified and analyzed [15-17]. For one of the two technical
replicates from each aquarium (Figure 1C), the proteins were dissolved in 100-200 pl
Laemmli sample buffer [29] without the additional of bromophenol blue (Figure 1D), boiled,
spun at 12,000 xg for 10 min at 4°C, and the supernatants were transferred to a new 1.5-ml
microcentrifuge tube. Approximately 20-25 pl of protein were quantified with the 2D Quant
kit (Amersham Biosciences, USA), as recommended by the manufacturer. For the second of
the two technical replicates from each aquarium (Figure 1E), the proteins were purified as
described above except they were dissolved in rehydration buffer (8 M urea, 2% CHAPS; i.e.,
“urea/CHAPS buffer” of Figure 1E) at room temperature (RT) for 2-3 hr, with constant,
vigorous agitation. Approximately 20-25 pl of protein were quantified as described above,
and proteins were frozen at -80°C.

Given that the temperature regime itself, rather than the SO, was found to have a greater
influence on coral physiology based on previous analyses (Table 1), proteins to be
electrophoresed across two dimensions were pooled across SO. Given the oceanographic
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differences between Houbihu and Houwan, future work should, however, seek to look at SO
differences in addition to TT alone, as was done herein, in order to uncover how
environmental history drives the future physiological response to altered abiotic conditions.
After several days of storage at -80°C, proteins dissolved in the initial urea/CHAPs buffer
were thawed, and three samples (one from each aquarium) from each of the two SO from the
same TT (n = 6 protein aliquots/TT) were mixed in equimolar concentrations:

Sample 1: 3 Houwan-stable TT samples + 3 Houbihu-stable TT samples = 1 stable TT
sample pooled across SO to be analyzed by 2D + MS.

Sample 2: 3 Houwan-variable TT samples + 3 Houbihu-variable TT samples = 1 variable
TT sample pooled across SO to be analyzed by 2D + MS.

These two, pooled protein samples were precipitated with 2 ml acetone supplemented
with 0.07% beta-mercaptoethanol (BME) at -80°C for 1 hr. Protein pellets from the stable and
variable TT samples were washed thrice with acetone-BME, dried on the benchtop at RT, and
dissolved in 150 pl of the rehydration buffer recommended by Jacobs et al. [30]: 9.5 M urea,
2% CHAPS, 0.5% carrier ampholytes (GE Healthcare, USA), and 65 mM dithiothreitol
(DTT). Samples in this “urea rehydration buffer” (Figure 1E) were vortexed vigorously for
several minutes, spun at 12,000 xg for 10 min at 4°C, and the supernatants were transferred to
new tubes and quantified (20-25 pl aliquots) as described above.

The remaining, un-solubilized protein pellets were dissolved in 150 pl of the “thiourea
rehydration buffer” (Figure 1E) described by Jacobs et al. [30]: 2 M thiourea, 7 M urea, 4%
CHAPS, 0.5% carrier ampholytes, and 65 mM DTT. In general, this allowed the remaining
proteins to be solubilized. Then, 20-25 ul of these proteins were quantified as described
above. Because preliminary experiments found that urea and thiourea rehydration buffer-
dissolved proteins presented different profiles on 2D gels (data not shown), approximately
200 g protein from each TT and solubilization buffer were mixed to yield 400 ug protein in
urea + thiourea buffer for each of the two TT, a sufficient quantity for running 4 100-ug 2D
gels (i.e., four technical replicates/sample) for each of the two pooled protein samples.

2D Gel Electrophoresis 1%t Dimension-Isoelectric Focusing

Isoelectric focusing (IEF) was used for the first dimension of the 2D gel with the Ettan
IPGphor IEF system (Amersham Biosciences). Four gels were run for each of the two TT:
stable and variable, and approximately 100 ug protein were loaded into each of the eight gels.
Samples, which represented a mix of proteins from samples of both SO, as well as a mix of
both urea and thiourea-based buffers, were diluted to 125 pul with the addition of thiourea
buffer and, if necessary, additional carrier ampholytes to where the latter was at a final
concentration of 0.5%. Proteins of each of the two TT were focused at the same time on
different IEF strips (i.e., one of the four stable TT protein samples was run at the same time as
one of the four variable TT protein samples). Along the center of the bottom of the IEF strip
holder, proteins (100 pg/TT; 125 pl) were loaded evenly from left to right, while
simultaneously ensuring that there were no air bubbles. The protective membrane was
removed from the IEF strip (pH 4-7, 7 cm, Amersham Biosciences), which was then placed
into the strip holder with the gel side down. Then, 200 pl of dry strip cover fluid were
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aliquoted over the strip, and the lid was placed over the strip holder. The two strip holder
units (one for each of the two co-run samples) were placed in the Ettan IPGphor IEF
electrophoresis chamber (Amersham Biosciences), and the following program was run at
20°C: 50 V for 12 hr (rehydration), 300 V for 60 V-hr along a gradient, 600 V for 120 V-hr
along a gradient, 1000 V for 500 V-hr along a gradient, 2000 V for 1000 V-hr along a
gradient, 5000 V for 6000 V-hr, and 50 V for 10 hr. The same protocol was used on the three
additional pairs of stable and variable TT samples, which were electrophoresed on different
days.

2D Gel Electrophoresis 2" Dimension-SDS-PAGE

Chromatography paper (Whatman, USA) was cut to a 1 x 0.5 cm size and overlaid with 5
pl protein marker (Fermentas PageRuler™ prestained protein ladder, Life Technologies).
Then, ~ 1 ml of 1% agarose was aliquoted onto a smooth sheet of plastic wrap, and the
chromatography paper was placed over the agarose. An additional 1 ml of 1% agarose was
then overlaid on the chromatography paper. After the agarose solidified, the chromatography
paper was removed from the agarose to where a 1 mm distance was maintained around the
paper. Meanwhile, the IEF strips were immersed in equilibration buffer (6 M urea, 2% SDS,
30% glycerol, 50 mM Tris-HCI [pH 8.8], 0.002% bromophenol blue, and 1% DTT) at RT for
15 min. Then, strips were transferred to the same buffer, except with 1% iodoacetamide
(IAA) instead of 1% DTT, for 15 min at RT, washed with SDS-PAGE running buffer to
remove residual 1AA, and placed on top of a 5-14% stacking-separating Tris-glycine SDS-
PAGE gel. Electrophoresis was conducted on ice at 70 V for ~30 min and 120 V for 1-2 hr in
a Mini-PROTEAN® Tetra cell (BioRad, USA), with two samples (one stable and one
variable) run at the same time. In total, eight 2D gels were run (four technical replicates for
each of two TT), though only two gels were run at any given time (i.e., four days were
required to run all eight gels).

Each of the eight gels was fixed in 50% methanol and 7% acetic acid for 30 min after
removing the stacking gel. Then, the gels were stained with SYPRO® Ruby (Life
Technologies) on a shaker table in the dark overnight. The gels were then destained in 10%
methanol and 7% acetic acid for 30 min and imaged with a Typhoon Trio™ scanner (GE
Healthcare) at 312 nm (aperture = 2.8, exposure time = 2.4 s). In general, there were no
unique protein spots between the stable and variable TT (Figure 2A-B), though this could be
due to the low amount of protein loaded (100 ug per gel). Since Symbiodinium density was
similar between TT (Table 1), the protein spot intensity values of each of the eight gels (data
not shown) were not normalized to a genome copy proportion (GCP) prior to the subtraction
step (described below). In contrast, the target protein (RBCL) data, described below,
warranted the use of a GCP given that both SO and TT effects were tested in that analysis,
and a difference in Symbiodinium density between SO was documented previously (Table 1
and [15]).

Image analysis software (ImageQuantTL) provided with the scanner was used to perform
a “subtraction” whereby the gel image of one stable TT replicate sample was overlaid on the
variable TT replicate run and processed simultaneously to better portray differentially
expressed proteins (Figure 2C-D). This subtraction was performed on the four pairs of stable
vs. variable TT run on four different days. Because no unique spots were evident in any of the
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four pairs of gels, proteins found to be expressed at significantly higher quantities by
ImageQuantTL in the stable temperature gel were instead targeted, and 10 protein spots that
were found to be over-expressed in all four stable TT gels (i.e., all technical replicates; Figure
2C) relative to their variable temperature counterparts were excised from a representative
stable TT gel (Figure 2D) with sterilized 200-ul pipet tips and placed into 1.5-ml
microcentrifuge tubes.

D £ variable subtracted from stable-after

pl 4 7

Figure 2. 2-dimensional gel electrophoresis of proteins expressed by Seriatopora hystrix specimens
exposed to either a variable or stable temperature regime for seven days. Proteins dissolved in a urea +
thiourea-based buffer were pooled between the two sites of origin (SO), Houbihu (upwelling site) and
Houwan (non-upwelling site), and electrophoresed across two dimensions as described in the text. A
representative 2D gel out of the four that were run for each temperature treatment (TT) has been shown
for both stable (A) and variable (B) temperature specimens. Although no proteins appeared to have
been solely expressed by one treatment, a total of 10 protein spots (circled in C) were found to be over-
expressed by samples of the stable TT by image analysis software, and these protein spots were
extracted from the gel with sterilized pipet tips (D), processed as described in the text, and submitted
for sequencing by mass spectrometry (MS). The y-axis labels in (A) and (C) are shared with (B) and
(D), respectively, while the x-axis labels in (C) and (D) are shared with (A) and (B), respectively.
“Before” and “after” refer to before and after removing the protein spots, respectively, with sterilized
pipet tips. pl = isoelectric point. kDa = kilodalton.
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The ten excised protein spots were destained and in-gel digested as follows. First, the
protein + gel slabs were washed in 50% acetonitrile in 25 mM ammonium bicarbonate (pH
8.5). Then, they were incubated in 100 pul of the same acetonitrile solution for 15 min and
spun at 10,000 xg for 1 min. The supernatant was removed and replaced with 100 pl of 100%
acetonitrile, and the samples were incubated for 5 min. The samples were spun again as
above, and the supernatant was removed. The gel bits were allowed to dry for 5 min before
incubation with 30 pl trypsin (a 2 pg aliquot that had been re-suspended in 1 ml water and 1
ml 50 mM ammonium bicarbonate) at 37°C overnight. The next day, samples were
centrifuged at 10,000 xg for 1 min, and the supernatant was transferred to a new
microcentrifuge tube. Then, 50 pul of 50% acetonitrile and 5% trifluoroacetic acid (TFA) were
added to the remaining samples, which were then sonicated 10 times (10 s each time).
Samples were centrifuged again at 10,000 xg for 1 min, and the supernatant was combined
with the supernatant from the first spin. Another round of 50% acetonitrile/5% TFA
incubation followed by sonication/spinning/supernatant collection was conducted, and the
third supernatant was combined with the previous two. The supernatant was dried for 1-2 hr
prior to shipping to the MS facility at Kaohsiung Medical University’s (KMU) Center for
Research Resources and Development’s Core Proteomics facility, where the 10 protein spots
were analyzed by MS, as described below.

MS

After trypsin digestion, 2 ul of the digested peptides were injected into the nano-liquid
chromatography (LC) system and detected by an LTQ Orbitrap Discovery Hybrid Fourier
Transform Mass Spectrometer (FTMS; Thermo-Fisher, USA) at a resolution of 30,000
coupled with a nanospray source that was executed in the positive ion mode. The Nano-
UPLC system (nancACQUITY UPLC) was purchased from Waters (USA), as were the
desalting (Symmetry C18, 5 um x 180 um x 20 mm) and analytical (BEH C18, 1.7 um x 75
pum x 150 mm) columns. The peptide eluate from the column was directed to the nanospray
source, and the MS was operated in positive ion, data-dependent mode.

MS Data Analysis

Raw data files (mascot generic format [.mgf]) were processed with Mascot distiller
software (version 2.2, Matrix Science, USA) and then uploaded onto the Mascot server hosted
by KMU. Several Mascot protein databases (Tables 3-4) were queried using Mascot’s default
search parameters. Comparison of MS data against the NCBI’s nr database via Mascot
yielded mainly common protein contaminants (human Keratins, actins, etc.). However, upon
comparing spectral data against the Hydra magnipapillata and Acropora digitifera (coral)
proteomes, as well as a suite of others, a variety of both host coral and Symbiodinium peptides
were identified. The A. digitifera proteome was conceptually translated previously and
converted into a Mascot searchable database by Li et al. [31] and is referred to as “NMMBA”
in Tables 3-4.

One of two criteria was required to have been met to determine verification of “presence”
of a protein: either 1) 15 consecutive amino acid (AA) residues were sequenced or 2) two
unique peptides mapping to the same protein were sequenced, and the total length of both
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peptides was 15 AA or more. After using Mascot to determine the likely identity of each
protein, individual peptide sequences were BLASTed (BLASTp) against the NCBI database
to further verify the identities of the sequenced proteins. Proteins fulfilling the minimum
criteria established a priori were assigned a functional category from the “Pfam” database,
and 2-sample proportion tests were used to determine whether proportional differences
existed between compartments (coral vs. Symbiodinium) in the functional categories in which
the identified proteins were grouped. Two-sample proportion tests were also used to
determine whether was compartment was over-represented in each of the 10 spots. Bacterial
proteins were excluded from analysis, though should be more carefully considered in future
works given the importance of probiotic microbes in maintaining coral health.

Western Blotting

Given that significant differences in ribulose-1,5-bisphosphate carboxylase/oxygenase
large subunit (rbcL) gene expression were documented across TT in the SHVTS [15], the
respective protein, RBCL, was targeted herein for expression analysis with western blotting
with a commercially available antibody from Agrisera (Sweden). Proteins (20 ug)
representing one sample from each of the 12 experimental aquaria (n = 3 for each of the four
SO x TT groups), as well as positive controls (30 ug protein from Pocillopora damicornis
larvae exposed to ambient temperature and pCO. from Putnam et al. [7]), were
electrophoresed on two 4-10% SDS-PAGE gels as in Mayfield et al. [12]; one SDS-PAGE
gel was stained with SYPRO Ruby as described above for staining of the 2D gels and
visualized on a Typhoon Trio scanner for assessment of protein quality. Proteins within the
second gel were transferred to a polyvinylidene fluoride (PVDF) membrane on ice at 100 V
for 75 min. Afterwards, the protein-laden membrane was stained with Ponceau S (Sigma,
USA) according to the manufacturer’s recommendations in order to visualize degree of
protein transfer.

De-stained PVDF membranes were blocked in 5% skim milk (w/v) in Tris-buffered
saline with Tween-20 (TBST; 100 mM Tris-HCI, 150 mM NaCl, 0.05% Tween-20) for 1 hr
at RT. The blocking buffer was decanted, and 10 ml of a 1:5000 dilution of a RBCL primary
antibody (forms I and Il, Agrisera) in 5% skim milk (w/v) in TBST were added to the
membranes, which were then incubated for 2 hr with gentle agitation at RT. This antibody has
been used successfully for detection of the RBCL of Symbiodinium [26], as well as other
dinoflagellates [32-33]. Membranes were washed thrice (10 min each) with TBST and then
incubated in 10 ml of a 1:5000 dilution of goat anti-rabbit secondary antibody (Millipore,
Germany) in TBST for 5 min and washed with TBST as above. Membranes were then stained
with 400 pl SuperSignal® West Pico Chemiluminescent Substrate Kit chemiluminescent
reagent (Thermo-Scientific), and the chemiluminescent signal was immediately visualized on
a Fusion FX7 (Vilber Lourmat, France) gel doc under the chemiluminescence setting.

ImageJ (National Institutes of Health, USA) was used to quantify RBCL protein band
intensity, and values (arbitrary units) were first divided by the intensity of the positive control
band on the respective gel. These gel-normalized values were then divided by the respective
Symbiodinium GCP for each sample, which was previously calculated [15] and is routinely
used to control for variable ratios in host: Symbiodinium biological material between samples
[34]. The effects of SO, TT, and the SO x TT interaction on GCP-normalized RBCL
expression were tested with a 2-factor ANOVA, which was performed with JMP® (ver.
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11.1.1, SAS Institute, USA) after having log-transformed the data due to lack of normality.
Then, JMP was used to determine the statistical significance of the correlation between rbcL
MRNA expression (measured previously [15] in the same samples from which proteins were
extracted herein) and the RBCL protein expression quantified herein. It was hypothesized that
a significant, positive, linear relationship would be documented between expression levels of
these two molecules for both TT (n = 6 protein samples/TT), as well as across the dataset as a
whole (n = 12 protein samples), and an o level of 0.05 was set for all aforementioned
statistical tests.

RESULTS

Differentially Expressed Proteins Uncovered by a 2D + MS-Based Approach

It is evident from Tables 3 and 4, as well as Figure 3, that a number of different cellular
processes were affected by exposure to variable temperature. Of the coral host’s differentially
expressed proteome (DEP; Tables 3 and S1), 18 Pfam categories could be identified, and
these groupings encompassed 62 of the 75 proteins identified (83%). The only functional
categories in which more than five proteins were identified with confidence (Figure 3) were
DNA binding/transcription factor (n = 8; 10.7%), metabolism (n = 8; 10.7%), and mMRNA
processing (n = 15; 20%). In contrast, only one transcription factor (2%) was under-expressed
in Symbiodinium samples of the variable TT (Tables 4 and S2), and this zinc finger
transcription factor was one of only two proteins found in the DEPs of both compartments
(the other being the pre-mRNA splicing factor CWC22). However, the degree of homology of
these proteins across compartments could not be ascertained due to the short nature of the
sequenced peptides (17-20 AA).

There were only two functional categories that encompassed multiple proteins and were
represented in each of the two eukaryotic DEPs of this association: metabolism and mRNA
processing. Regarding the latter, although mRNA processing is surely a cellular process that
could be hypothesized to undergo differential regulation during periods of temperature
change, the fact that the majority of the proteins aligned most closely to published fungal
proteins precluded the ability to confidently ascribe them to one compartment; in fact, many
were equally homologous to bacterial proteins (see annotations in Tables 3-4.). Therefore,
while these mRNA processing proteins are likely involved in the coral and/or Symbiodinium
response to variable temperatures, their relative importance has been downplayed in this
manuscript until longer peptide sequences can be obtained and the compartment of origin
more confidently assigned.

Regarding the second functional category that featured multiple proteins for both
eukaryotic compartments of this reef-building coral, eight and nine metabolism-targeted
proteins were over-expressed in stable TT samples of the host coral and Symbiodinium
compartments, respectively (Figure 3), and one such Symbiodinium protein, lipoxygenase, is
known to play a role in lipid metabolism. Also pertaining to lipids/lipid metabolism, one
process that was over-represented in the Symbiodinium DEP relative to the host coral one was
lipid bodies (LBs); nearly 1/3 of the Symbiodinium DEP (Figure 3) was comprised of proteins
involved in stabilization and metabolism of LBs, notably oleosins and caleosins.
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transcription
factor

unknown
processes
(17%)

other processes
(42.6%)

Figure 3. Functional distribution of the host coral and Symbiodinium differentially expressed proteins.
Percentage breakdown of Pfam functional groups encompassing the 75 host coral (outer pie graph)

and 42 Symbiodinium (inner pie graph) proteins that were over-expressed in samples exposed to a stable
temperature regime. Functional categories that were over-represented in the Symbiodinium
differentially expressed proteome (DEP) relative to the host DEP (2-sample proportion test, p < 0.05)
have been marked with an asterisk (*).

RBCL Western Blot

The Symbiodinium populations (clade C only [15, 17]) housed within corals exposed to
the variable TT for seven days expressed the RBCL protein (Figure 4) at similar levels
between the four SO x TT groups (n = 3; Figure 4B-C), and, furthermore, there was no
significant, positive correlation between rbcL mRNA and RBCL protein expression across
the 12 samples of the SHVTS collected after seven days of treatment exposure (Figure 4D).
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Figure 4. RBCL protein expression. Proteins were electrophoresed as described in the text, and a
representative SDS-PAGE gel including a ladder, a positive control sample (30 pg of soluble protein
from Pocillopora damicornis larvae [7]), and several proteins from each of the two sites of origin (SO)
have been shown (A). A 55-kDa protein was detected with an RBCL (forms I and 1) antibody, and
representative bands from different SO and temperature treatments (TT) have been shown (B).

The positive control sample also yielded a ~55-kDa band (data not shown). RBCL expression was
normalized to a proxy for Symbiodinium density within samples, the genome copy proportion (GCP),
and normal quantile plots (with averages connected by solid diagonal lines) for samples of both SO and
TT have been shown (C). Error bars represent standard error of the mean (n = 3 foreach SOX TT
group), and the 2-way ANOVA (SO x TT) p-values have been presented on the figure. The global
(pooled across SO) variable and stable TT expression levels have been plotted as horizontal solid and
dotted lines, respectively. Expression of the RBCL protein (normalized to the Symbiodinium GCP) was
plotted against expression of the respective rbcL mRNA (normalized to both the Solaris® [Thermo-
Scientific] RNA spike and the Symbiodinium GCP), which was measured in a previous study [15], and
best fit lines have been plotted for data of both the variable (solid line) and stable (dotted line) TT (D).
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CONCLUSION

Curiously, no proteins were uniquely expressed by one treatment and not the other, nor
were any proteins expressed at higher levels in samples of the variable TT. One explanation
for this could be the low quantity of protein loaded; mini-gels (~10 x 10 cm) were used herein
with 100 pg protein, and many spots on the gels were fairly faint. This may have limited the
ability to detect proteins that were over-expressed by the variable TT samples, and future
studies attempting to look at proteome-scale differences between experimental coral samples
may consider loading larger quantities (e.g., 500 pg) of protein into the gels. Furthermore,
proteins were pooled across two SO of differing environmental history; although preliminary
data revealed that the effect of TT led to greater variation in the S. hystrix-Symbiodinium
physiological response than did the SO (Table 1; [15-17]), future work should nevertheless
seek to determine the extent to which environmental history drives the ability of this
common, widely distributed coral species to acclimate to future changes in temperature, using
samples collected both before and after experimentation. Corals from Houwan, a site that
never experiences upwelling in situ, were, in contrast to what had been hypothesized, readily
able to acclimate to a temperature regime that fluctuated from 23 to 29°C over a 6-hr period;
it would be interesting to know if the protein-level acclimation response differed between
these corals and those of Houbihu, which do experience such highly variable temperatures in
situ.

Despite the potentially low resolution of the approach utilized herein, 117 proteins were
nevertheless found to be expressed at higher levels in samples exposed to a stable TT for one
week relative to those exposed to a variable TT for this same duration. The majority of these
proteins (64%) were from the coral host, with the remaining 36% from the Symbiodinium
populations housed within these samples. This ~2:1 ratio of host/endosymbiont agrees well
with biological composition estimates made with other pocilloporids [13]. It should be noted
that the fact that the coral host comprises a greater fraction of the holobiont means that
differentially expressed proteins will be more readily documented for this compartment due to
having loaded a larger quantity of coral protein (i.e., ~64 pg coral host protein/100 g total
holobiont protein) into the gels.

Although rbcL mRNA expression was significantly higher in Symbiodinium populations
harbored within S. hystrix colonies of the variable TT [15], the expression of the respective
protein was not only similar between TT, but also between SO. As such, it was unsurprising
that RBCL was not found to be differentially expressed between TT by 2D + MS analysis.
Furthermore, rbcL gene expression did not correlate positively with RBCL protein expression
to a significant degree across the 12 samples. This lack of correlation may suggest that
inferring protein expression differences based only on mRNA-scale data, as is common in the
coral biology field (e.g., [9-10, 35]), is risky. Additionally, the respective proteins of none of
the differentially expressed genes identified in these same samples [15, 17], such as
photosystem | (psl), were sequenced herein, further pointing to an absence of significant,
positive correlation between gene and protein expression in this coral-Symbiodinium
holobiont. As a final example, expression of no heat shock protein (hsp) mRNA was found to
be affected by variable temperature exposure in these samples [15, 17], yet a small HSP was
found by 2D gel electrophoresis to be down-regulated in host corals exposed to variable
temperatures for seven days.
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Although next generation mRNA sequencing has yielded marked insight into the
molecular biology of cnidarian-dinoflagellate endosymbioses [13], the observation made
herein that there is not always a positive association between mRNA and protein expression
suggests that researchers should heir on the side of caution when attempting to use their
MRNA data to make predictions about how corals will respond to environmental change.
Rather than an end-all, such RNA Seg-based endeavors may be better seen as a means to
target specific proteins, rather than gene mRNAs, for future, molecular characterization
studies. Though not without their own limitations, 2D + MS-based methods yield direct
insight into the molecules that actually carry out essential cellular processes; such proteins, of
which several are discussed below, may better serve as biomarkers of the coral response to
environmental changes, and notably GCC.

Upon a comprehensive look at the proteins that were down-regulated after seven days of
exposure to variable temperature in the S. hystrix-Symbiodinium holobiont, it appears that
different cellular processes were affected in each compartment. From an evolutionary
perspective, eukaryotic cells are expected to respond similarly to changes in temperature [14,
36]. However, given the extensive evolutionary divergence between cnidarians and
protozoans, it is unsurprising that some unique pathways were differentially affected by
variable temperature exposure between the two endosymbiotic constituents. One group that
merits further mention is the LB-associated proteins, oleosin and caleosin. The former is an
abundant structural protein that acts to stabilize LBs, which are absent from asymbiotic or
aposymbiotic cnidarians, by preventing their coalescence [37]. Caleosin is thought to play a
role in the degradation of LB lipids in higher plants [38], though its ancestral role appears to
be as another structural protein found on/in the coat of LBs [39]. As caleosin and oleosin are
plant proteins, they were almost surely synthesized by the Symbiodinium cells. However, it
cannot be ruled out that these proteins migrate alongside the LBs as they flow between
compartments (discussed in more detail below). For the sake of argument, the remainder of
this discussion will assume that these proteins are ultimately of dinoflagellate origin.

Endosymbiotic anthozoan LBs are thought to be involved in the metabolic dialogue
between host anthozoans and their in hospite Symbiodinium populations [27, 37]; these
organelles have been shown to flow back and forth between hosts and endosymbionts as a
means of transferring lipids [24]. It seems reasonable to speculate, then, that the decrease in
oleosin and caleosin expression in Symbiodinium within corals exposed to variable
temperature for seven days may suggest that LB metabolism differed fundamentally between
TT; perhaps the down-regulation of these two proteins under variable temperatures insinuates
that LBs were being metabolized, since proteins that catabolize LB lipids could more readily
interact with LBs upon the absence of these integral coat proteins. This presumed up-
regulation of LB metabolism may have allowed for these Symbiodinium populations to
sustain sufficient energy levels to maintain homeostasis under periods in which cellular
energy demand could be hypothesized to be high due to, for instance, elevated rates of protein
turnover brought on by these rapid temperature changes.

However, it should be noted that caleosin and oleosin are also known to have roles in
lipid metabolism [40-41], and so their down-regulation, alongside a decrease in expression of
another lipid-metabolizing protein, lipoxygenase, at variable temperature could, in contrast,
suggest a decrease in LB metabolism. Indeed, the overall down-regulation of proteins
involved in a variety of cellular pathways, notably metabolism, at variable temperatures in
both compartments of this endosymbiosis may ultimately speak to this need to conserve
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energy for growth, which was similar between temperature regimes (Table 1 and [15]), by
suppressing certain metabolic pathways. As evidence for this, Symbiodinium have been found
to actually accumulate lipids and LBs when deprived of nitrogen [42]. Future work should,
then, seek to uncover the role of proteins involved in LB stabilization and metabolism in the
response of in hospite Symbiodinium populations to environmental change; without further
immuno-localization studies, it is premature to conjecture where these LB metabolic changes,
in fact, took place, within the host coral or within the Symbiodinium cells. Such studies
should also attempt to observe LB metabolism during stress events in order to determine
whether they are more likely to be synthesized/accumulated, as when undergoing nutrient
stress, or catabolized at such times. The ensuing data could help to develop a more
comprehensive cellular model of how reef-building corals acclimate to highly variable
temperature exposure both in situ and in the laboratory.
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Chapter 10
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ABSTRACT

Fatty acid composition was determined in seven species of seaweed, four species of
seagrass, 17 species of invertebrates and dugong (mammal) sampled in coral reef areas in
the Philippines. The data obtained indicated that Arachidonic acid (ArA) was not a minor
component, and ArA distributes widely in coral reef organisms. Seagrass had high
linoleic acid and linolenic acid levels with low ArA, EPA and DHA levels, while some
species of seaweed had intermediate or high ArA levels (5% to 12%). In starfish, sea
cucumber and some species of corals, ArA was the first major fatty acid (20% to 30%),
but DHA levels were very low. Bivalves, abalone and shrimps had intermediate ArA
levels. Total lipids of abdominal muscle and liver of dugong had respectively ArA levels
of 7.8% and 11.0%, which were higher than EPA levels (2.4% and 1.6%), but DHA
levels (0.4% and 2.3%) were low. It is clear that ArA is a major fatty acid in coral reef
animals. Thus, intermediate or high ArA levels appear to be universally found in coral
reef animals. However, the origin of ArA is not still clear. Micro-organisms on the
bottom or in the soil and/or macro-algae may be the sources. Although it is highly
speculative, the present results suggest that the existence of an ArA-rich food chain may
be widespread in coral reef areas, and that the widespread existence of ArA-rich food
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chain may lead to intermediate or high ArA contents in coral reef species. This
speculation does not rule out the possibility that coral reef animals might have the ability
to convert linoleic acid to ArA.

Keywords: fatty acid, arachidonic acid, DHA, EPA, coral reef, seagrass, seaweed,
invertebrates, dugong

1. INTRODUCTION

Marine fish and invertebrate fatty acid signatures will be affected mainly by diet, as well
as to some degree by the biosynthesis of certain fatty acids. Diets within and among fish and
invertebrate species will in turn reflect characteristics of the prey field as well as
morphological constraints and life style of the predators. Lipids, and especially fatty acids,
have long been used as biological markers and general indicators of diet in marine ecology
(Sargent et al. 1988). Animals can biosynthesize a relatively limited number of fatty acids
(Cook 1985). These biochemical restrictions, coupled with the fact that fatty acids in the
marine food web are exceptionally complex and diverse, provide the opportunity to use fatty
acids for understanding food habits and nutrients requirements for marine fish.

Arachidonic acid (ArA) is an essential fatty acid but a minor component especially in
cold and temperate water species. The abundance of eicosapentaenoic acid (EPA) and
docosahexaenoic acid (DHA) in marine animals has been emphasized in view of the
importance in aquaculture, while little attention has been given to the existence and
importance of ArA. However, preliminary studies, which aimed at developing advanced diets
for improving fry production technologies of tropical fish, ovaries, eggs and fry of mangrove
red snapper were unexpectedly found to have intermediate or high ArA levels and relatively
low EPA levels (Ogata et al. 2004; Suloma and Ogata 2011). This phenomenon was also
found in two species of rabbitfish, coral trout and striped jack sampled in the Philippines
(Ogata et al. 2004). The result suggests that ArA may be much more important in fry
production of coral reef associated species compared with cold/temperate species. Together
with a series of feeding studies on dietary ArA and reproduction/larval quality, we have
investigated the distribution of ArA in mangrove and coral reef. In the present chapter, data of
fatty acids distribution in seaweed, seagrass, invertebrates and dugong in coral reef areas will
be presented to speculate the possible source of ArA in coral reef food-web.

2. METHODOLOGY

Samples from invertebrates (Crustaceans, Mollusks, Echinoderms, Cnidarians and
Poriferans) and aquatic plant (Seaweeds & Seagrass) were collected from coral reef areas in
the Philippines. Table 1 lists common names, scientific names, sampling places and the time
of samplings. Abdominal muscle and liver tissues of dugong were provided from a local
fisherman who found a dead dugong on a beach (Pandan, Antique). Fatty acid composition of
total lipids was determined for seaweed, seagrass, acetes and dugong. Fatty acid compositions
of both polar (PL) and neutral (NL) lipids were determined for other invertebrate species. All
the samples were freeze-dried and stored at-80°C until lipid extraction. The extraction of
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lipids from freeze dried samples was carried out with a mixture of chloroform and methanol
(2:1, viv) containing 0.01% butylhydroxytoluene (BHT). Total lipids were separated into
polar and neutral lipids with a silica cartridge. Fatty acid methyl esters (FAME) were
prepared and purified with thin-layer chromatography. FAME were analyzed on a gas liquid
chromatography. Individual FAME were identified using reference standards.

3. FATTY ACID COMPOSITION

l. Invertebrates

In general, linoleic acid and linolenic acid in both neutral and polar lipids were trace
components in all the invertebrate species examined. ArA in all invertebrate samples showed
higher levels especially in PL, and ArA was superior to EPA in all samples, and in some
samples superior to DHA. ArA levels ranged between 1.26 %- 30.18 % in polar lipid and
0.83%-5.63% in neutral lipids. High or intermediate ArA levels were found in polar lipids of
jellyfish (9.3%), sponge (5.9%), starfish (28.7%), sea urchin gonads (10.0%) and sea
cucumber (17.4%). ArA was the first major fatty acid in starfish, Asterias sp. In sea
cucumber, EPA (not detected) and DHA (0.7%) levels were very low. ArA content is
remarkably higher in tropical holothurians than in the temperate species (Svetashev et al.
1991). DHA was not detected in starfish, and DHA level was very low in sea urchin gonads
(0.70%). These invertebrate species may be good sources of ArA, but it should be noted that
the balance of DHA and ArA is poor in these species.

Corals

Two species of corals, Sarcophyton sp. (22.7%) and Dendronephthya sp. (30.2%), had
very high ArA levels in their polar lipid fraction (Tables 3 and 4). By contrast, ArA levels in
Millepora platyphylla (2.3%) and Nephthya sp. (3.5%) were not high. At present, we cannot
explain the reason for the extreme difference in ArA level among the coral species. Nephthya
sp. also had low EPA (0.9%) and DHA (0.9%) levels (Table 2). In other coral species, EPA
and DHA levels ranged from 1.9% to 6.1% and from 6.1% to 9.4%, respectively.

Crustaceans

In four crustacean species (torpedo shrimp, mantis shrimp and swimming crab for polar
lipids and acetes for total lipids), ArA levels (3.7% t012.3%) were always lower than EPA
levels (9.5% t015.0%) (Tables 4 and 5). However, ArA levels in these crustacean species
were not low compared to cold/temperate water species. Especially ArA level of swimming
crab was 12.3%. DHA levels ranged from 6.5% t016.6% in polar lipid of these crustacean
species.

In tropical paracalanid copepods, EPA level is higher than ArA level with
DHA/EPAJ/ATrA ratios of 14:3:1 for Acartia sinjiensis, 20:9:1 for Parvocalanus crassirostris
and 25:6:1 for Bestiolina similes, respectively (McKinnon et al. 2003). Thus, planktonic
crustaceans do not appear to be the primary source of ArA.
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Shells

Abalone had a high ArA level (13.8%) and low EPA (2.3%) and DHA (0.4%) levels
(Table 6) in polar lipids. Scallop had a high DHA level (22.0 %) and intermediate ArA
(4.8%) and EPA (4.9%) levels in polar lipids. ArA, EPA and DHA levels were 6.5%, 5.8%
and 11.6% for mussel in polar lipids. ArA levels were equivalent to or higher than EPA levels
in the shells in coral reef areas.

Table 1. Sample list

Name Scientific name Source Month | Remarks
Seagrass Cymodocea sp. Sagay Nov
Thalassia sp. Nogas Jul
Enhalus sp. Nogas Jul
Halodule sp. Nogas Jul
Seaweed Ulva faciata Igang Mar
Caulerpa sp. Palawan Oct
Corallinaceae Nogas Jul
Padina sp. Igang Mar
Galaxauraceae Nogas Jul
Kapaphycus alvarezi Tigbauan Mar cultured
Kapaphycus alvarezi Tigbauan Mar
Kapaphycus alvarezi Palawan Oct
Gracilaria sp. Roxas Jun cultured
Gracilaria sp. Tigbauan Mar cultured
Gracilaria sp. Tigbauan Nov cultured
Jerry fish Ulamaridae Guimaras Jul
Sponge Spongidae Igang Mar
Starfish Asterias sp. Nogas Jul
Seaurchin Tripneustes gratilla Igang Mar gonads
Coral Millepora platyphylla Igang Nov
Nephthya sp. Igang Nov
Sarcophyton sp. Igang Nov
Dendronephthya sp. Igang Nov
Cucumber Bohadschia sp. Sagay Nov
Acetes Acetes sp. Tigbauan Mar
Torpedo shrimp | Parapennaeopsis maxillipedo | Hamtic Nov
Mantis shrimp | Lysiosquilla sp. Guimbal Mar
Swimming crab | Portunus sp. Nogas Jul
Abalone Haliotis assinina Guimaras Jul
Scallops Amusium pleuronectes Tigbauan Jul
Mussel Perna viridis Tigbauan Jul
Clam Anodontia edentula Tigbauan Jul
Dugong Dugong dugong Panoan Oct muscle and liver
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Table 2. Fatty acid compositions of corals
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Source lgang lgang lgang

Sample name Millepora sp.-1 Nephthya sp.-1 Nephthya sp.-2
Sample # 2 pooled 2 pooled 2 pooled

Lipid class PL NL PL NL PL NL
14:0 1.42 0.69 1.60 0.69 2.70 1.07
14:1 1.52 0.36 2.65 0.36 3.03 1.69
15:0 0.62 0.65 0.53 0.65 0.94 0.62
16:0 20.76 30.69 24.28 30.69 20.17 26.16
16:1n-7 20.89 4.83 26.52 4.83 25.45 2.68
17:0 0.78 1.12 0.70 1.12 1.79 0.79
16:3n-6 0.66 1.83 0.70 1.83 0.87 0.41
16:3n-3 0.34 0.28 0.24 0.28 0.37 0.31
18:0 4.06 4.15 3.92 4.15 4.58 3.64
18:1n-9 5.88 5.77 4.12 5.77 7.15 4.10
18:1n-7 2.46 2.13 2.30 2.13 2.32 2.83
18:2n-6 1.48 0.89 0.64 0.89 1.64 0.88
18:3n-6 0.70 1.29 0.78 1.29 0.68 0.41
18:3n-3 0.59 2.22 0.52 2.22 0.67 2.65
18:4n-3 0.47 0.27 0.39 0.27 0.30 0.79
20:0 0.65 0.16 2.01 0.16 1.57 1.29
20:1 0.60 3.17 2.53 3.17 2.23 4.82
20:2n-6 0.99 0.25 1.71 0.25 0.24 1.82
20:3n-6 0.24 0.39 0.18 0.39 0.68 0.43
20:4n-6 2.33 2.17 1.26 2.17 3.47 2.83
20:3n-3 0.52 0.25 0.19 0.25 0.26 0.73
20:4n-3 0.50 0.78 0.28 0.78 0.51 0.85
20:5n-3 1.94 0.07 2.23 0.07 0.90 0.49
22:0 0.38 0.08 0.61 0.08 0.61 0.29
22:1 0.35 0.33 1.15 0.33 1.35 0.79
22:4n-6 1.26 13.21 1.09 13.21 0.63 12.17
22:5n-6 0.18 0.66 0.06 0.66 0.08 0.34
22:5n-3 0.49 0.05 0.20 0.05 0.36 0.50
22:6n-3 9.07 1.21 1.41 1.21 0.92 2.97
24:0 0.12 0.57 0.47 0.57 tr 0.48
24:1 nd 0.80 nd 0.80 nd nd
YSaturates 28.79 38.12 34.12 38.12 32.37 34.35
>Monoenes 31.69 17.39 39.28 17.39 41.53 16.90
>n-6 7.85 20.69 6.41 20.69 8.29 19.29
>n-3 13.92 5.12 5.45 5.12 4.28 9.28
>n-3HUFA 12.00 2.10 4.12 2.10 2.68 4.81
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Table 3. Fatty acid compositions of corals

Source lgang Igang lgang
Sample name | Sarcophyton sp.-1 Sarcophyton sp.-2 Dendronephthya sp.-1
Sample # 2 pooled 2 pooled 2 pooled
Lipid class PL NL PL NL PL NL
14:0 221 3.35 2.13 3.83 1.25 3.35
14:1 0.50 1.23 0.76 1.02 0.11 1.23
15:0 0.12 0.20 0.09 0.14 0.11 0.20
16:0 15.05 16.95 14.97 18.72 12.31 16.95
16:1n-7 1.19 0.67 0.95 0.71 0.83 0.67
17:0 0.31 0.49 0.64 0.79 0.65 0.49
16:3n-6 0.36 0.36 0.74 0.29 1.05 0.36
16:3n-3 0.21 0.33 0.37 0.31 0.54 0.33
18:0 4.44 10.15 4.33 9.83 3.69 10.15
18:1n-9 7.27 28.63 7.34 29.43 1.75 28.63
18:1n-7 0.52 1.44 0.54 1.42 0.26 1.44
18:2n-6 2.54 2.18 2.33 221 2.60 2.18
18:3n-6 0.88 0.80 0.77 0.72 8.82 0.80
18:3n-3 1.07 1.19 1.03 0.96 0.42 1.19
18:4n-3 8.02 0.12 7.32 0.20 6.70 0.12
20:0 0.33 1.35 0.15 1.20 0.46 1.35
20:1 4.52 1.65 4.69 1.68 2.10 1.65
20:2n-6 0.22 0.39 0.17 0.34 0.27 0.39
20:3n-6 0.35 0.19 0.47 0.25 1.03 0.19
20:4n-6 21.38 4.77 22.67 4.95 28.73 4.77
20:3n-3 0.15 0.07 0.19 0.04 0.19 0.07
20:4n-3 0.05 0.69 0.04 0.28 0.35 0.69
20:5n-3 5.80 1.47 5.16 0.91 5.85 1.47
22:0 tr 0.06 tr 0.03 0.12 0.06
22:1 tr 0.54 tr 0.06 0.13 0.54
22:4n-6 0.12 1.50 0.78 1.14 1.10 1.50
22:5n-6 0.09 0.04 0.01 0.05 0.00 0.04
22:5n-3 0.00 0.01 0.00 0.04 0.10 0.01
22:6n-3 9.71 5.70 9.38 5.78 6.08 5.70
24:0 tr tr tr tr tr tr
24:1 nd nd nd nd nd nd
YSaturates 22.46 32.54 22.31 34.54 18.60 32.54
XMonoenes 14.00 34.16 14.27 34.33 5.18 34.16
¥n-6 25.94 10.24 27.95 9.97 43.59 10.24
¥n-3 25.01 9.59 23.48 8.53 20.23 9.59
¥n-3HUFA 15.56 7.87 14.58 7.02 12.38 7.87
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Table 4. Fatty acid composition of corals, Acetes (alamang) and shrimps
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Source Igang Tigbauan Hamtic

Sample name Dendronephthya sp.-2 Acetes (Ptﬁrssggnsi?iorg;s maxillipedo
Sample # 2 pooled 2 pooled 3 pooled

Lipid class PL NL TL PL NL
14:0 1.37 3.60 4.24 0.89 3.14
14:1 0.31 1.91 0.24

15:0 0.12 0.20 1.03 0.82 1.88
16:0 13.17 3241 23.40 14.93 26.45
16:1n-7 1.22 3.46 7.80 5.21 8.21
17:0 0.80 0.61 0.45 2.34 3.05
16:3n-6 0.76 0.47 1.62

16:3n-3 0.52 0.14 0.62

18:0 3.93 6.17 8.34 1191 13.57
18:1n-9 1.35 5.77 8.52 9.71 10.23
18:1n-7 0.22 0.88 2.55 3.28 4.78
18:2n-6 2.82 3.66 1.49 1.57 15
18:3n-6 9.51 13.07 0.15 0.58 0.86
18:3n-3 0.14 0.90 1.08 0.44 0.35
18:4n-3 6.71 0.40 0.66

20:0 0.49 0.59 0.69 0.54 0.94
20:1 1.87 0.98 0.71 0.58 1.03
20:2n-6 0.15 0.59 0.36 0.87 0.81
20:3n-6 0.36 1.31 0.13 0.22

20:4n-6 30.18 5.63 3.70 7.48 2.77
20:3n-3 0.30 0.55 0.15

20:4n-3 0.06 0.14 0.24

20:5n-3 6.09 1.83 9.52 12.27 2.82
22:0 0.13 0.33 1.53 0.87 0.73
22:1 0.14 0.15 0.37 0.19

22:4n-6 1.28 2.34 0.11 1.17 0.98
22:5n-6 0.00 0.04 0.72 1.30 0.5
22:5n-3 0.09 0.25 0.46 1.46 0.61
22:6n-3 6.08 1.97 11.32 10.12 1.84
24:0 tr tr 0.56 0.17

24:1 nd nd 0.51 0.76

YSaturates 20.01 43.91 40.22 32.47 49.76
>Monoenes 511 13.14 20.69 19.73 24.25
>n-6 45.05 27.11 8.27 13.19 7.42
>n-3 19.99 6.16 24.02 24.29 5.62
>n-3HUFA 12.32 4.19 21.52 23.85 5.27
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Table 5. Fatty acid composition of mantis shrimp and swimming crab
Source Guimbal Nogas
Sample name Lysiosquilla sp. Mantis shrimp Portunus sp. swimming crab juvenile
whole body whole body
Sample # 2 pooled 2 pooled
Lipid class PL NL PL NL
14:0 2.43 12.96 0.57 3.65
14:1
15:0 0.43 0.97 0.31 0.7
16:0 19.63 29.85 15.49 35.48
16:1n-7 5.65 9.34 2.52 7.04
17:0 1.30 1.46 1.39 2.3
16:3n-6
16:3n-3
18:0 12.14 5.93 11.83 9.84
18:1n-9 8.05 5.83 9.98 13.32
18:1n-7 3.22 4.2 3.70 5.45
18:2n-6 1.35 0.81 3.66 2
18:3n-6 0.43 0.38 0.63 0.69
18:3n-3 0.48 0.35 1.60 0.57
18:4n-3
20:0 0.15 0.42 1.47 0.92
20:1 0.22 0.34 0.64 1.75
20:2n-6 0.34 0.27 0.80 0.5
20:3n-6 0.17 0.14 0.00
20:4n-6 6.53 1.84 12.29 15
20:3n-3 0.21
20:4n-3 0.16 0.21
20:5n-3 10.15 422 14.95 0.84
22:0 0.44 0.38 0.83 0.84
22:1 0.16
22:4n-6 0.50 0.22 0.64 0.29
22:5n-6 0.86 0.5 0.32
22:5n-3 0.93 0.65 0.83
22:6n-3 16.62 9.7 6.48 0.34
24:0 0.34 0.34 0.27
24:1 0.97
YSaturates 36.86 52.31 31.90 54.00
YMonoenes 17.14 20.84 16.83 27.56
n-6 10.18 4.16 18.33 4,98
n-3 28.34 15.13 24.07 1.75
¥n-3HUFA 27.86 14.78 22.26 1.18
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Table 6. Fatty acid composition of coral reef associated shellfishes
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Source Guimaras Tigbauan Tigbauan
Sample name Haliotis as§inina Amusium.pleuronectes Perna vir'idis
Abalone wild scallop wild mussel wild
Sample # 2 pooled 2 pooled 2 pooled
Lipid class PL NL PL NL PL NL
14:0 0.96 4.33 1.20 3.96 0.67 7.08
14:1 0.21 0.53 0.12 0.22 0.14 0.23
15:0 1.05 3.28 0.76 2.26 0.58 2.05
16:0 19.40 34.82 19.79 33.16 15.09 34.00
16:1n-7 2.72 6.79 1.57 6.03 5.86 11.22
17:0 0.32 0.85 0.37 0.62 1.42 0.97
16:3n-6 2.11 4.17 2.61 4.40 1.42 221
16:3n-3 0.32 1.23 0.27 0.73 0.28 0.47
18:0 5.58 10.84 10.00 21.15 4.49 7.49
18:1n-9 3.40 10.15 1.95 7.55 1.96 3.59
18:1n-7 3.26 3.67 2.27 3.41 1.33 3.16
18:2n-6 0.45 0.36 0.50 0.67 1.79 1.42
18:3n-6 0.19 0.33 0.43 0.39 0.30 0.40
18:3n-3 1.21 0.34 1.83 0.25 3.14 0.80
18:4n-3 0.12 0.08 0.17 0.14 0.19 0.12
20:0 0.17 0.33 0.22 0.41 0.28 0.59
20:1 5.74 2.74 5.45 1.62 8.07 5.17
20:2n-6 0.26 0.22 0.46 0.32 0.66 0.26
20:3n-6 0.24 0.12 0.55 0.31 0.52 0.31
20:4n-6 13.56 0.83 4.70 1.25 6.47 1.50
20:3n-3 0.21 0.06 0.22 0.04
20:4n-3 0.15 0.09 0.02 0.24 0.07
20:5n-3 2.31 0.17 4.90 0.58 5.81 2.08
22:0 0.18 0.27 0.10 0.10 0.10 0.18
22:1 1.77 1.43 0.61 0.23 0.51 0.24
22:4n-6 6.49 0.46 3.61 1.17 3.44 0.28
22:5n-6 0.48 0.00 2.94 0.20 2.05 0.12
22:5n-3 10.75 0.25 0.84 0.07 1.72 0.22
22:6n-3 0.26 0.36 22.00 1.24 11.76 1.57
24:0
24:1
YSaturates 27.66 54.72 32.44 61.65 22.64 52.35
YMonoenes | 17.10 25.32 11.97 19.07 17.87 23.62
¥n-6 23.78 6.48 15.79 8.69 16.64 6.50
¥n-3 15.34 2.44 30.17 3.02 23.37 5.38
>n-3HUFA | 13.47 0.79 27.84 191 19.54 3.94
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Table 7. Fatty acid composition of coral reef associated invertebrates
Source Igang Nogas Guimaras
Sample name Spongidae Asterias sp. !Jlam.aridae
sponge starfish jellyfish
Sample # 2 pooled 2 pooled 2 pooled
Lipid class PL NL PL NL PL NL
14:0 0.94 2.25 3.33 6.01 1.01 3.39
14:1
15:0 0.85 0.80 1.72 0.57
16:0 6.49 21.91 4.87 28.30 25.60 37.07
16:1n-7 4.59 6.80 1.01 9.01 2.14 6.82
17:0 1.21 1.49 1.01 1.79 1.24 0.96
16:3n-6
16:3n-3
18:0 9.22 19.45 9.55 10.12 11.30 9.74
18:1n-9 3.62 13.32 1.50 5.22 4.26 19.24
18:1n-7 3.49 7.01 1.58 5.32 1.75 3.54
18:2n-6 1.13 2.87 1.84 1.50 0.75 2.08
18:3n-6 1.42 2.09 0.51 0.65 5.93
18:3n-3 0.82 0.39 1.03 0.73
18:4n-3
20:0 2.85 2.06 0.76 0.84 0.32
20:1 1.13 1.20 11.22 6.46 2.37 0.38
20:2n-6 1.77 0.87
20:3n-6 0.26 0.29
20:4n-6 591 2.84 28.73 3.85 9.29 2.81
20:3n-3 0.85 0.43
20:4n-3
20:5n-3 3.22 2.44 3.63 0.52 8.61 2.82
22:0 2.35 0.88 0.27 0.33
22:1
22:4n-6 1.24
22:5n-6 1.94
22:5n-3 19.49 0.49 0.68
22:6n-3 7.56 2.06 8.62 4.29
24:0 6.88 1.49 0.30 0.54
24:1 2.40
Y Saturates 29.94 50.38 20.74 49.20 39.15 52.05
“Monoenes 15.23 28.33 15.30 26.00 10.53 29.98
¥n-6 10.40 7.80 32.97 7.02 17.21 4.89
¥n-3 31.09 4.50 5.11 1.98 18.64 7.11
>n-3HUFA 30.27 4.50 3.87 0.52 17.91 7.11
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Table 8. Fatty acid composition of coral reef associated invertebrates
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Source Igang Sagay

Tripneustes gratilla Bohadschia sp.
Sample name -

sea urchin gonad sea cucumber
Sample # 8 pooled 2 pooled
Lipid class PL NL PL NL
14:0 3.94 9.45 6.83
14:1 0.08 0.25
15:0 0.29 0.83 2.44
16:0 17.08 34.02 3.22 25.70
16:1n-7 3.33 5.27 1.65 15.19
17:0 0.11 0.18 0.60 1.94
16:3n-6 0.38 0.36
16:3n-3 0.20 0.17
18:0 6.29 5.00 5.08 10.56
18:1n-9 1.23 3.37 1.80 3.55
18:1n-7 2.16 221 4.57 6.30
18:2n-6 0.40 0.30 2.38 0.63
18:3n-6 0.68 0.42 1.20 0.98
18:3n-3 0.64 1.17 0.98
18:4n-3 0.19 1.36 0.61
20:0 1.06 1.35 211 1.59
20:1 19.28 9.57
20:2n-6 1.47 0.73 1.45 0.45
20:3n-6 0.81 0.45 1.36 0.60
20:4n-6 9.97 3.15 17.37 1.53
20:3n-3 1.89 0.75
20:4n-3 3.39 1.53
20:5n-3 12.30 2.52 0.33
22:0 0.11 0.07 1.22 0.93
22:1 1.59 1.27 0.64
22:4n-6 0.41 4.25 3.28 1.12
22:5n-6 0.39 0.09
22:5n-3 0.51 0.17
22:6n-3 0.70 0.82 0.91
24:0 0.12 0.42
24:1 0.26 3.74 1.72
YSaturates 28.88 51.03 12.44 49.99
~Monoenes 27.94 21.94 11.58 26.76
>n-6 14.52 9.76 26.31 5.09
>n-3 19.83 8.49 2.50 0.16
>n-3HUFA 16.91 5.04 0.91 0.16
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Table 9. Fatty acid composition of coral reef associated seaweeds
Source lgang Palawan Nogas Igang Nogas
Sample name |Ulva faciata |Caulerpha sp. |Corallinaceae |Padinasp. |Galaxauraceae
Sample # 2 pooled 2 pooled 2 pooled 2 pooled 2 pooled
Lipid class TL TL TL TL TL
14:0 2.9 4.3 2.2 2.9 3.9
14:1 0.5 0.5 0.4 0.4 1.0
15:0 0.8 0.4 0.4 0.3 0.9
16:0 37.4 31.4 39.5 32.2 39.6
16:1n-7 7.6 11.3 18.3 20.6 15.5
17:0 1.6 2.2 0.4 0.3 0.2
16:3n-6 0.4 0.4 0.3 3.4 0.5
16:3n-3 0.4 0.1 0.1 0.1 0.3
18:0 4.5 2.4 1.6 4.7 2.6
18:1n-9 8.7 2.8 7.9 2.7 5.5
18:1n-7 13.0 1.9 2.4 4.6 3.7
18:2n-6 15 5.6 1.1 2.0 1.8
18:3n-6 0.2 0.7 0.5 1.7 0.3
18:3n-3 2.3 4.8 0.3 0.1 1.0
18:4n-3 0.9 0.7 0.1 0.1 0.3
20:0 0.4 0.3 0.1 15 0.3
20:1 0.5 0.8 0.3 2.0 0.7
20:2n-6 0.1 0.3 0.3 0.2 0.9
20:3n-6 0.1 0.3 1.3 0.3 0.6
20:4n-6 0.5 3.5 12.9 3.3 3.2
20:3n-3 0.0 0.1 0.0 0.1 0.1
20:4n-3 0.1 0.1 0.4 0.0 0.1
20:5n-3 1.1 3.0 0.6 0.1 3.2
22:0 1.3 0.3 0.1 1.1 0.4
22:1 0.1 0.2 0.2 0.1
22:4n-6 0.0 0.5 0.2 0.3
22:5n-6 0.1 0.2 tr tr
22:5n-3 0.1 0.4 1.4 0.3
22:6n-3 0.2 1.3 0.0 0.5
24:0 0.3 1.7 0.3 0.6
24:1 0.2 0.1 0.2 0.4
X Saturates 49.2 41.2 44.2 43.2 47.9
>Monoenes 30.6 17.5 29.4 30.7 26.6
>n-6 2.8 115 16.3 10.9 7.7
*n-3 53 8.5 15 1.9 5.4
~n-3HUFA 1.6 3.4 1.1 1.6 4.1
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Table 10. Fatty acid composition of coral reef associated seaweeds
Source Tigbauan Tigbauan Roxas Tigbauan Tigbauan
Sample Kappaphycus Kappap_hycus Gracillaria | Gracillaria | Gracillaria
name alvarezi alyare2| sp. sp. sp.

cultured wild cultured cultured cultured

Sample # 2 pooled 2 pooled 2 pooled 2 pooled 2 pooled
Lipidclass |TL TL TL TL TL
14:0 2.8 2.6 1.6 1.8 1.3
14:1 0.1 0.2 0.6 0.1 0.2
15:0 0.4 0.5 0.6 0.3 0.4
16:0 32.9 318 49.1 53.3 65.7
16:1n-7 0.6 0.6 3.0 1.7 2.1
17:0 0.2 0.1 0.2 0.1 0.1
16:3n-6 0.1 0.2 0.5 0.2 0.1
16:3n-3 15.4 13.5 0.1 0.1 0.2
18:0 2.1 2.5 4.0 2.5 2.3
18:1n-9 45 4.5 12.4 15.8 10.5
18:1n-7 1.3 15 3.8 17 1.7
18:2n-6 0.3 0.5 1.2 14 0.5
18:3n-6 0.2 0.1 0.3 0.2 0.0
18:3n-3 6.2 8.5 0.1 0.1 0.4
18:4n-3 tr tr 0.0 0.0 0.5
20:0 0.1 0.1 0.2 0.1 0.1
20:1 0.2 0.2 0.5 0.3 0.2
20:2n-6 0.1 0.2 0.1 0.1 0.1
20:3n-6 0.3 0.3 0.7 0.9 0.4
20:4n-6 5.8 5.1 5.7 6.8 6.4
20:3n-3 0.1 tr 0.1 0.1 tr
20:4n-3 0.1 0.1 0.1 0.2 tr
20:5n-3 3.7 1.8 6.3 5.6 3.0
22:0 0.2 0.1 0.2 0.1 0.1
22:1 0.1 0.1 0.1 0.1 0.0
22:4n-6 0.2 0.2 0.3
22:5n-6 0.2 0.0 0.0
22:5n-3 0.3 0.3 0.1
22:6n-3 15 0.4 0.1
24:0 0.2 0.1 0.3 0.2 0.8
24:1 0.4 0.1 0.3
YSaturates | 38.8 37.8 56.2 58.5 70.9
YMonoenes | 6.7 7.0 20.8 19.8 15.0
¥n-6 6.9 6.4 8.8 9.9 7.8
¥n-3 255 23.9 8.5 6.8 4.3
¥n-3HUFA |3.8 1.9 8.2 6.5 3.2
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Table 11. Fatty acid composition of coral reef associated sea grass and dugong
Source Sagay Nogas Nogas Nogas Pandan Pandan
Sample Cymodocea | Thalassia Enhalus Halodule Dugong Dugong
name sp. sp. sp. sp. dugong d_ugong

muscle liver
Sample # 2 pooled 2 pooled 2pooled |2pooled |1 1
Lipidclass | TL TL TL TL TL TL
14:0 1.6 2.4 1.5 5.4 1.68 0.41
14:1 0.2 0.7 0.8 0.6 0.05 0.04
15:0 1.6 0.4 0.6 0.5 0.09 0.04
16:0 21.3 23.8 21.9 29.5 17.77 16.84
16:1n-7 12.9 13.7 12.1 10.8 8.15 3.61
17:0 0.6 0.4 0.5 0.3 0.80 0.16
16:3n-6 0.3 0.4 0.4 0.3 0.20 0.22
16:3n-3 0.3 0.1 0.3 0.1 0.20 0.11
18:0 2.4 4.4 5.1 2.5 9.95 15.33
18:1n-9 3.7 2.4 0.3 3.3 26.23 20.21
18:1n-7 1.1 1.5 15 2.7 1.85 1.69
18:2n-6 22.1 12.0 22.2 7.5 5.21 8.30
18:3n-6 0.1 0.2 0.2 0.4 0.10 0.20
18:3n-3 15.8 16.5 14.1 13.9 1.36 1.21
18:4n-3 0.1 0.2 0.2 0.9 0.03 0.03
20:0 0.1 0.7 0.4 0.6 0.17 0.20
20:1 0.9 0.7 0.7 0.3 0.80 1.03
20:2n-6 tr 0.2 0.2 0.2 2.40 1.78
20:3n-6 tr 0.1 0.2 0.2 0.75 0.64
20:4n-6 0.3 0.5 0.6 2.3 7.77 11.02
20:3n-3 tr 0.1 0.1 0.1 0.13 0.14
20:4n-3 tr 0.1 0.1 0.1 0.21 0.11
20:5n-3 0.4 0.4 0.5 3.6 2.44 1.61
22:0 1.1 0.8 1.2 0.5 0.27 0.37
22:1 tr 0.2 nd nd 0.33 0.10
22:4n-6 0.1 nd nd 0.1 0.54 0.54
22:5n-6 tr nd nd 0.1 0.19 0.83
22:5n-3 0.1 nd nd 0.2 2.64 3.83
22:6n-3 1.3 0.2 0.5 0.3 0.35 2.31
24:0 2.0 0.7 2.9 0.7 0.31 0.39
24:1 nd nd nd nd 0.93 1.08
YSaturates 29.1 33.6 34.0 40.0 30.46 33.36
>Monoenes | 17.7 19.2 15.4 17.7 38.00 26.68
>n-6 21.5 13.3 23.8 11.2 17.16 23.52
>n-3 17.0 17.4 15.6 18.4 7.33 9.33
>n-3HUFA | 1.7 0.7 1.1 4.2 5.64 7.87
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Il. Aquatic Plants

Fatty acid composition of aquatic plants samples showed low ArA, EPA and DHA levels
compared to invertebrates samples. The seagrass samples had low levels of ArA compared to
seaweeds samples.

Seaweed and Seagrass

Substantial levels of ArA (3.2 % to 12.9%) in the total lipids were detected in seaweed
excluding Ulva faciata (Table 9). A species of Corallinaceae contained 12.9% of ArA in the
total lipid. Aquaculture species, Kapaphycus and Gracillaria, had ArA levels ranging 5.1% to
6.8% and EPA levels ranging 1.8% to 8.5%, and very low DHA levels (Table 10). Linoleic
acid (0.3% to 5.6%) and linolenic acid levels in seaweed were low compared to those of
seagrass. Kapaphycus and Gracillaria might be useful as feed ingredients to provide ArA and
EPA.

Four species of seagrass had high linoleic acid (LA: 7.5% to 22.2%) and linolenic acid
(LNA: 13.9% to 16.5%) levels with low ArA (0.3% to 2.3%), EPA (0.4% to 3.6%) and DHA
(0.2% t01.3%) levels in the total lipids (Table 11). Other major fatty acids in seagrass were
16:0 (21.3% to 29.5%) and 16:1n-7(10.8% t013.7%).

Renaud et al. (1999) investigated fatty acid composition of 18 species of tropical
Australian microalgae. Only two pelagic species, Nitzschia sp. and Fragilarias sp. had
relatively high ArA levels equivalent to EPA levels, but in the remaining 16 species, EPA
was the major HUFA and ArA level was low. EPA was also the major HUFA in tropical
phytoplankton sampled from coastal waters of the South China Sea during one year cycle
(Shamsudin, 1998). Thus, planktonic microorganisms do not appear to be the primary source
of ArA even in tropical waters. High ArA levels are found in some species of marine red and
brown seaweeds from both temperate and tropical waters, although this phenomenon is not
always limited to tropical areas (Johns et al. 1979; Dembitsky et al. 1991; Vaskovsky et al.
1996). Nevertheless, red and brown seaweeds may be at least one of the sources.

I11. Dugong

The total lipids of abdominal muscle had linoleic acid of 5.2%, linolenic acid of 1.4%,
ArA of 7.8%, EPA of 2.4% and DHA of 0.4%, respectively (Table 11). The total lipids of
liver had linoleic acid of 8.3%, linolenic acid of 1.2%, ArA of 11.0%, EPA of 1.6% and DHA
of 2.3%, respectively. Other major fatty acids in the muscle and liver were 16:0 (17.8% and
16.8%), 16:1n-7 (8.1% and 3.6%), 18:0 (9.9% and 15.3%), 18:1n-9 (26.2% and 20.2%) and
22:5n-3 (2.6% and 3.8%).

ArA—derived eicosanoids have been identified in many fish species and have a wide
range of physiological functions including control of fluid and electrolyte fluxes, the
cardiovascular system, reproductive function and control of the neutral system (Mustafa and
Srivastava 1989 and Johnston et al. 1983). Suloma and Ogata (2011) suggested that coral reef,
in particular demersal fish appear to have a comparable ArA/EPA ratio with freshwater fish
rather than cold and temperate water marine fish. Suloma and Ogata (2011) reported that the
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testes of the coral reef fish have higher ArA levels and ArA/ EPA ratios than those of cold
and temperate water species. This may imply that ArA is more important for coral reef fish.

The present data provide an insight into fatty acids flow through the coral reef
community. It is widely accepted that fatty acid composition of fish tissues reflects dietary
fatty acid composition. Our previews results suggest that muscles and gonads from carnivore
species tend to contain ArA acids more than those from herbivores species in coral reef
waters (Suloma & Ogata 2011 and Ogata et al. 2004). Thus the fatty acids profile of
invertebrate and aquatic plants samples in the present study might answer why there are
differences in ArA levels of coral reef fish families. Lutjanida, Lethrinidae, Serranidae and
Labridae, which are carnivore species, had higher ArA levels compared to Siganidae species
which are a browsing herbivore.

Scarce data are available on fatty acid composition of benthic prokaryotes and
eukaryotes, bacteria, fungi and protozoa towards the beginning of ArA source in tropical
marine food chain. The present result, high ArA levels in coral reef fish, suggests that the
existence of an ArA-rich food chain may be widespread in coral reef areas, and that the
widespread existence of ArA-rich food chain may lead to comparatively higher ArA contents
in the coral reef fish. However, the origin of ArA in the coral-reef food web is still unclear.

CONCLUSION

From our previous and present studies we found that in general ArA was high and
superior to EPA in coral reef fish compared to cold and temperate fish in all tissues studied.
However, the origin of ArA is not still clear. Micro-organisms on the bottom or in the soil
and/or macroalgae may be the sources. Although it is highly speculative, the present results
suggest that the existence of an ArA rich food chain may be wide spread in coral reef areas,
and that the wide spread existence of ArA-rich food chain may Lead to intermediate or high
ARA contents in tropical species. This speculation does not rule out the possibility that coral
reef animals might have the ability to convert linoleic acid to ArA. The information in the
present study would be suggestive for development of appropriate grower and broodstock and
larval diets, to ensure high egg and larval quality of sustainable hatchery production in coral
reef areas.
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ABSTRACT

Coral skeletons provide useful information on aquatic environments in which corals
grew, and they also offer to use as recorders of pollution history from urbanized
hinterlands to coral reefs. In order to monitor pollutant discharges from urban areas to the
Gulf of Thailand since the 1980s, we collected Porites corals from Khang Khao Island
about 50 km southeast of Bangkok in 1985, 1998, 2001 and 2008. The coral collection
periods since the 1980s coincided with a series of laws enacted by the Thai government
to curb environmental pollution. To determine the skeletal growth of the samples, oxygen
isotopes (*80/*%0 as §%0) in coral aragonite was measured by stable isotope mass
spectrometry. A cyclical change in 80 is observed to record an annual change in
seawater salinity, and then the coral growth rate is estimated at ~18 mm/year on average.
Using the skeletal 830 method, the coral chronology was established in the Gulf of
Thailand. Nest we used a recently developed laser ablation inductively coupled plasma

* Corresponding Author’s Email: sohde@sci.u-ryukyu.ac.jp.
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mass spectrometry (LA-ICP-MS) method to assess the impact of metal pollution on coral
skeletons taken from the Gulf of Thailand since the 1980s. The extent of anthropogenic
contribution by riverine input to the gulf, including aerosol deposits, was assessed by
comparing metal-calcium (Me/Ca) ratios of Khang Khao corals to those of Rukan-sho, a
relatively unpolluted coral reef, Okinawa. In this comparison, high riverine inputs of Ba,
V, Cd and Pb were observed from the Me/Ca values in the Thai coral samples. Since Ba
concentration in seawater around Khang Khao Island largely depends on input from the
rivers, especially the Chao Phraya River, the Ba/Ca ratios in Khang Khao corals reflect
by the high concentrations of riverine input, showing cyclical variations like those of
oxygen isotopes in the coral samples. The V/Ca ratios of Khang Khao corals showed a
higher average value than that of the Rukan-sho coral, suggesting anthropogenic
vanadium inputs due to fuel oil pollution in the Gulf since the late 1990s. Higher Cd/Ca
ratios were observed in Khang Khao corals compared to that of Rukan-sho coral,
indicating that the Cd concentration in the Gulf continuously suffered from
anthropogenic input since 1983. The levels of Cd in the coral indicate a gradual decrease
in the Gulf in the late 1990s, with a drastic drop in concentration from the 1980s. The
historical variation in Pb/Ca ratios recorded in the coral skeletons suggests the Gulf of
Thailand suffered from anthropogenic lead from 1985 to 2001. The Pb/Ca values
recorded in Khang Khao Island corals suggest that the Gulf has been polluted by
anthropogenic Pb from the early 1990s. After the use of leaded gasoline was banned in
Thailand since 1995, the Pb/Ca in the Khang Khao Island corals showed a remarkable
decrease, indicating that regulatory control has limited anthropogenic Pb inputs to the
Gulf of Thailand. In conclusion, the coral archival record of the metals (V, Cd, Hg and
Pb) strongly suggests the success environmental of the laws and regulations by the Thai
Government introduced since the middle 1990s.

Keywords: coral skeleton, metal pollution, laser ablation, environmental monitoring,
Thailand

1. INTRODUCTION

Sediments are chemical fossils that record global and local environmental changes in
water media. However, the record from sediment data could be altered by human activities
such as dredging and processes like remineralization and recrystallization. Compared to
sediments, coral aragonite (CaCQOs) is a better proxy tool and remarkably provides a more
faithful representation of environmental metal loads. Corals are deemed to be very useful
indicators of pollution level because their skeletons assimilate records of certain metals over
hundreds of years (Esslemont, 1999). The composition of coral skeleton reflects the extent of
pollution caused by heavy metals or nuclear wastes (Scott, 1990). Porites corals, for example,
can function as recorders of mining and environmental impacts (Fallon et al., 2002; David,
2003; Edinger et al., 2008). A comparison with the natural background of the area could then
provide the basis for identifying influences of local human activities on coral reefs.

During the formation of CaCOs, metal ions are taken up by the aragonite lattice,
according to an ion-exchange reaction, i.e., CaCOsz + Me?* = MeCQO; + Ca?*. The metal-to-
calcium (Me/Ca) ratio of coral aragonite is mainly controlled by three factors: (1) the
distribution coefficient of the metal ion between aragonite and seawater, (2) the Me?*/Ca?*
ratio of the surface oceanic water, and (3) biological effects. Biological effects are possibly
negligible when the same coral species is used.
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Certain Me/Ca ratios in corals have been well documented as a mean to evaluate aquatic
environmental conditions in which the corals grew. For instance Sr/Ca in seawater is
uniformly distributed in the world’s oceans. Because Sr distribution coefficients are
controlled by temperature, Smith et al. (1979) clarified that Sr/Ca ratio in coral skeleton could
be used as a thermometer. This Sr/Ca thermometer is now currently used to track sea surface
temperature (SST). There is also the promise of using the Mg/Ca ratio along with the Sr/Ca
ratio because the former varies with SST change about four times greater than that of the
coral Sr/Ca ratio (Mitsuguchi et al., 1996). As a coral recorder for pollution use, Shen and
Boyle (1987) showed that Pb/Ca in coral skeleton increased in the 1940s due to the use of
leaded fuels for motor vehicles. Bastidas and Garcia (1999) have also confirmed that Pb/Ca
ratio could be applied as a recorder of marine pollution from anthropogenic activities. In
order to assess lead contamination due to rapid development near a coastal area, Bangkok,
Tanaka et al. (2010) measured Pb/Ca in Porites coral. Similarly, other Me/Ca ratios in corals
might be used to extend the pollution assessment to other metals present in the ambient
seawater (Tanaka et al., 2013).

As is well known, the ecological balance is disturbed by land-use changes and associated
river discharges (West and van Woesik, 2001) that contain sediments contaminated by trace
metals (Elbaz-Poulichet et al., 1984; Bastidas et al., 1999). Rivers are subject to discharges of
wastewater as an inevitable result of urbanization. Untreated sewage coming from domestic
and industrial sources is transported from the rivers to the estuary, carrying pollutants like
heavy metals. The adverse effects of these pollutants is evident in the coastal environment,
e.g., reduced biodiversity, diminished productivity and even the death of certain corals.
Although there are marine species that can thrive under relatively high metal concentrations
(Miao et al., 2001), the difference in species-specific response due to biochemical utility or
toxicity (Esslemont et al., 2000) may prove deleterious to other life forms in which low metal
concentrations can significantly affect the fertilization process (Reichelt-Brushett and
Harrison, 1999). Pollution from sewage and heavy metals might contribute to the collapse of
reef ecosystems adjacent to the river mouth and lead to the loss of estuarine habitats (Zann,
2000).

Riverine transport is regarded as an important pathway for input of nutrients to the
coastal environment. Riverine nutrient loads of nitrogen, phosphorus and silica have been
known to limit biological primary production in coastal areas. For example, phosphate
deficiency in coastal areas could preclude the dominance of diatoms in the phytoplankton
community (Egge, 1998). In some cases, nutrient input may generate eutrophication which
enhances photoplankton growth. Because river discharge is a major source of both nutrients
and heavy metal pollutants, it is appropriate to measure the chemical composition of rivers
and estuarine areas, in the interest of pollution monitoring. Several studies have been carried
out to assess the metal content of river water, colloidal particles and sediments in estuary
(e.g., Banat and Howari, 2003; Ramos et al., 2004; Wijaya et al., 2012; 2013). To better
understand the anthropogenic impact of metals in the coastal environment, it is therefore
critically important to study river transport and discharge to the estuary and to monitor the
metal contents in reefs adjacent to the river mouth.

Coral reefs are widely distributed along the coasts of the Gulf of Thailand. This region,
which includes the capital of Thailand, Bangkok, has experienced rapid urbanization and
industrialization in the last two decades. The impact of heavy metal pollution in Bangkok has
been studied to assess the effects of urbanization and industrialization on the environment
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(Mukai et al., 1993; Cheevaporn et al., 2004). Lead isotopes in airborne particles collected
from Bangkok suggest that the main source of Pb has been the use of leaded gasoline (Mukai
et al., 1993). Since four rivers discharge into the northern coast of the Gulf after running
through the urbanized and industrialized areas, the impact of heavy metal pollution on aquatic
environments in Thailand has also been investigated (Hungspreugs et al., 1989; Cheevaporn
and Menasveta, 2003). The Chao Phraya River, the largest river in Thailand, is heavily
affected by a variety of anthropogenic activities along its length. There are numerous sources
of domestic and industrial effluents that lead to heavy metal enrichment in water and
sediments. Indeed, at the mouth of the Chao Phraya River, which runs through Bangkok, a
relatively higher heavy metal concentration was observed from river water and sediments
(Hungspreugs et al., 1989; Wijaya et al., 2013).

To date, only a few studies have assessed the impact of metal pollution in Thai coral reefs
(Hungspreugs et al., 2002; Tanaka et al., 2010; 2013). Corals are often chosen as samples in
such studies as their colonies live for long periods of time and their aragonite skeletons often
have growth bands that show a clear chronology of their lifetime. Using such skeletons, laser
ablation inductively coupled plasma mass spectrometry (LA-ICP-MS) has been used to
measure heavy metals to understand trends in historical pollution in coastal areas (Alibert et
al., 2003; Edinger et al., 2008; Tanaka et al., 2013). The coralline archival approach is now
viable because newly developed LA-ICP-MS methodology makes it possible to measure one-
dimensional and two-dimensional trace metals’ distribution in coral carbonates. Here we
present recent changes in heavy metal distribution in corals from Khang Khao Island
examining the period from 1982 to 2008. The coral archive provides a means to examine the
health status of the current coastal environment in the Gulf of Thailand such that it can be
preserved for the benefit of the Thai people.

2. MATERIALS AND METHODS

2.1. Study Location

The Gulf of Thailand is located in the southwest of the South China Sea (Figure 1a), with
its upper portion bounded by the Thai coast (Figure 1b) and characterized by limited water
exchange with the open ocean (Hungspreugs and Yuangthong, 1983). Four rivers (the Chao
Phraya, the Mae Kong, the Ta Chin, and the Bang Pakong) flow into the northern coast of the
Gulf; the largest among them being the Chao Phraya River, which has a drainage area of
~177,000 km? and an annual average flow rate of >1000 m? st (Hungspreugs et al., 1989) and
it runs through both urbanized and industrialized areas in Bangkok before it discharges into
the Gulf. The suspended matter concentration in the river mouth has been estimated to be
over 100 mg/L (Cheevaporn and Menasveta, 2003). The sampling site, Khang Khao Island
(13°09'N, 100°48'E), is located in the upper Gulf about 40 km southeast of the river mouth of
the Chao Phraya and directly south of the island of Ko Sichang (Figure 1b). Sea surface
temperature (SST) was measured using a standard mercury thermometer (minimum unit:
0.1°C, precision: = 0.05°C) at the sampling site (water depth: ~0.5 m) of Khang Khao Island
when we collected the coral samples from 1998 to 2008 (see Figure 1b). On 10 November
1999, a Tidbit temperature logger (Stow Away, USA) was also set up at the study site to
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record in situ seawater temperature every 1 hour. The logger was collected on 15 March 2001
and the recorded SST’s were downloaded at the laboratory.

To serve as a reference for the relatively pristine, un-contaminated coral community, a
sample was also taken from Rukan-sho (26°06'N, 127°32'E; see Figure 1a), Okinawa, Japan.
Rukan-sho, an isolated and beautiful Okinawan island, is a small atoll that has a rich coral
reef fauna and flora (Ohde and van Woesik, 1999).
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Figure 1. Map showing sampling locations. (a) The Gulf of Thailand and Rukan-sho, Okinawa,
(b) the Chao Phraya River estuary and Khang Khao Island in the Upper Gulf of Thailand (inset)
and the sampling site off of Khang Khao Island.

2.2. Sampling

The sampling site for both seawater and coral was located approximately 30 m off of the
southern coast of Khang Khao Island (Figure 1b). This fringing reef was located underneath a
cliff that sloped down towards the north side of the island, making groundwater
contamination negligible. Seawater samples were collected from approximately 0.5 m below
the surface and stored in 250 mL plastic bottles. Within several days, salinity was measured
using a salinometer (601 MKIII, YEO-KAL Electronics, Australia) after calibrating it with an
IAPSO standard seawater (Salinity: 34.996 psu, Kis: 0.99990) (precision: +0.003). Four
Porites coral samples were collected from the reef approximately 5 m below the surface,
within an approximate 10 m radius of the sampling site. In order to check metal pollution as
far back as the early 1980s, we collected a coral sample (size, ¢: ~15 cm, h: ~10 cm) in the
years of 1985, 1998, 2001 and 2008, hereafter referred to by sample numbers, KK-85, KK-98,
KK-01 and KK-08, respectively. After being stored in polyethylene bags, the samples were
washed several times using deionized water (MQ water). In preparation for analysis, the
samples were cut into slabs of approximately 5 mm thickness along the growth axis using a
diamond saw. For stable isotope and trace element analyses, the slab was cut into a small
fragment (~7 x 40 mm) in order to fit into the experimental LA cells of the mass spectrometer
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(LA-ICP-MS). It was then cleaned with MQ water in an ultrasonic bath before being dried in
an air oven (~60°C, 7 h).

For the purposes of registering baseline metal data, we used a relatively unpolluted
Porites coral sample collected from the reef at Rukan-sho (Figure 1a) on 3 November 1987
(RS-87). In Japan, the use of leaded gasoline has been prohibited since 1980, while it was
used up until the late 1990s in Thailand. Considering these time periods, we used a Porites
sample collected from Rukan-sho in the year 1987 (RS-87).

2.3. Preparation of CaCOs Matrix Standard

A series of calcium carbonate (aragonite) matrix standards (Std-0, Std-1, and Std-2) were
prepared for LA-ICP-MS by using a mixed solution of a multi elemental standard solution
containing 100 mg/L of V, Cd, Ba, and Pb (SPEX, XSTC-22, USA) (see Table 1). This multi
elemental standard and 1 M HCI (10 mL) were added to a 1 M CaCl; solution (40 mL), which
was then diluted to 140 mL with MQ water and then heated. With gentle boiling, a 1.5 M
Na,COs solution (60 mL) was added into the solution, producing a CaCOs (aragonite)
precipitate. Use of higher temperature makes it possible to precipitate aragonite crystal from
aqueous solution rather than calcite. After stirring and heating for 2 minutes, the suspension
was then kept at 15°C for 4 hours, before the CaCOs was removed from the suspension
through filtering. The parent solutions for synthesized Std-1 and Std-2 contained the metals
(V, Cd, Ba and Pb) as concentrations of 1.19 mg/L and 2.91 mg/L at the initial stage of the
experiments. The precipitate was dried at 50°C for 14 hours, and then pressed into a pellet (¢:
10 mm, ~3 mm thickness). Calcium carbonate was also synthesized in the absence of the
multi-elemental standard solution and served as a low concentration standard (Std-0).
Calibration for VV/Ca, Cd/Ca, Ba/Ca, and Pb/Ca in coral samples was based on the use of the
synthetic CaCOs standards (Table 1). A coral aragonite reference material, JCp-1 (Okai et al.,
2002), was pressed into pellet form to facilitate determination of B/Ca in the coral samples by
LA-ICP-MS. These solid standards were then dissolved in 3% nitric acid and analyzed for
V/Ca and Cd/Ca by ICP-AES (Spectro Arcos, Spectro, Germany) at Sheffield University, and
for Ba/Ca and Pb/Ca by ICP-MS (HP-4500, Hewlett Packard, Japan) at Ryukyu University.

Table 1. Added amount of multi-elemental standard, XSTC-22, and count ratio for
V/Ca, Cd/Ca, Ba/Ca and Pb/Ca of the standard measured by LA-ICP-MS. The parent
solution of synthesized standard, Std-1 and Std-2, contained metals (V, Cd, Ba and Pb)

of 1.19 and 2.91 ppm, respectively. Molar ratio of the standard was determined
by ICP-AES and ICP-MS as described in the text

Added

amount | V/Ca Cd/Ca Ba/Ca Pb/Ca
Code (x10°° (x10°®

count/ count/ (x10°3 (x10°3

(mL) count) | (umol/mol) | count) (umol/mol) | count/count) | (umol/mol) | count/count) | (umol/mol)
Std-0 |0 0.00857 |0.430 0.0223 0.400 0.510 2.75 0.0575 0.214
Std-1 |3 0.696 3.22 2.43 55.9 8.55 41.6 121 26.2
Std-2 7.5 1.98 9.46 5.07 138 16.1 110 253 70.0
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2.4. LA-ICP-MS Analysis

The LA-ICP-MS system at Sheffield consisted of a Nd:YAG laser (UP266 MACRO,
New Wave Research, USA) connected to an ICP-MS (HP-4500, Agilent Technologies,
Japan). One-D and 2-D (imaging) analyses were carried out on coral skeletons and synthetic
metal standards prepared in the CaCOsz; matrix. Main laser operating parameters were
wavelength, 266 nm; beam diameter, 155 pum; laser energy, 2 mJ; repetition rate, 10 Hz. Prior
to analysis, the coral section was first subjected to laser ablation along the line that would be
used for laser sampling as a means of pre-treatment for the sample surface cleaning.
Acquisition times for measurement of 1'B, 51V, 111Cd, ¥"Ba, 2?Hg, and 2%¢Pb were 100 ms
and 10 ms for #?Ca. The isotope “?Ca was used as the internal standard, as measurement
precision was lower than that for “3Ca. For coral samples, the sample translation stage was
moved at a constant speed of 10 um s to create an ablation track along the growth axis of the
skeleton. The LA tracks for samples KK-85, KK-98, KK-01, KK-08, and RS-87 were 36.5,
38.8, 42.3, 36.6, and 34.1 mm in length, respectively. For the synthetic metal standards
prepared in the CaCOs3 matrix, each pellet was subjected to three consecutive and parallel line
rasters of 9 mm in length with a spacing gap of 400 um between each ablation track. The data
obtained from the analyses were relatively noisy; hence a noise-reduction filtering procedure
(Sinclair et al., 1998) was also utilized. The precisions (external) for the LA-ICP-MS
measurement of B/Ca, V/Ca, Cd/Ca, Ba/Ca, and Pb/Ca, were 8.5%, 1.4%, 6.0%, 2.1%, and
6.0%, respectively.

2.5. Stable Isotopic Analysis

For the stable isotopic analysis of oxygen and carbon, a vertical bar (~40 x 4 x 3 mmd)
was cut along the major growth axis of the coral sample using a fine diamond saw. The
sample was cleaned ultrasonically and dried up. Approximately 1 mm of aragonite coral was
gradually shaved from the top of the bar as a sub-sample using a dental drill. A sub-sample
depth was measured by an Absolute Digital Solar Caliper (CD-S20C, Mitutoyo, Japan) after
shaving. The shaved sample (~0.15 mg) was dissolved with 100% phosphoric acid at 70°C for
isotopic analysis. The reaction occurred in an automated individual carbonate reaction device
(Kiel device), and oxygen and carbon isotopes were measured using a mass spectrometer
(Finnigan MAT251 or Delta V, Thermo Fisher, Germany) (Hossain et al., 2008). The isotope
ratios are presented in conventional & notation relative to the isotope ratio of CO2 gas derived
from the PDB standard through NBS-19. Isotope values for the coral skeleton are expressed
in per mil (%o) as follows:

6180 = 1000 X {(lsolleo)sample / (180/160)standard - 1}

Skeletal 5*3C data are measured simultaneously in term of the *C/*2C ratio. For seven
replicate measurements, the precision of internal standard was calculated at 0.18 and 0.12%o
for 580 and 8'3C, respectively.

In addition, 30 values for 15 seawater and 8 river water samples were measured using
the same mass spectrometer (MAT 251). Most of the samples were measured twice. A 2 mL
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of the sample was taken into a syringe and equilibrated with 4 mL of CO; of known 50 by
shaking it at 25 £ 0.1 °C for 12 h. The equilibrated CO; gas was then pushed through the
vacuum line of the spectrometer for CO, extraction and the value was measured. Seawater
880 are also expressed in per mil (%o) relative to the Vienna-Standard Mean Ocean Water
(V-SMOW) standard as follows:

6180w = 1000 x {(lao/lGO)sample / (180/16O)SMOW — 1}

3. RESULTS

3.1. Seawater Temperature, Salinity, and Oxygen Isotope

The salinity and SST data including seawater 5'80,, observed at Khang Khao Island are
given in Table 2. The SST was nearly constant between 27.1 and 31.0 °C, with an average
SST (x1c) 0f 29.4 + 1.0 °C (Table 2). The SST for the location (11.5-13.5°N, 99.5-101.5°E)
was also obtained from data acquired by NOAA (http://iridl.ldeo.columbia.edu) (see Figure
2¢). Salinity varied largely between 21.129 and 32.515 psu. During the wet season (June -
October), relatively lower salinity (21.129 — 30.412 psu) was observed, whereas higher
salinity (31.260 - 32.515 psu) was observed during the dry season (November - April)(see
Table 2). Similarly, seawater §'80,, varied between -1.609 and -0.232%o, (SMOW). As listed
in Table 2, during the wet season (June - October), relatively lower 3*%0, (-1.609 and -
0.537%o0) was observed, whereas higher 6'80, (-0.365 and -0.232%o) was observed during the
dry season (November - April).

Table 2. Salinity, sea surface temperature (SST) and seawater 880 observed
at Khang Khao Island from 1998 to 2008

Date Salinity (psu) SST (°C) 580 (%o, SMOW)(+10)
1998.11.17 31.973 28.4 -

1999.3.3 32,515 29.0

1999.8.26 28.431 30.2

1999.11.10 31.401 29.2

2000.1.6 32.405 25.9 -

2000.1.22 32.042 271 -0.300 (0.030)
2000.2.22 32.352 275 -0.248 (+0.035)
2000.4.8 32.389 324 -0.232 (£0.026)
2000.5.5 31.645 30.5 -0.350 (+0.025)
2000.5.20 31.126 31.0 -0.464 (£0.022)
2000.6.10 30.412 30.5 -0.537 (£0.030)
2000.6.17 27.355 30.0 -0.938 (+0.025)
2000.7.20 27541 29.2 -0.848 (£0.029)
2000.7.27 21.129 294 -1.609 (£0.025)
2000.8.29 26.362 294 -0.973 (£0.023)
2000.10.5 28.965 30.5 -0.724 (£0.040)
2000.10.19 30.383 30.1 -0.625 (+0.017)
2000.11.8 31.260 28.6 -0.365 (£0.025)
2001.3.15 31.879 29.0 -0.335 (£0.023)
2001.7.20 28.794 29.9 -0.700 (+0.040)
2002.9.25 25.442 29.9 -

2008.9.5 28.266 30.0

Sampling date (e.g., 2008.9.5: 5 September 2008)
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In order to understand the annual variation in seawater §'80,, at Khang Khai Island, river
water was collected from the Chao Phraya River near Shangri La Hotel, Bangkok in July,
September and November, 2000, and July 2001. River water §'80,, varied between -6.60 and
-4.10%o. Relatively lower 0, was observed at -6.14 and -6.60%. in September and
November 2000, while higher 380y was observed at -4.81 and -4.10%o in July 2000 and July
2001. In addition, we also collected river water samples from the Mekon River near Golden
Triangle, Thailand. The Mekon River water §'80,, showed lowest value at -11.0 (£0.070)%o
as 5'%0w.

3.2. Oxygen and Carbon Isotopes in Coral

The coral sample KK-98 collected on 17 November 1998 from the Khang Khao Island
reef showed that two pairs of density bands were observed for a single year’s growth
(Hossain et al., 2008). This fact makes determining the chronology of the sample unreliable.
In the absence of a clearly defined sclerochronology, the oxygen isotope data are used,
instead, to determine the chronology and growth rate. The §'80 data (Figure 2a) permitted the
determination of the growth rate based on the cyclic changes of the sample, and this in turn
contributed to the definition of the chronology. In addition, skeletal §'3C values also shows
the changes during the study (Figure 2b). The changes occur due to the changes in light
intensity and water chemistry, especially carbon dioxide and nutrients in ambient seawater.

To examine the relationship between the coral skeletal 580 and precipitation, rainfall
data in the periods of 1981 - 1985, 1996 - 2001, and 2006 - 2009 were acquired from the Thai
Meteorological Department, and compiled for the Bangkok Metropolitan Area (Figure 2d)
and the island of Ko Sichang (Figure 2e); Sichang is nearest to the Khang Khao Island
sampling site (see Figure 1b). The total monthly rainfall data are presented for the years 1981
to 1985, 1996 to 2001, and 2006 to 2009 (see Figures 2d and 2e). From these data it is clear
that precipitation around the Gulf of Thailand is generally cyclical in nature. The greatest
amount of rainfall appears to occur in the months of August, September, and October, with
the months of January, February, March, and December receiving little to no recorded rainfall
in either Bangkok or Ko Sichang Island.

3.3. Me/Ca in Coral

Using the LA-ICP-MS data, the calibration curves for V/Ca, Cd/Ca, Ba/Ca, and Pb/Ca
(Table 1) were calculated to have correlation coefficients (r) of 0.996, 0.995, 0.981, and
0.991, respectively, which were then used to determine the Me/Ca ratios in the coral samples.
The measured values of B/Ca, Ba/Ca V/Ca, Cd/Ca, Pb/Ca (umol/mol), and Hg/Ca (cps/cps)
in the coral skeletons from Khang Khao Island are shown in Figures 3a-f, respectively, with
the averages and standard deviations listed in Table 3. The average ratios found in the Rukan-
sho sample (RS-87) are represented by a dashed line in the figures. In evaluating the Me/Ca
values in the coral samples’ tissue layer (~5 mm from the surface of the sample), the ratio
values in the surface layer were calculated to be much higher compared to the ratios found in
the remaining skeletal layers. As it has been found that corals seem to have higher
concentrations of these trace metals in the surface layer due to an as yet unidentified factor,
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the tissue layer was has not been discussed in this study. For our model, interspecies
variations are considered negligible.
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Figure 2. (a) Oxygen isotopes (5'¥0) and (b) carbon isotopes (§*3C) in corals from Khang Khao Island,
(c) SST (NOAA satellite data near the Khang Khao site described in the text), and total monthly rainfall
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4. DISCUSSION

4.1. Salinity and 880w in Seawater, and Oxygen and Carbon Isotopes
in Coral

Salinity in the Gulf of Thailand is primarily dependent on the influx of freshwater as a
result of the annual monsoon cycle. The wet season from late May to October causes a
decrease in salinity, and the lack of rainfall in the dry season from November to April causes
the salinity to increase (see Figures 2d-e). Table 2 clearly shows such a cyclical pattern to the
salinity in the Gulf. The SST data (Figure 2c) show an annual cyclical change with a pair of
quartic maxima. Such quartic maxima peaks (Figure 2¢) may be explained from three seasons
that include hot dry, hottest dry and hotter wet cycles of the annual climate change. These
fluctuations in SST and salinity are then reflected in the 880 in the carbonate skeletons
(Dettman et al., 2001). Sun et al. (2005) have previously measured the annual monsoon
season’s effects on Porites specimens, as the rainfall including river water input, enriches the
local seawater with the lighter isotope (*60), which is then reflected in the skeletons as a
cyclical decrease in the 6120.

Being a tropical area, the upper Gulf of Thailand usually receives a very heavy rainfall
during the wet season. Since local precipitation and evaporation rate including river run-off
affects salinity and eventually changes the seawater 520, values, the corals in Khang Khao
Island are likely to grow up under a large variation (~11 psu) in sea surface salinity (Table 2).
Moreover, there were often sudden outbreaks of floods along the Chao Phraya River in
Bangkok. For example, severe flooding occurred from July to November 2011, which caused
much damage and hardship to Thai people and the economy. Considering the annual seasonal
change for rainfall (Figures 2d-e), there would be expected to be a correlation changes in
salinity and skeletal 8'80 values. In order to verify such a correlation, a calibration was
established for seawater 5*%0,, and salinity values using the data in Table 2. The linear
correlation between seawater §'80y and salinity is expressed as follows: 30w (%0, SMOW)
= 0.1205 x Salinity — 4.1829 (r? = 0.979, n=26). The rainfall enriches the local seawater with
the lighter isotope (*%0) as it decreases the surface salinity, which is then reflected in the
skeletons as a cyclical decrease in the 8*0. In turn, when the temperature rises, the lighter
isotope is also preferred in isotopic reactions, depressing the observed 6'0 (Gagan et al.,
2012). The seasonality of these events results in a cyclical change in §'80 expressed in the
coral skeletons, with the monsoonal rainfall first decreasing salinity and therefore §'20, and
then the hotter monsoon season’s increase in SST further depresses the §'80 ratio.

On the other hand, skeletal §'°C values show slightly less clear cyclical changes
compared to those of 3*80 (Figures 2a and 2b). The photosynthetic rate of coral’s symbiotic
zooxanthallae increases with increasing in the light intensity and thereby 8*3C values increase
due to the uptake of 2CO- in seawater instead of *CO.. Moreover, the sun photoperiod and
nutrients influence 6*3C in coral skeletons. As shown in Figure 2b, high §'3C values in the
coral skeletons suggest the records during cool months (December to February) since low
photosynthetic rate in the coral reef. The §'3C data in Figure 2b somewhat indicate variations
related to the climate change due to the alternating dry and rainy season, supporting the coral
880 record shown in Figure 2a. The §'3C data might be controlled by the primary production
associated with the sunlight intensity (cloud cover) and water chemistry (nutrients and
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suspended matter). Nonetheless, variations in skeletal 5'3C values may be interpreted as the
changes in light levels of the sample habitat during different seasons, but the 6*3C values are
largely affected by metabolic activities for which the values are difficult to use as a tracer of
the coral chronology.

We also measured SST every 1 hour for 16 months from November 1999 at the site in
Khang Khao Island and the weekly average was used for the calibration of skeletal 580 —
SST relationship. Monthly mean SST fluctuated from 26.0 to 30.60°C and salinity varied
from 21 to 33 psu during the study. The wet season in the upper Gulf of Thailand lasts from
late May to October, and the dry season lasts from November to early May. The 380 values
in ambient seawater are extremely correlated (r> = 0.979) with salinity values (Table 2),
indicating that seawater 6*20 values are strongly affected by salinity.

As pointed out, 380 values are lighter in river water, and the rainfall also enriches
localized seawater with the lighter isotope (*°0) given that it decreases surface salinity, which
is then reflected in the skeletons as a cyclical decrease in the §'%0. In turn, when the
temperature rises, the lighter isotope is also preferred in isotopic reactions, depressing the
observed §'80. The seasonality of these events results in a cyclical change in 50 expressed
in the coral skeletons, with the monsoonal rainfall first decreasing salinity and therefore 50,
and then the hotter monsoon season’s increase in SST further depresses the 520 ratio.
Therefore, we have used 580 for coral values to reconstruct the growth rate of the corals due
to salinity and SST in the upper Gulf of Thailand.

Using a Porites coral from Khang Khao Island (KK-98), Hossain et al. (2008) pointed out
two pairs of density bandings were observed in a Porites coral for one year (see Table 3 and
Figure 2a). The growth rate of the Porites samples could not be estimated from the coral
density bandings in the Khang Khao coral samples for this reason. In the absence of using the
coral skeletons’ density bands to determine the chronology, the cyclical manner of 320 has
been used as an alternative method (Maier and Titschack, 2010). These isotopic data allow us
to establish the chronology in scenarios where density banding is unreliable. Using the
cyclical changes of the isotopes, we determined the growth rate of the Porites samples, which
is reported in Table 3.

Another factor that aided in establishing the chronology and the growth rate of the coral
samples was the fact that we specifically chose four different samples over the sampling
period rather than a single long core. While a single long core is normally preferred in such
studies, the density banding of these samples were so poor that using a single core would
have made the chronology impossible to determine. The skeletal §'80 in multiple colonies of
Porites corals was measured to evaluate inter-colony variation of 3*80 that reported that inter-
colony variation of the 580 which has reported to be negligible (Matthews et al., 2008;
Hayashi et al., 2013). Cadmium contents measured in multiple Porites colonies showed
similar value among the colonies (Matthews et al., 2008). Spatial distribution of Pb in the
surface water of the Pacific Ocean was investigated by measuring Pb/Ca in Porites corals
taken from different sites, assuming negligible inter-colony variation of the skeletal Pb/Ca
(Inoue et al., 2006). Based on these studies, we assume that inter-colony variation of the
skeletal 8'80 and metal contents is negligible in the corals taken from within a 10 m radius of
the sampling site. The model used in this study to examine the heavy metals incorporated into
the coral skeleton considers any such interspecies variations in ratio levels as being
negligible, and instead relies on the observed cyclical differences and the observed levels of
5180 (Figure 2) to estimate the chronology. In conclusion, the cyclic change in §'0 has been
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observed to record an annual change in seawater salinity, and then the coral growth rate is
estimated at ~18 mm/year on average (Table 3). Using the skeletal 50 method, the coral
chronology was established in the Gulf of Thailand in order to determine the horizontal axis
shown in Figure 3.

Table 3. Coral sample number (sampling date), growth rate (mm/yr), average value
of molar ratio and standard deviation (o) of B/Ca, Ba/Ca, V/Ca, Cd/Ca and Pb/Ca
(umol/mol) and count ratio of Hg/Ca (x103 cps/cps)

Sample No | Growth Rate | B/Ca Ba/Ca VICa Cd/Ca Pb/Ca Hg/Ca
KK-85

(850201) 10.8 434+33 |4.89£4.77 |0.128+0.030 |0.202+0.144 0.0427+0.0411 |0.392+0.087
KK-98

(981117) 21.0 563+49 |8.32+9.19 |0.225+0.073 |0.0303+0.0124 |1.78+0.99 0.821+0.142
KK-01

(010315) 154 488+86 |2.34+0.45 |0.139+0.030 |0.0442+0.2843 |0.173+0.276 2.38£0.94
KK-08

(080905) 174 519454 |13.4+#155 |0.282+0.188 |0.0431+0.0893 |0.0211+0.0193 |0.168+0.049
RS-87

(871103) 10 753+98 |2.03+0.48 |0.123+0.013 |0.0161+0.0038 |0.0679+0.0225 |0.936+0.114

Source: Sampling date (e. g. 080905: 8 November 2008) 4.2. B/Ca in Coral.

4.2. B/Cain Coral

The B/Ca ratios in the samples (Figure 3a) show clear cyclical variations during 1997-
1998 in the KK-98 sample, with slightly cyclical variations observed in KK-85, KK-01, and
KK-08. The average B/Ca value (+1o) of the Khang Khao corals was calculated to be 514 +
87 pumol/mol (434-563 pumol/mol) shown in Table 3. The B/Ca in Rukan-sho coral varied
between ~600 - 1110 pumol/mol with an average of 753 umol/mmol. The average value of
B/Ca in Khang Khao corals (434-563 pmol/mol) was lower than the Rukan-sho value.

Using secondary ionization mass spectrometry (SIMS) (Hart and Cohen, 1996) and LA-
ICP-MS (Sinclair et al., 1998; Fallon et al., 1999; 2003), a narrow range of seasonal variation
in B/Ca was observed in Porites corals. Previous studies have subsequently suggested a
strong temperature-dependence such that B/Ca in corals increases with decreasing sea surface
temperature (Sinclair et al., 1998; Fallon et al., 2003; Ohde et al., 2011). We also pointed out
that the distribution coefficient between the seawater borate ion and the aragonite crystal
might have a temperature dependency during precipitation (Ohde et al., 2011). Based on the
temperature-dependence of B/Ca, the relatively higher SST for the annual average at Khang
Khao Island (29.4 °C) compared to Rukan-sho (25.0 °C) can explain the observation that
B/Ca in Khang Khao corals are lower than that in Rukan-sho coral (see Table 3). Further, due
to the relatively narrow range of SST at Khang Khao compared to Rukan-sho, the variation in
B/Ca of Khang Khao corals was smaller than that of Rukan-sho coral (Table 2). These
observations agree with the prediction based on the temperature dependence of B/Ca, which
shows that the ratio in the Khang Khao corals is possibly controlled by seawater temperature
and has a relatively small variation because of a narrow range of SST observed in the Gulf of
Thailand (Table 2).
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The data in Table 3 also indicate a range of average B/Ca ratios from 434 to 563
pmol/mol, showing a slight variation in values. The variation of SST and salinity within the
monsoon cycle will possibly have an effect on the B/Ca ratio, as it is dependent on these two
factors, as well as & biological effects. In spite of such differences amongst the four coral
samples, our model does not take into account the biological variation. The cyclical variations
found in the B/Ca values in the time periods when it is evident can likely be linked to the
same cyclical variations for the 5*80 and precipitation values (see Figures 2a and 3a). The
variation of SST and salinity within the monsoon cycle will possibly have an effect on the
B/Ca ratio, as it is dependent on these two factors, as well as biological effects. In spite of
such differences amongst the four coral samples, our model does not take into account the
biological variation. When we use the same coral species, somewhat biological effects are
possibly negligible and can be discounted.

4.3. Ba/Cain Coral

The Ba/Ca in the Khang Khao corals varied in a range from approximately 1 pumol/mol to
over 100 pumol/mol. The surface layer in the samples (KK-85, KK-98, and KK-02) was
significantly more concentrated in Ba than the lower layers. Such a variation in the barium
concentration has been reported previously (Sinclair et al., 1998; Alibert et al., 2003); it is
thought that the living tissue is concentrated in Ba through some means, either through the
seawater concentration or through the organism consuming Ba-rich food, and this barium is
then precipitated into the skeleton (Sinclair, 2005). The values of Okinawa sample (RS-87)
showed a narrow range of variation from ~1.5 to 3.7 umol/mol with an average value of 2.03
pmol/mol (Table 3), which is lower than the Thai samples.

Both river water and deep seawater are enriched in barium due to silicate rock weathering
and dissolution of barium-rich minerals, respectively. In surface seawater, Ba is mainly
supplied from these river inputs and the upwelling of deep seawater. Because the Ba content
in coral skeletons reflects the concentration in seawater (Lea et al., 1989), Ba/Ca in coral
skeletons reflects both riverine input (McCulloch et al., 2003; Alibert et al., 2003; Wyndham
et al. 2004; Horta-Puga and Carriquiry, 2012) and deep seawater (>1000 m) upwelling (Lea et
al., 1989; Fallon et al., 1999). However, upwelling of barium-rich deep seawater is unlikely to
occur in the Gulf of Thailand as the depth of the Gulf is much too shallow at ~45 m (Nozaki
et al., 2001). Khang Khao Island is located about 40 km to the southeast of the mouth of the
Chao Phraya River (Figure 1b) where Ba concentration varied from 250 to 430 nmol kg,
while Ba in the East China Sea was approximately 40 nmol kg (Nozaki et al., 2001). In the
upper Gulf of Thailand, seawater Ba concentration increased with decreasing salinity (Nozaki
et al. 2001). Barium influx from the Chao Phraya River (250 - 430 nmol kg™) significantly
contributes to the higher Ba concentration at the inner Gulf compared to the East China Sea
(~40 nmol kg?), and with the higher Ba concentration being linked to increasing salinity
(Nozaki et al., 2001). Thus the Ba concentration in seawater of the Gulf is formed through the
mixing between the East China seawater and river water.

In addition to the Ba concentration in seawater, temperature can also influence the Ba/Ca
values in coral aragonite; dissolved Ba?* can be incorporated in coral aragonite as a solid
solution. The temperature dependency of the distribution coefficient of barium (Dga) between
seawater and aragonite has been studied, defined as Dga = (Ba/Ca)aragonite / (Ba/Ca)seawater
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(Zachel et al., 2003; Dietzel et al., 2004). Assuming this relationship between Dg, (Dietzel et
al., 2004) and SST observed at Khang Khao (27.1-30.0 °C) (Table 2), the Dga value is
calculated to be 1.37 and 1.27 at 27.1 °C and 30.0 °C, respectively. This variation in Dga
results in a small variation in Ba/Ca in coral aragonite (less than 8%). Thus the temperature
effect on the Ba/Ca values in Khang Khao corals is negligible.

Since Ba concentration in seawater around Khang Khao Island largely depends on input
from the rivers, especially the Chao Phyraya River, Ba/Ca in Khang Khao coral reflects the
high concentration of riverine input. In the light of such Ba influx from the rivers, the Ba/Ca
ratios in the samples (KK-85 and KK-01) could show an annual cyclical change as evident in
Figure 3b. Such changes might occur as a result of the monsoon cycle in Thailand.

4.4.V/Cain Coral

The V/Ca values (Figure 3c) varied over a narrow range in the Khang Khao samples,
with the average value being comparable to that of the Rukan-sho sample (Table 3). As
shown in Figure 3c, the V/Ca in KK-85 varied in a narrow range (0.09 - 0.30 umol/mol) with
an average value of 0.128 pumol/mol. The V/Ca values in KK-98 (0.16-0.50 pmol/mol) and
KK-01 (0.09-0.30 pmol/mol) were higher than that for KK-85. The V/Ca in KK-08 varied
between ~0.17-0.30 umol/mol except for the surface layer, in which the highest V/Ca in the
Khang Khao corals (1.56 pmol/mol) was observed. The average value of V/Ca in the coral
samples is given in Table 3. Although the average V/Ca in KK-85 (0.128 pumol/mol) is
comparable with that in RS-87 (0.123 umol/mol), the average V/Ca values in KK-98, KK-01
and KK-08 (0.255, 0.139 and 0.282 pmol/mol, respectively) are higher than that of RS-87
(0.20 pmol/mol).

Since vanadium is enriched in crude oil, it is suggested that the main source of
anthropogenic input for this element is from refining operations and the burning of residual
oil (Hope, 1997). Only a few studies have measured V in coral skeletons in an attempt to
detect oil pollution in coral reefs (Shen and Boyle, 1988; Guzman and Jarvis, 1996). Shen and
Boyle (1988) reported an almost constant V/Ca in a coral skeleton from Bermuda (~0.1
pmol/mol) and suggested that the variation related to anthropogenic vanadium was possibly
swamped by the background concentration in seawater. Guzman and Jarvis (1996) analyzed
the V/Ca ratio in a coral skeleton from a Caribbean reef and found an increasing trend from
the 1960’s (~0.15 pmol/mol) to the 1990’s (~0.35 umol/mol) due to oil pollution.

In order to assess the impact of oil pollution in the Gulf of Thailand, the concentration of
petroleum hydrocarbons in marine, estuarine, and riverine environments has been studied
(Wattayakorn et al., 1998; Cheevaporn and Menasveta, 2003; Boonyatumanond et al., 2006).
The concentration of petroleum hydrocarbons in seawater was measured at 78 sites along the
coast in the Gulf of Thailand from 1994-1995 (Wattayakorn et al., 1998). These authors
found oil pollution in the coastal waters around oil refineries in Si Racha, which is located
about 10 km to the east from Khang Khao Island, and suggested the sources of petroleum
pollution might be spills from tankers and the waste derived from the oil refinery and
associated industries in the coastal region. The concentration of petroleum hydrocarbons in
sediments from the Chao Phraya River collected from 2003-2004 increased from the upper
stream to Bangkok and composition profiles of hydrocarbons in sediments from the urban
canals were similar to those in street dusts, indicating that street dusts in Bangkok are a



Coral Skeletons as a Recorder of Metal Pollution 291

source of oil pollution in the Gulf (Boonyatumanond et al., 2006). In addition, petroleum
hydrocarbon contamination was suggested by high vanadium concentrations observed in the
seawater of the Gulf (Censi et al., 2006). In contrast, in the 1980s, the petroleum hydrocarbon
contamination level in seawater of the Gulf of Thailand was lower than the baseline value of
100 pg/L, suggesting that oil pollution in the Gulf was negligible (Cheevaporn and
Menasveta, 2003). Based on the previous studies, it is estimated that the Gulf suffered from
oil pollution in the 1990s and 2000s, whilst not in the 1980s. This estimation of the historical
change in oil pollution in the Gulf agrees with the variation in the average value of vanadium
in corals from Khang Khao (see Figure 3c and Table 3). Therefore, the vanadium content in
corals from Khang Khao Island is indicative of oil pollution in the Gulf of Thailand.

45. Cd/Cain Coral

The Cd/Ca values (Figure 3d) in the Khang Khao corals show an unusually high level of
Cd in the KK-85 sample, much higher than the other 3 samples, and also much higher than
the Rukan-sho values (Table 3). In KK-85, Cd/Ca was significantly higher than in the other
three coral samples from Khang Khao. The average Cd/Ca value of Khang Khao corals (KK-
85, KK-98, KK-01 and KK-08) is calculated to be 0.202, 0.0303, 0.0442 and 0.0431
pmol/mol, respectively, and is higher than that of RS-87 (0.0161 pumol/mol) (Table 3).

Since cadmium concentration in surface seawater is mainly affected by anthropogenic
cadmium input and upwelling of deep water enriched in Cd, coral Cd/Ca values reflect
pollution and upwelling events (Shen et al., 1987; Lea et al., 1989; Matthews et al., 2008). As
mentioned above, since upwelling is unlikely in the Gulf of Thailand, and as a consequence,
Cd/Ca in the coral skeletons from Khang Khao mainly reflects anthropogenic cadmium input.
Hungspreugs et al. (2002) measured the metal contents in a Porites coral core (corresponding
to the growth of 1950-1984) from Khang Khao Island and reported that the Cd/Ca value (0.17
pmol/mol) in the coral after 1964 was higher than that in the coral bands before 1964 (0.08
pmol/mol). Figure 3d also shows that the Cd/Ca in Khang Khao corals had several spikes.
The average Cd/Ca value in Khang Khao corals is extremely higher than that in Rukan-sho
coral (Table 3). These observations indicate that the Cd level in the Gulf of Thailand was
higher than that in Rukan-sho from 1983 to 2008. As the highest Cd/Ca ratio was observed in
KK-85, this suggests considerable Cd input into the Gulf took place in the early 1980s and
anthropogenic cadmium inputs have significantly decreased in the subsequent decades.

In Thailand, cadmium contamination in water and sediments has been monitored
(Hungspreugs and Yuangthong, 1983; Polprasert, 1982; McLaren et al., 2004). A high Cd
concentration was observed in the surface (~0-5 cm) of a sediment core from the Chao Phraya
River estuary collected in 1982 (Hungspreugs and Yuangthong, 1983). The dissolved Cd in
the Chao Phraya River water tended to increase from the upper stream to the river mouth
(Polprasert, 1982). McLaren et al. (2004) reported low levels of cadmium in the waters of the
Chao Phraya River, although Cd in the river water showed a temporal variation. These studies
suggest that the estuary was contaminated by anthropogenic cadmium from riverine inputs in
the early 1980s, but the cadmium level in the estuary seems to have become lower in the
2000s.

The release of Cd from particulate matter in estuaries has been investigated to understand
the behavior of cadmium (Tang et al., 2002; Audry et al., 2007). Using estuarine waters of
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different salinities (S =0, 15 and 31 psu), the mobility of cadmium into particulate matter such
as urban dusts and river sediments was assessed by extraction experiments (Schéfer et al.,
2009). They found the highest mobility for Cd in particle matter exposed to saline estuarine
water (S = 31 psu), for which up to 90% of Cd was desorbed. Considering that salinity ranges
from 21-33 psu with an average of ~30 psu at Khang Khao Island (Table 2), cadmium from
rivers seems to be present as dissolved Cd?* in seawater in the Gulf. Accordingly, the
cadmium content of corals from Khang Khao possibly recorded the dissolved Cd?* in the Gulf
of Thailand, which was mainly affected by the anthropogenic cadmium inputs.

4.6. Hg/Cain Coral

The count ratio of Hg/Ca is shown in Figure 3f. In KK-85, the Hg/Ca values varied over
a narrow range with an average value of 0.392 x 10 cps/cps, lower than that of RS-87. The
Hg/Ca values for KK-98 were relatively constant with an average value of 0.821 x 107
cps/cps. KK-08 showed spiky signals for Hg/Ca between 1.6-4.7 x 10 cps/cps with an
average value of 2.38 x 10 cps/cps. In KK-08, the Hg/Ca was lower than the average Hg/Ca
of RS-87. The average count ratio of Hg/Ca in Khang Khao corals is higher in the order of
KK-01 > KK-98 > KK-85 > KK-08 (Table 3). These findings suggest that the Gulf of
Thailand experienced relatively higher Hg contamination from 1996 to 2001, whilst for the
periods 1983-1985 and 2006-2008, the Hg concentration in the gulf water was comparable
with that in Rukan-sho.

Only a few studies have investigated the mercury content of coral skeletons (Guzman and
Garcia, 2002; Ramos et al., 2009). These examined the correlation between Hg and tracers of
terrestrial input, such as aluminum and iron content, in order to clarify the route of
anthropogenic input. In this study, the highest Hg/Ca value was observed in KK-01,
indicating a significantly higher Hg level in the early 2000s (Figure 3f). In KK-01, however,
there is no correlation between Hg/Ca and Ba/Ca, the latter of which reflects riverine inputs
into the Gulf of Thailand (Figures 3f and 3b), showing anthropogenic mercury has some other
form of input into the Gulf of Thailand. In Thailand, natural gas production in the Gulf
(Windom and Cranmer, 1998), amalgamation in gold mining (Umbangtalad et al., 2007), and
sewage from urbanized and industrialized areas (Cheevaporn and Menasveta, 2003) would
seem to be possible sources of anthropogenic mercury during 1984-2001. However, further
studies are required to identify the route and source of this anthropogenic Hg into the Gulf of
Thailand.

4.7. Pb/Cain Coral

Figure 3e shows the Pb/Ca in Khang Khao corals. In 1984-1985 (sample KK-85), the
Pb/Ca value was lower than the average of Pb/Ca in Okinawan coral (RS-87: 0.0679
pmol/mol) except for the upper layer in which Pb/Ca increased to more than 0.25 pumol/mol.
The Pb/Ca in KK-98 varied between ~0.3-7.0 umol/mol. In KK-98, the Pb/Ca ratio gradually
increased from late 1996 and steeply decreased from early 1998. The Pb/Ca in KK-01 was
observed to be higher than the Rukan-sho value, while the Pb/Ca level in KK-01 decreased
compared to that in KK-98. The Pb/Ca in KK-08 showed lower values than the average of
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RS-87 except for a single peak in late 2008. The average values of KK-85 (0.04 pmol/mol)
and KK-08 (0.02 pg/g) are lower than that of RS-87, whilst the average values of KK-98
(2.78 pmol/mmol) and KK-01 (0.17 pmol/mol) are higher than RS-87. The variation in Pb/Ca
of corals from Khang Khao suggests that the Gulf of Thailand suffered from anthropogenic
inputs of Pb from the 1990s to 2003, but the Gulf might contain slightly less anthropogenic
Pb during the 1983-1985 and 2006-2008 periods.

The variation in Pb/Ca of corals from Khang Khao suggests that the Gulf of Thailand was
polluted by anthropogenic lead inputs from 1984 to 2001, but the Gulf might eentain have
experienced slightly less anthropogenic lead input during the periods 1982-1983 and 2006-
2008 periods. As shown in Figure 3e, Pb/Ca in Khang Khao coral significantly decreased
from the late 1990s to 2008. This trend agrees with the decreasing trend in the Pb content of
airborne particles in Bangkok (Cheevaporn et al., 2004).

Global lead production dramatically increased after the Industrial Revolution (Nriagu,
1998). Moreover, lead was added to gasoline as an anti-knocking agent in the form of
tetraethyl lead. Lead in corals is considered to record anthropogenic Pb inputs into coral reefs
due to human activities including the use of leaded gasoline (Dodge and Gilbert 1984; Shen
and Boyle 1987; Inoue et al. 2006). Hungspreugs et al. (2002) measured Pb in Porites coral
collected from Khang Khao Island and reported Pb/Ca in the skeleton corresponding to the
coral growth from 1964 to 1984 was ~0.07 umol/mol. In addition, based on Pb isotopic
composition and lead contents in airborne particles, the sources of anthropogenic lead were
assessed in Thailand (Mukai et al., 1993; Cheevaporn et al., 2004). Mukai et al. (1993)
measured the Pb isotopic composition of airborne particulate matter collected from Bangkok
in 1989 and reported that leaded gasoline might be the main source of anthropogenic lead in
Bangkok. The government of Thailand, however, banned the use of leaded gasoline by the
end of 1995 (Lovei, 1998). The content of airborne particles was measured in Bangkok from
1990 to 2000 and a significant decrease in Pb was observed after the ban of leaded gasoline
(Cheevaporn et al., 2004). Accordingly, we consider that Pb in KK-98 and KK-01 was
derived from anthropogenic lead due to the use of leaded gasoline in Thailand. The Pb
content of KK-08 is lower than the baseline value observed in RS-87 (Figure 2e). This
observation suggests that the regulation of leaded gasoline in Thailand resulted in markedly
reduced anthropogenic lead input into the Gulf of Thailand.

CONCLUSION

The following tentative conclusions have been deduced from the measurement of metal
contents in corals by LA-ICP-MS. Heavy metal input into the Gulf has been assessed by
comparing the metal content of corals from Khang Khao Island to those of Rukan-sho,
Okinawa, taken as a reference for baseline metal concentrations. The metal contents of the
corals from Khang Khao Island possibly reflect the impact of metal pollution from urbanized
and industrialized areas into the Gulf of Thailand.

(1) Stable isotope mass spectrometry provided the oxygen isotope (5'80) data which
revealed cyclical variations along the coral growth due to an annual change in seawater
salinity. Using the skeletal 580 method, the coral chronology was established in the Gulf of
Thailand.



294 Shigeru Ohde, Kentaro Tanaka, Monthon Ganmanee et al.

(2) LA-ICP-MS made it possible to determine linear and two-dimensional metal-to-
calcium (Me/Ca) ratios along the coral growth for monitoring aquatic environments in which
the coral grew.

(3) The average values for V/Ca in three samples (KK-98, KK-01 and KK-08) were
relatively higher, suggesting discontinuous inputs of anthropogenic vanadium into the Gulf of
Thailand from 1997 to 2008. The V/Ca values in the corals may reflect oil pollution since the
1990s.

(4) The Cd/Ca ratio in corals from Khang Khao showed higher values compared to
Rukan-sho, indicating that the cadmium concentration in the Gulf was continuously higher
than that in Rukan-sho for the period from 1982 to 2008. However not withstanding this,
anthropogenic cadmium input to the Gulf decreased over time.

(5) The Pb/Ca values for Khang Khao Island corals suggested that the Gulf has been
polluted by anthropogenic lead since the middle 1980s. After the use of leaded gasoline was
banned in Thailand in 1995, the Pb/Ca in the Khang Khao Island corals showed a remarkable
decrease since the late 1990s, indicating that regulatory control has limited anthropogenic
lead inputs to the Gulf of Thailand.

(6) The coralline archival record of the metals (V, Cd, Hg and Pb) gives convincing
evidence of success for the regulatory laws of the Thai Government since the middle 1990s.

We hope that our studies would contribute to an improved understanding of the aquatic
environments in the Gulf of Thailand and they will aid in the preservation of future eco-
systems.
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ABSTRACT

The chapter considers the ratio of constitutive and reparative neurogenesis in pallium
of juvenile masu salmon Oncorhynchus masou. Since salmonid juveniles are
characterized by a high level of constitutive neurogenesis, we investigated the
proliferative activity and neurodifferentiation in the dorsal pallial area of juvenile masu
salmon. The study of proliferative activity in pallium of juvenile masu salmon O. masou
has allowed us to identify the superficially located periventricular proliferative zone,
which corresponds to the pallial periventricular zone (PVZ) of other fish species,
including the dorsal, lateral, and medial compartments. The PCNA+ cells are also
identified in parenchyma of masu salmon intact brain, and their maximum concentration
is observed in the medial zone. In intact brain, solitary proliferating cells were identified
in parenchymal regions with their maximum concentration in the medial zone. After a
mechanical injury, the zones of reparative neurogenesis — neuroepitelial neurogenic
niches and zones of reactive neurogenesis surrounded by radial glial fibers—appear in
masu salmon pallium. An increase in the proliferative activity is characteristic of all
compartments of the PVZ (especially of the medial zone), including its deep parenchymal
layers. The PVZ of juvenile masu salmon contains clusters of undifferentiated HUCD+
neurons. A change in the HuCD+ cell topography is observed in the mechanically injured
masu salmon pallium, in particular, reactive neurogenic niches in the lateral zone and an
increase in the cell distribution density and cell migration patterns in the medial zone. A
high level of constitutive neurogenesis is characteristic of juvenile masu salmon brain.
Undifferentiated HUCD+ neurons form clusters in the PVZ of intact juvenile masu
salmon brain. Neurons at different stages of maturation, differing in the level of HUCD
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activity, were detected in the parenchymal layers of the dorsal region. A mechanical
injury of masu salmon pallium is accompanied by a change in the topography of HUCD+
cells. Formation of reactive neurogenic niches is characteristic of the lateral zone, while
the medial zone displays an increase in the density of immunopositive and negative cells,
as well as a distinct pattern of cell migration. HUCD and PCNA immunolabeling patterns
in intact pallium suggest intensive constitutive neurogenesis in the pallial PVZ of juvenile
masu salmon. After a mechanical injury, the neurogenic activity spreads to deeper layers
of parenchyma. The main sources of new neurons during the reparative neurogenesis are
reactive neurogenic niches.

INTRODUCTION

Neuronal regeneration is the restoration of structural integrity of injured cells and fibers;
it is limited by the CNS ability to produce new cells at an adult age (Kempermann, 2013).
Bony fishes is a group of vertebrates that retain through adulthood the ability to produce new
cells in the specialized brain regions, proliferative zones (Lema et al., 2005; Lindsey et al.,
2007), which, unlike mammals, are present in many brain regions. The periventricular brain
region displays the highest proliferative activity during embryogenesis, while the active
neurogenesis in adults resides in the secondary matrix regions of the brain located near the
external walls of different brain regions: optic tectum, cerebellum, and myelencephalon at
different levels from mesencephalic isthmus to rhombencephalon (Kaslin et al., 2008).

Unlike other vertebrates, a specific everted type of hemisphere formation and
development is characteristic of telencephalon in bony fishes: the intracerebral ventricles are
absent, while the matrix zones are located near the external walls of the dorsal and ventral
zones and are able to produce new cells both under normal conditions and after injuries
(Dirian et al., 2014). The proliferative activity in pallium of adult Danio rerio concentrates in
the dorsal proliferative zone, which corresponds to the pallial periventricular zone (PVZ), and
the ventral zone, corresponding to the subpallial PVZ (Adolf et al., 2006). The preliminary
studies have shown the importance of phylogenetic studies of the pallial and subpallial
proliferative zones in the forebrain of the zebrafish and other fish species. Lindsey et al.
(2014) demonstrated the presence of a glial-like phenotype of neural stem cells (NSCs)
involved in the adult neurogenesis and the expression of various transcription factors.
According to other data, PVZs contain slowly and rapidly proliferating cells generated by
adult NSCs/precursor cells with radial glial-like phenotype (Adolf et al., 2006). Neuroepitelial
progenitors were also recently discovered in the adult zebrafish pallium (Dirian et al., 2014).
A major part of the adult pallial ventricular zone is occupied by radial glia that acts as
constitutive NSCs.

The neurogenesis in adult vertebrate brain can be modulated by changing the level of cell
proliferation, their survival, and/or differentiation. This is associated with different functional
requirements to new neurons, such as provision of specialized functions related to sexual
behavior during the mating season in songbirds (Kaslin et al., 2008; Kempermann, 2013) and
emergence of new neurons in the reticular formation involved in the innervation of salmonid
spinocaudal muscles, increasing in volume during individual development (Pushchina et al.,
2012).
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According to the lesion paradigm formulated by Zupanc et al. (1998), a high regenerative
potential of the fish CNS is determined by a set of processes, including the CNS response to
injury. It is currently known that the insight into regeneration-competent organisms gives a
certain advantage in studying the biology of NSCs, their interaction with the cell
microenvironment, and specific features of their metabolism (Berninger et al., 2006; Stocum,
2006). The neurogenesis in an adult mammalian and human brain takes place only in the
subventricular zone of the lateral ventricular wall and in the subgranullar zone of the
hippocampal dentate formation (Chojnacki et al., 2009; Kaneko and Sawamoto, 2009).
Neurogenesis can be stimulated or inhibited by various factors, including physical activity
(Kempermann, 2011), changes in environmental conditions (Lema et al., 2005), and stress
(Hutton et al., 2015). These factors have multidirectional effects on the intensity of
neurogenesis and determine the final success of this process.

Variations in the physiological status of the animal, beyond regenerative conditions, are
important players controlling the activation state of germinal zones in the mammalian
forebrain. These aspects remain understudied in fish brain. The lack of standardized animal
maintenance conditions explaines the large degree of variability between animals that
complicates reading of subtle effects. Several neurotransmitters and hormones were recently
shown to impact on radial glia activation (Mouriec et al., 2009; Perez et al., 2013). In the
paraventricular organ for example, serotonine (5HT) is necessary for proliferation of radial
progenitors (Perez et al., 2013), and the projection of 5SHT processes toward pallial germinal
zones suggests that it may be the case in this location as well (Lillesaar et al., 2009).
Aromatase B (AroB), which converts androgens to estrogen, is strongly expressed in
zebrafish radial glia (Menuet et al., 2005). Blockage of the aromatase activity in adult
zebrafish led to a trend increase in the number of proliferating progenitors in several brain
areas, particularly in pallium, suggesting a lower proliferation of oestrogens (Diotel et al.,
2013). However, it remains to be assessed whether they primarily target radial glia or nonglial
proliferating progenitors. Along with a quiescence-promoting effect on radial glia, radial glia,
maintaining AroB expression after injury, are not activated and presumably do not participate
in the repair process (Diotel et al., 2013).

A study of the constitutive neurogenesis under natural conditions gives a large volume of
information for comparative analysis (Than-Trong and Bally-Cuif, 2015). However, the
balance between constitutive and injury-induced neurogenesis in brain of regeneration-
competent organisms is rather vague. Recent works considered the effect of behavioral
challenges or sensory stimuli on zebrafish adult neurogenesis (Lindsey and Tropepe, 2014).
As the most interesting fact, it was found that sensory stimulation (chemosensory or visual
stimulations) selectively affected the neurogenic niches in the brain areas involved in
processing these stimulations (Lindsey et al., 2014). Changes in the social context, such as
social isolation or social novelty, also decrease the number of proliferating progenitors in
sensory niches and increase the number of newborn neurons (Lindsey and Tropepe, 2014).
The number and complexity of neurogenic niches in teleosts, and the complex repertoire of
behaviors that a fish can exhibit, suggest that much is to be learned from this model in terms
of the environmental modulation of adult stem cell pools and neurogenesis. The goal of our
chapter was to observe the proliferation and neurogenesis in pallium of juvenile masu salmon
Oncorhynchus masou before and after a mechanical injury.
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PCNA LOCALIZATION IN THE MASU SALMON PALLIAL PVZ
IN NORM AND AFTER A MECHANICAL INJURY

PCNA was immunolocalized in the dorsal, lateral, and medial zones of pallium in
juvenile masu salmon (Pushchina et al., 2017). The PCNA+ cell distribution patterns in these
zones were somewhat similar: solitary proliferating cells or their small clusters were observed
in the surface and subventricular layers (Figure 1A, C, E). The main specific feature in the
distribution of immunopositive cells in the intact animals was the pronounced surface
periventricular layer containing PCNA+ conglomerates of cells that spread over all zones of
the dorsal region (Figure 1A, C, E). Another specific feature consisted in the presence of
solitary PCNA+ cells in deep parenchymal layers beyond the surface proliferative zone
(Figure 1A, C, E). Similar patterns of PCNA+ cell distribution have been observed in other
fish species (Lindsey et al., 2007; Pushchina et al., 2007; Zupanc and Sirbulescu, 2013).
Solitary PCNA+ cells were observed in the dorsal and lateral zones (Figure 1A, C) of masu
salmon pallium versus the medial zone with more abundant immunopositive cells (Figure
1E).

Earlier studies demonstrated that the proliferative activity in telencephalon of adult D.
rerio usually concentrated in the dorsal proliferative zone, corresponding to the pallial PVZ,
and ventral zone, corresponding to the subpallial PVZ (Adolf et al., 2007; Lindsey et al.,
2007). Data of different researcher demonstrate the importance of phylogenetic studies of the
pallial and subpallial proliferative zones in the forebrain of zebrafish and other fish species
(Lindsey et al., 2007; Zupanc and Sirbulescu, 2013). The presence of the NSCs involved in
adult neurogenesis with a glial phenotype is demonstrated (Adolf et al., 2007; Kempermann,
2011). In particular, it is shown that the PVZ contains slowly and rapidly proliferating cells
developing from adult NSCs/precursor cells with a radial glial phenotype (Adolf et al., 2007).
A recent classification, based on detailed immunohistochemical labeling (Mérz et al., 2010)
and clonal analysis (Rothenaigner et al., 2011), distinguishes between three types of
mitotically active cells (Il, Illa, and 111b) and non-dividing type I cells. An examination of the
pallial-subpallial zone of the zebrafish forebrain PVZ has shown that the precursor cells
express various transcription and growth factors, such as Pax6 and FGF, and are putatively
regulated by these factors (Adolf et al., 2007; Ganz et al., 2010). However, the ever-
increasing number of studies on the forebrain pallial and subpallial PVZs still fail to
sufficiently clarify certain basic aspects in this area, including anatomical boundaries of these
zones, their ultrastructural composition, and specific features in their cellular and molecular
organizations.

Analysis of regeneration of zebrafish telencephalon has been a subject of several recent
investigations (Kishimoto et al., 2011; Kroehne et al., 2011; Mérz et al., 2011; Baumgart et
al., 2012; Kroehne and Brand, 2012). In these studies, telencephalon was chosen as the assay
system because: (1) newborn neurons are not observed in the parenchyma of the telencephalic
pallial subdivision under normal conditions, thus enabling an observer to distinguish between
constitutive neurogenesis and regeneration, and (2) there is hope to get an insight into
functional differences of teleost and mammalian telencephalic regenerative behaviour.

Since juvenile masu salmon are in the state of active growth, the constitutive production
of new cells, according to our data, is rather intensive and is observed both in the brain
proliferative zones and beyond them. We believe that the phylogenetic factors, demonstrating
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that salmonids belong to an evolutionarily ancient group, the teleosts, for which the
uncompleted eversion of telencephalon and retained embryonic brain structural traits are
characteristic in the postembryonic development, can also play an important role (Wullimann
and Muller, 2009). A similar characteristic, referred to as fetalization, is typical of
phylogenetically ancient vertebrate groups, the brain of which contains many morphogenetic
zones with an increased proliferative potential (Artyukhin, 2008; Zupanc and Sirbulescu,
2013). Our studies suggest that the cell proliferative potential of the medial zone is
considerably higher as compared with the other zones of pallium. One more specific feature
of the masu salmon medial zone is a pronounced depthward cell migration from the surface
layers of pallium. The stratification of cell layers in this region has been traced in individual
cases. Thus, our data suggest that the medial zone is the most important contributor to the
constitutive morphogenesis of masu salmon telencephalon as compared with the remaining
zones of the dorsal region.

Currently, the data on the embryonic origin, associated with homogeneity of the NSCs in
the adult fish brain, are scarce. The studies on zebrafish demonstrate that the proliferative
zone of the definitive pallium develops from two separate subtypes of embryonic precursors
and comprises two NSC types involved in the adult neurogenesis (Dirian et al., 2014). The
dorsomedial NSCs emerge owing to active amplification of the neurogenic radial glia in the
embryonic telencephalon. The NSC population of the lateral zone is formed through constant
supplementation of the pallial band from the pool of discrete neuroepithelial progenitors of
the telencephalon posterior roof, activated in the postembryonic period and retained
throughout the lifecycle. This dual origin of the zebrafish pallial proliferative zone implies a
time-dependent construction of pallial regions as mosaic and adjacent compartments. Taking
into account the results obtained from zebrafish, the data on a nonuniform distribution of the
proliferating and HUCD+ cells in the masu salmon periventricular proliferative zones, and the
ratio of migrating and proliferating cells in the brain parenchyma, we believe that the masu
salmon pallial PVZ has a complex multicomponent mosaic structure and is most likely
comprised of several formations containing NSCs.

After a mechanical injury of masu salmon pallium, we observed considerable changes in
the cell proliferative activity in both the pallium proliferative zones and parenchyma. The
most pronounced changes in the topography of proliferating cells were associated with the
structural remodeling of the integrated proliferative, superficially located in the
periventricular layer, and formation of the local zones of induced neurogenesis (Figure 1B,
D). It should be noted that the periventricular zone as a rule was not verified. Formation of
local cell clusters containing both PCNA+ elements and numerous PCNA- cells in reactive
neurogenic niches, as well as vast populations of migrating cells and weakly labeled radial
glial fibers, were observed (Figure 1B, D). These changes appeared after a mechanical injury,
suggesting that they can be regarded as repair rearrangements.

Another specific feature in the post-traumatic morphogenesis of masu salmon
telencephalon was the formation of the secondary neurogenesis centers (reactive
parenchymatic niches) in the medial zone, which also possesses an elevated proliferative
potential in norm (Figure 1F). After the injury, numerous PCNA- cells surrounded by
undifferentiated immunonegative cells were observed. The distribution density in such
reactive clusters considerably exceeded that in the adjacent regions, suggesting that these
clusters can be regarded as integrated functional complexes with an increased proliferative
activity. According to the data by Savel’ev (2001), the centers of secondary neurogenesis are
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formed in vertebrate brain when cells from the primary periventricular proliferative region
migrate to deeper brain layers retaining their increased proliferative potential. Such cells
continue proliferation even beyond the typical conditions of cell microenvironment in the
proliferative zone and form the centers of secondary proliferation. In this process, a part of
the cells continues proliferation, whereas the other part starts to differentiate. Such cell cluster
outside the matrix zone typically has a higher density and heterogeneous cell composition and
contains cells at different stages of differentiation. We observed these particular cell clusters
in the medial zone of masu salmon telencephalon after injury.

Figure 1. Distribution of the proliferating cell nuclear antigen (PCNA) in the pallial proliferative zone
and deep layers of the dorsal telencephalon in juvenile masu salmon Oncorhynchus masou (A, C, E) in
the norm and (B, D, and F) after mechanical injury: (A) dorsal (Dd), (C) lateral (DI), and (E) medial
(Dm) zones of the masu salmon dorsal telencephalon in the control (dashed line shows the boundaries
of the proliferative zone; black arrows indicate solitary PCNA+ cells in the PVZ; red rectangle encloses
PCNA+ cell clusters in the dorsal and medial zones; and red arrows indicate PCNA+ cells in
parenchyma) and (B) dorsal, (D) lateral, and (F) medial zones after a mechanical injury (ovals enclose
neurogenic niches; rectangle in panel (F), the zone of secondary neurogenesis; red arrows indicate
PCNA+ cells in parenchyma and in panel (F), in the periventricular proliferative zone; yellow arrows
indicate radial glial fibers; white arrows indicate clusters of migrating cells, and black arrows indicate
PCNA- cells in parenchyma). Scale bar is 100 pm.
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The studies on zebrafish have demonstrated that an injury of telencephalon induces a
rapid proliferation of neural precursor cells in the PVZ of the injured telencephalon
hemisphere as compared with the intact one. The NSC distribution, detected using BrdU and
neurogenin, demonstrates that these cells migrate laterally and reach the injured site via
subpallium and pallium (Kishimoto et al., 2011, 2012). Recent studies of the zebrafish NSCs
have revealed new aspects in the physiology of the radial glia. In particular, it is shown that
the radial glia is present in the fish brain proliferative zones (Grandel et al., 2006). A part of
the cells forming the radial glial population possesses the NSC properties, which determines a
high level of reparative neurogenesis (Zupanc, 2001; Grandel et al., 2006). Cells of the fish
radial glia are spread all over the brain regions along the ventricular lumen and enhance
successful regeneration of injured brain (Tozzini et al., 2012). It is known that the
regenerative potential of somatic stem cells, as a rule, decreases with age of animals; thus, the
intensity of constitutive neurogenesis in juvenile masu salmon individuals of different ages
(Pushchina et al., 2012) suggests a proliferative potential of NSCs at different ages.

Studies on zebrafish have shown that neurogenesis and oligodendrogenesis in the
ventricular zone, olfactory bulb, and parenchyma of the telencephalon weaken with aging
(Edelmann et al., 2013). According to our data, pallium in juvenile masu salmon displays a
high level of constitutive neurogenesis (Pushchina et al., 2017). We have earlier demonstrated
that the periventricular region of masu salmon of different age cohorts have a large content of
the radial glia, marked by tyrosine hydroxylase, NADPH diaphorase, and GABA (Pushchina
et al., 2012). The radial glial cell population in the periventricular zone remains unchanged to
a considerable degree, but immunohistochemical analysis demonstrates that such cells in
more adult animals rarer enter mitosis and, consequently, produce fewer neuroblasts. The
activity of neuroblasts remains rather constant with age (Adolf et al., 2006; Grandel et al.,
2006); thus, neuroblasts produce the same number of postmitotic neurons. The decrease in the
level of neurogenesis physiologically correlates with the increase in the radial glia quiescence
(Edelmann et al., 2013). An injury activates the radial glia and induces its proliferation.
However, the radial glia is to a considerably lesser degree involved in neurogenesis in adult
animals as compared with juveniles, suggesting certain irreversible changes in the radial glial
cells during brain aging.

Muller and Wullimann (2003) have shown that PCNA labeling of proliferative regions
reflects a neuromeric organization of the brain, which has also been confirmed by
autoradiography and immunocytochemical (BrdU) assays. PCNA expression in cells retains
for 24 h after the completion of mitosis, but the level of its activity decreases by 30%
(Wullimann and Puelles, 1999). PCNA is expressed in mitotic cells during the entire
proliferative cycle and has a prevalent nuclear localization (Waseem and Lane, 1990);
however, cytoplasmic localization of PCNA is also observable in some cases (Vriz et al.,
1992). Specific methodical features of PCNA as a cell proliferation marker in the studies of
different neurogenesis stages in fish brain has made it possible to demonstrate that this marker
at the early developmental stages in zebrafish (days 1-4 after fertilization) identifies
neuroepithelial cells that have a rather short cell cycle in this period (Muller and Wullimann,
2003). Nonetheless, PCNA is a convenient cell proliferation marker when studying later
postembryonic neurogenesis in fish (Candal et al., 2005), since the cell cycle at subsequent
stages is considerably (manifold) longer as compared with the early neurogenesis.
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Various lesion paradigms have been elaborated for studying the nervous tissue
regeneration of fish brain and its functional repair after CNS injury. Many studies of
telencephalon injuries focus on injuries of olfactory bulbs or the dorsal region in one of the
telencephalon hemispheres (Zupanc, 2001; Zupanc and Sirbulescu, 2013). In some cases, the
neural repair was studied in the lateral and dorsolateral parts of telencephalon (Ayari et al.,
2010). A better insight into the bony fish brain regeneration capacities requires the knowledge
of the sources for neuron regeneration in injured brain. Genetic studies involving an injury of
dorsal pallium demonstrate that most of regenerating neurons originate from radial glia-type
progenitor cells, while differentiation of nonneurogenic cells plays a minor role in the brain
repair (Kroehne et al., 2011). A systematic neuroanatomy examination of zebrafish allowed
distinguishing of 16 constitutive neurogenic domens located along the brain axis (Adolf et al.,
2006; Grandel et al., 2006; Kaslin et al., 2008). As has been shown, the adult NSCs are
mainly associated with the ventricular system (Tozzini et al., 2012). The NSCs in fish
telencephalon have radial glia morphology and express certain molecular markers (vimentin
and nestin) characteristic of the mammalian NSCs (Ganz et al., 2010; Mdrz et al., 2010). The
pial and subpallial constitutive neurogenic niches, identified in fish, are now regarded as
homologs of the subgranullar and subventricular proliferative zones in mammalian brain
(Adolf et al., 2006; Mueller and Willimann, 2009).

Telencephalon of zebrafish mostly recovers histologically by 30 dpl and becomes
indistinguishable from a non-injured telencephalon after 1 year. Besides the rapid reduction
of cell death, gliosis and inflammation, the regenerative/reactive neurogenesis commences
with the initial proliferative response of radial glia in the endogenous proliferation domain
that produces new neurons in the damaged hemisphere (Kroehne et al., 2011). As early as at 4
dpl, pulse-chase experiments show many newborn pallial neurons in the periventricular zone
(Kroehne et al., 2011; Mérz et al., 2011), and newborn parenchymal neurons become evident
in the damaged brain from the first week post injury (Kroehne et al., 2011; Baumgart et al.,
2012). The parenchymally located newborn neurons, which arise from the ventricularly
located radial glial cells as determined by Cre-lox lineage tracing technology, home into the
lesion site only after a very long chase time (21-90 dpl) (Kroehne et al., 2011). Pallial radial
glia are under the control of notch signalling (Ganz et al., 2010; Kishimoto et al., 2012) which
can be monitored by transgene expression under the control of the her4.1 promoter. A
transgenic conditional Cre-lox recombination approach has been used to genetically mark
pallial radial glia and their progeny (Kroehne et al., 2011).

Thus, PCNA immunolabeling of masu salmon pallium demonstrates the presence of the
superficially located proliferative layer and individual proliferating cells with spatially
specific number and localization (Pushchina et al., 2017). In general, the distribution pattern
of PCNA+ cells in the dorsal telencephalon matches the corresponding patterns of other fish
species; it should be noted that an important specific feature consists in organization of the
medial zone, the main characteristic of which is an increased proliferative potential. Taking
into account the data on the incomplete eversion of salmonid telencephalon, we tend to
believe that the medial part of telencephalon is the particular region that houses the most of
cell proliferation and migration events that are decisive in telencephalon formation during
persistent neurogenesis. The zones of induced neurogenesis appear exclusively in the
postinjury process and, in our view, are related with the brain repair.
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HUCD LOCALIZATION IN THE PROLIFERATIVE ZONES
AND PARENCHYMA OF THE MASU SALMON PALLIAL PVZ
IN NORM AND AFTER A MECHANICAL INJURY

Most researchers regard the cells of the PCNA- brain regions as stimulated to
differentiation (Candal et al., 2005) because of the presence of neural determination markers,
such as Pax6, Zash-1a, Zash-1b, neurogenin, and neuroD, and neural differentiation marker
HuCD (Mueller and Willimann, 2009). The newborn neurons in zebrafish pallium also
expressed more mature region-specific neuronal markers such as parvalbumin and Prox1 in
an appropriate manner and appeared integrated into the neural circuitry as visualized by
dendritic (MAP2a+b) and synaptic markers (SV2, mGlu2). The results of HUCD labeling of
pallium of juvenile masu salmon confirm these data. A comparison of the distributions of
HuCD+ neurons in the dorsal, lateral, and medial zones of masu salmon pallium demonstrates
that the definitive cells with a mature neuron-like phenotype, most likely involved in
formation of neuronal networks, display different degrees of HUCD immunostaining. The
results obtained from juvenile masu salmon differ from the data on HuCD
immunolocalization after a mechanical eye injury in adult trout (Pushchina et al., 2016). The
trout pallial proliferative zone also displayed a high level of HUCD activity as compared with
the definitive neurons in the dorsal regions (Pushchina et al., 2016). However, neither typical
neurogenic niches nor structural changes in the dorsal pallial zone, observed after an injury of
pallium in juvenile masu salmon, were detectable after an optic nerve injury in adult trout.
Thus, we believe that the region of brain injury, as well as the animal age, influences the
pattern of postinjury repair. In particular, an injury of trout eye and optic nerve activates
neurogenic niches in the optic tectum and cerebellum, but no typical neurogenic niches were
detected in telencephalon (Pushchina et al., 2016). The control masu salmon juveniles
displayed rather intensive constitutive neurogenesis in different parts of the pallial
proliferative zone. The superficially located HUCD+ cells either formed clusters or, in some
cases, even a superficial cell layer. The distribution density of immunopositive cells in the
lateral zone was higher as compared with the dorsal zone; however, the most superficial layer
was formed of negative cells. A high density of both HUCD+ and HuCD- cells and a
moderate density of cell distribution in the proliferative region were characteristic of the
medial zone.

The densitometric data for the postinjury period make it possible to distinguish between
two HuCD activity levels in masu salmon pallium: intensive and moderate (Pushchina et al.,
2017). Intensively labeled definitive neurons were prevalent in all the regions of the control
animals. The HuCD+ neurons were surrounded by undifferentiated immunonegative cells
varying in number in different zones. According to the classification by Edelmann et al.
(2013), we referred these cells as to the cell population stimulated to neural differentiation but
not yet expressing neural determination markers. Our studies allowed us to distinguish four
types of HUCD+ cells differing in their morphology and density of HUCD immunolabeling.
We believe that the differences in densitometric characteristics of HUCD+ cells may reflect
the differences in the distribution pattern of this protein in the neuron cytoplasm and
correspond to different degrees of neuronal differentiation of the cells formed during
reparative neurogenesis. Nonetheless, we should emphasize that masu salmon brain contains
neurons displaying different degrees of HuCD immunolabeling irrespective of their
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differentiation stage and also the described types of neurons. We also assume that different
densitometric characteristics of HUCD+ cells may result from methodological aspects, in
particular, the ability of antibodies to penetrate into different depths in brain sections.
However, the most apparent and grounded assumption explaining the differences in HUCD
labeling intensity during reparative neurogenesis, in our view, is that the produced cells are at
different stages of neuronal differentiation.

T S
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Figure 2. Distribution of the HUCD neural protein in the pallial proliferative zone and deep layers of the
dorsal region in juvenile masu salmon Oncorhynchus masou (A, C, E) in norm and (B, D, F) after a
mechanical injury: (A) dorsal (DD), (C) lateral (DL), and (E) medial (DM) zones of masu salmon
telencephalon in the control (rectangles enclose regions of the periventricular zone and arrows of
different colors indicate cells of types 1-4) and (B) dorsal, (D) lateral, and (F) medial regions after a
mechanical injury (red arrows indicate intensively labeled neurons; white, weakly labeled; in panel (D),
black arrows indicate radial glial fibers; rectangles enclose neurogenic niches containing newly formed
neurons; black arrows in panel (F) indicate intensively labeled neurons in the pallial periventricular
zone; white dashed line is direction of cell migration, and red line segments show different thicknesses
of neurogenic layer). Scale bar is 100 pm.

The expression of HUCD protein in the pallial proliferative zones of masu salmon
yearlings is rather pronounced, which agrees with the data on zebrafish (Mueller et al., 2011).
The cells newly formed in dorsal telencephalon of zebrafish after an injury start to express
HuCD on days 3—4 post-injury (Ayari et al., 2010; Kishimoto et al., 2011). The newly formed
neurons appear both near the injury site and in the regions distant from this site. As is shown,
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a small population of zebrafish cells, formed within 2 days before the injury, is involved in
the repair of the injured brain region (Kroehne et al., 2011). The number of HUCD expressing
cells gradually increases in the subsequent days, especially in the injured zone. An analysis of
the spatiotemporal pattern of HUCD+ cell distribution in zebrafish demonstrates that the
newly formed cells acquire the phenotype characteristic of the neurons during migration to
the injured zone (Lam et al., 2009; Edelmann et al., 2013). These data suggest that the
interactions between proliferating cells in an intact fish brain also change after the injury.

Both intensively and moderately HUCD immunolabeled cells were observed in the deep
layers of the masu salmon dorsal zone on day 3 post-injury, which considerably differs from
the immunolabeling pattern in the control (Figure 2A, B). In our opinion, a decrease in the
HuCD immunolabeling intensity in most of definitive neurons against the background of
retained intensive labeling in 25% of the cells is a manifestation of the adaptive response to a
mechanical injury of pallium. A redistribution of the HUCD+ cells, forming the layer of
irregular clusters with retention of the immunonegative surface layer in control animals, was
observed in the proliferative region of the dorsal zone.

The ratio of intensively to moderately HuCD-labeled definitive neurons in the lateral
zone was 1:2.5, differing from that in the dorsal zone. After injury, the proliferative zone
underwent considerable changes (Figure 2C, D). Two zones of induced neurogenesis were
observed as neurogenic niches of different morphologies and, possibly, different origins.
After an eye injury in adult trout, local clusters of HUCD+ cells were observed in the lateral
proliferative zone (Pushchina et al., 2016). Neurogenic niches in the lateral zone of juvenile
masu salmon individuals were surrounded by weakly immunolabeled radial glial fibers.
Formation of such structural complexes producing new neurons is a consequence of activated
proliferation in NSCs induced by injury (Lam et al., 2009; Edelmann et al., 2013). NSCs are
able to produce neurons and glia both in vivo and in vitro, although the neuronal or glial
specialization is determined by the conditions of cell microenvironment and other dynamic
factors (Adolf et al., 2006; Mérz et al., 2010; Kishimoto et al., 2011). Similar to mammals,
the precursor cells in zebrafish give rise mainly to neurons rather than glial cells (Hinsch and
Zupanc, 2006; Mueller et al., 2011). The causes of this phenomenon in zebrafish are still
unclear; however, a limited production of astrocytes in adult brain correlates with fits their
total low content in brain of bony fish.

According to Kishimoto et al. (2012), the NSCs that emerge after an injury of zebrafish
telencephalon differentiate into mature neurons during 1 week post-injury. Most of these cells
express Thbrl, suggesting a normal adaptation of the neurons in this region, Thus, the
ventricular zones of zebrafish telencephalon are involved in the repair of nervous tissue after
a telencephalon injury in adult fish.

A considerable increase in the number of intensively labeled HUCD+ cells, localized to
the proliferative zone and forming migratory flows of cells with neuronal specialization, was
observed in the medial zone of masu salmon pallium (Figure 2E, F). This overproduction of
neurons in the medial zone after injury generally agrees with the increased proliferative
potential of this zone, which we revealed by PCNA labeling. As for adult trout, we observed
an increased density of HUCD+ cells in the dorsal zone after an eye injury (Pushchina et al.,
2016). We believe that the increased production of neurons during the postinjury period in
different telencephalon zones is a species-specific feature of salmonids and may possibly
reflect certain specific phylogenetic features of the repair process characteristic of this fish

group.
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CONCLUSION

Stab injury experiments were conducted by inflicting a damage to telencephalon with a
needle. This type of traumatic brain injury initiates a cascade of events. An immediate
response to the stab is the formation of an oedema and a wave of neuronal cell death, both of
which rapidly recede at 7 dpl and 3 dpl, respectively. Another reaction to a stab injury is the
onset of gliosis and inflammation in the damaged hemisphere of masu salmon pallium. In the
parenchyma of the damaged pallium, from 4 dpl on, a marked hypertrophy of GFAP-positive
and vimentin-positive radial fibres is observed.

L-plastin-positive cells in pallium of adult zebrafish consist of a heterogeneous mixture
of blood-derived leukocytes and resident microglia that become more numerous after a stab
wound (Kroehne et al., 2011; Baumgart et al., 2012). Proliferation levels of different cell
types also increase after damage to telencephalon in adult zebrafish, peaking at 3 dpl in the
endogenous ventricular proliferation domain, as well as ectopically in the damaged
parenchyma. In the endogenous ventricular proliferation zone, radial glial cells expressing
GFAP, vimentin, nestin and glutamine synthetase specifically upregulate their proliferation
upon a stab injury. In the parenchyma of zebrafish telencephalon, mostly L-plastin-positive
cells contribute to the proliferating population (Kroehne et al., 2011); however, a small
fraction of oligodendrocyte precursors proliferate as well (Kroehne et al., 2011; Mérz et al.,
2011). Also, proliferating endothelial cells can be observed (Kroehne et al., 2011). Slightly
elevated proliferation rates can still be detected at 2 weeks post-injury but decline
subsequently. Likewise, the initial early inflammatory response does not persist and neither
hypertrophic radial glial processes nor a surplus of L-plastin-positive cells are detected by 30
dpl. It is important that the glial scar does not form (Kroehne et al., 2011). This is in marked
contrast to the reaction of mammalian telencephalon to a damage where regeneration is
hampered by gliosis, inflammation and subsequent formation of the glial scar that inhibits
regeneration of neural tissue (Fitch and Silver, 2008; Sofroniew, 2009).

The study of proliferative activity of pallium in juvenile masu salmon O. masou has
allowed us to identify the superficially located periventricular proliferative zone, which
corresponds to the pallial periventricular zone (PVZ) of other fish species, including the
dorsal, lateral, and medial compartments. A superficially located periventricular proliferative
area with PCNA+ cells, which corresponds to the PVZ of other fish species, including its
dorsal, lateral, and medial compartments, has been discovered in pallium of juvenile masu
salmon. The PCNA+ cells are also identified in the parenchyma of intact masu salmon brain,
and their maximum concentration is observed in the medial zone. In intact brain, solitary
proliferating cells were identified in parenchymal regions with their maximum concentration
in the medial zone. After a mechanical injury, the zones of reparative neurogenesis —
neuroepitelial neurogenic niches and zones of reactive neurogenesis surrounded by radial
glial fibers — appear in masu salmon pallium. An increase in the proliferative activity is
characteristic of all compartments of the PVZ (especially of the medial zone), including its
deep parenchymal layers. The PVZ of juvenile masu salmon contains clusters of
undifferentiated HUCD+ neurons. A change in the HUCD+ cell topography is observed in a
mechanically injured masu salmon pallium: reactive neurogenic niches in the lateral zone and
an increase in the cell distribution density and cell migration patterns in the medial zone. A
high level of constitutive neurogenesis is characteristic of juvenile masu salmon brain.
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Undifferentiated HUCD+ neurons form clusters in the PVZ of intact brain in juvenile masu
salmon. Neurons at different stages of maturation, differing in the level of HUCD activity,
were detected in the parenchymal layers of the dorsal region. A mechanical injury of pallium
in masu salmon is accompanied by a change in the topography of HUCD+ cells. Formation of
reactive neurogenic niches is characteristic of the lateral zone, while the medial zone displays
an increase in the density of immunopositive and negative cells, as well as a distinct pattern
of cell migration. HUCD and PCNA immunolabeling patterns in intact pallium suggest the
intensive constitutive neurogenesis in the pallial PVZ of juvenile masu salmon.

The colocalization of newborn cells with the neuronal marker HUCD showed that her4.1-
positive radial glia generates neurons. A two-third of the newborn neurons were located in a
periventricular position close to the pallial proliferation zone that corresponds to their regular
target area. A one-third of all HuCD-positive newborn neurons were found in a parenchymal
position that was usually not attained by newborn neurons neither in undamaged brains nor in
the control hemisphere.

Thus, the damage site specifically attracts newborn neurons from the endogenous
proliferation domain that are rerouted to populate and integrate into this site (Kroehne et al.,
2011). It will be important to decode the signals that emanate from the damage site, which act
to trigger the regenerative response. Chemokines and their receptors have been suggested as
possible candidates. They have been reported to localize to radial glia in telencephalon
(Diotel et al., 2010), where their overexpression enhances the proliferative response after an
injury (Kizil et al., 2012). Other, still unidentified, pathways may also funnel into a
regenerative response to trigger there generative pathway at different angles (Kyritsis et al.,
2012). This observation confirms the long-lasting suggestion (Kirsche and Kirsche, 1961) that
periventricular progenitors of the “matrix zones” produce neuronal progeny, which are
engaged in regeneration.
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ABSTRACT

The objective of this chapter was to study proliferation processes and the role of
radial glia and neural stem cells in the event of injurious action on cerebellum of masu
salmon Oncorhynchus masou juvenile. Using the immunoperoxidase staining of the glial
fibrillary acidic protein (GFAP), doublecortine (DC) and proliferating cells nuclear
antigen (PCNA), processes of proliferation and gliogenesis after mechanical trauma of
cerebellum of juvenile masu salmon O. masou were studied. After the trauma, the
intensity of proliferation and migration processes varies in different zones. Proliferation
processes decrease after the trauma in lateral and basal zones, and migration increases. In
the dorsal zone, on the contrary, migration processes significantly decrease and
proliferation increases. In the dorsal matrix zone of cerebellum, intense cell proliferation
was detected. In the dorsal, lateral, and basal zone of the molecular layer of cerebellum
after traumatic injury, neurogenic niches containing PCNA and cells, as well as a
heterogeneous population of PCNA- cells, were identified. At the location of neurogenic
niches, fibers of radial glia and small single, intensely or moderately labeled GFAP cells
were discovered. As a result of injury, GFAP+ fibers of radial glia, which form
differently directed, radially oriented bundles, appeared in the dorsal matrix zone. Such
structural formations were not discovered in intact animals. We suppose that, after the
trauma, a structural reconstruction, connected with partial spatial reorientation of the
radial glia fibers, and formation of specific directions for cells formed in this zone occur
in the dorsal matrix zone. As a result of the trauma, elements of the radial glia, including
both the cells possessing typical morphology and the cell fragments represented by long
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radially oriented processes or cell body, containing initial fragments of radial fibers,
appeared in masu salmon’s cerebellum.

INTRODUCTION

Fish is quite an interesting subject for investigation of neurogenetic processes, since,
during the period of their postembryonic development, the formation of brain, growth, and
differentiation of integrative centers are very active (Zupanc, 2006). The peculiarity of adult
neurogenesis in teleost fish is the ability to form large amounts of new cells. Studies on the
fresh-water fish, Danio rerio and Apteronotus leptorhynchus, have shown that proliferation
rate in these species is by 1-2 orders of magnitude higher than in mammals (Zupanc and
Zupanc, 2006). A mass increase of intensity of cell proliferation is observed in bony fish as a
response to brain damage. Complete recovery of neural tissue occurs due to colonization of
the injured area with new neurons. In mammals, the long persistency of newborn cells, as a
rule, is weakened, and their brain is restricted in its ability to recover (Zupanc and Sirbulescu,
2011).

Cerebellar morphogenesis of zebrafish has been repeatedly investigated in recent years
with a focus on progenitor migration during embryonic and early larval stages (Chaplin et al.,
2010; Wullimann et al., 2011). However, since adult teleosts add large numbers of new cells
to the cerebellum (Zupanc and Horschke, 1995; Grandel et al., 2006; Hinsch and Zupanc,
2006; Zupanc and Sirbulescu, 2011), it is clear that teleost cerebellar morphogenesis
continues after embryogenesis. Recently, Kaslin et al. (2009) have studied the continued
generation of new granule neurons during adult stages with the aim to determine the identity
of progenitor/stem cells and their progeny.

The basis of this is postnatal neurogenesis, the process beginning with division of
precursor cells, their subsequent migration, differentiation of newly formed cells and ending
with integration of new neurons in the neural network (Kempermann, 2008). The
phenomenological manifestations of neurogenesis in adult fish are similar to those in
embryonic brain of birds and mammals (Levine et al., 1994). It is supposed that adult
neurogenesis plays an important role in quantitative harmonization and coordination of CNS
neurons in motoric brain structures. In mammals, body growth occurs due to the increase in
size of muscle fibers rather than in their number. Number of muscle fibers increases
throughout the lifecycle of fishes, and this probably requires corresponding increase in neuron
units to control the muscle activity and for the quantitive harmonization of central neurons
and peripheral sensor elements. In bony fishes, production of new neurons in association with
a sufficiently long survival of their significant fraction leads to continuous growth of brain
and its structures. In contrast to mammals, where central parts of sensory systems become
completely formed and equivalent to the quantity of sensory receptors by the moment of birth
and/or shortly after it, the growth and development of sensory projections in fish brain can
continue throughout the lifecycle because of the necessity of adaptation to continuous
significant increase in body size and amount of incoming sensory information. The
continuous formation of new neurons in adult fish is provided by the presence of large
amounts of cerebral radial glia (Onteniente et al., 1983; Pellegrini et al., 2007), which are
known to perform a function of neural stem cells during embryonic neurogenesis in mammals
(Noctor et al., 2002; Kriegstein and Alvarez-Buylla, 2009). In mammals, new neurons form
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mainly in the following two zones of brain: (1) in the frontal part of the subventricular zone
of the lateral ventricle, from which immature neurons migrate in the composition of the so-
called “rostral migratory stream” to olfactory bulbs where they differentiate into granular
neurons and periglomerular interneurons (Curtis et al., 2007), and (2) in the area located in
the subgranular zone of the dentate gyrus from which new cells migrate for short distances to
the granular layer of hippocampal cells and develop into mature granular neurons (Seri et al.,
2004). In mouse brain after inflicting mechanical damage, proliferation of resting progenitor
cells in cortex parenchyma was discovered (Ahmed et al., 2012). There is an increase in
numbers of endogenic stem cells forming neurospheres when grown in vitro. Secondary
spheres in case of differentiation yield three types of neural stem cells (NSC), which indicate
their multipotency in the cortex and hippocampus alike (Ahmed et al., 2012).

Mature bony fish display high neurogenic potential in many cerebral areas. Zones of
initial proliferation in fish are located along the brain ventricle and form 16 accumulations
along the rostro-caudal axis of the brain (Ekstrom et al., 2001). The brain areas, where quite
intense cell division takes place in adult individuals, are considered as zones of secondary
neurogenesis being localized in telencephalon, optical tectum, and cerebellum, as well as in
thalamus and brain axis (Zupanc and Ott, 1999).

Fish are able to regenerate neural tissue after a mechanic or chemical damage in
cerebellum, telencephalon, olfactory bulbs, and retina, and this is supposedly closely allied to
the processes of adult neurogenesis (Takeda et al., 2008; Kroehne et al., 2011; Mérz et al.,
2011; Diotel et al., 2013; Zupanc and Sirbulescu, 2013). It has been proven than the neural
tissue of fish regenerates after damage within a few weeks (Zupanc et al., 2003).
Replenishment of a large number of cells lost as a result of damage occurs from different
sources, such as radial glia, centers of initial and secondary proliferation, and neurogenic
niches (Zupanc, 2011).

Evolutionary ancient groups like salmon fish (Salmonidae) are characterized by high
concentration of undifferentiated elements in the matrix zones of brain and parenchyma alike
(Pouwels, 1978). Cerebellum is a generally accepted brain zone for the study of
morphogenetic processes, since it increases the proliferative activity both under normal
conditions and in case of traumatic impact (Pouwels, 1978; Zupanc and Sirbulescu, 2013).
Among poikilotherms, cerebellum retains the embryonic properties only in mature bony fish,
which is also typical for other areas of their brain (Margotta et al., 2004).

Recently, it has been established that the glial fibrillary acidic protein (GFAP) is one of
the markers of NSC (Kriegstein and Alvarez-Buylla, 2009; Ahmed et al., 2012). The
proliferating cell nuclear antigen (PCNA) is used in the study of proliferative cell populations
(Candal et al., 2005). The objectives of the chapter were to study the proliferation processes
and the role of the glia and neural stem cells in the event of damage to cerebellum of juvenile
masu salmon Oncorhynchus masou.

COMPARATIVE ASPECTS OF ADULT NEURAL STEM CELL ACTIVITY
IN AMPHIBIANS AND FISH

During the time of Altman’s initial studies of rodents, reports on proliferation zones in
brain of adult amphibians and fish were also published (Kirsche, 1967). In Amphibia,
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proliferation and neurogenesis are more widespread than in amniotes and are localized in
telencephalon, preoptic region, hypothalamus, thalamus, midbrain and cerebellum in urodeles
and anurans (Margotta et al., 2004; Raucci et al., 2006). Unfortunately, there are no many
reports on constitutive neurogenesis in amphibians, but a recent study confirms constitutive
neurogenesis in the forebrain and midbrain of the adult bullfrog Rana catesbeiana discovered
by pulse-chase experiments using co-labelling of newborn cells with a marker of early
neurogenesis (Simmons et al., 2008). On the contrary, the aquatic salamander Notophthalmus
viridescens does not show constitutive neurogenesis in the midbrain. With a specific lesion of
midbrain dopaminergic neurons, however, quiescent ependymoglial cells can be activated in
this species to proliferate and regenerate the lost cells (Berg et al., 2010).

In teleosts, the initial reports on proliferation zones in ventricular regions of the adult
brain were subsequently extended to other teleost species and uncovered the presence of
constitutive proliferation zones/neurogenic zones all along the rostro-caudal axis of the brain
(Kuroyanagi et al., 2010; Tozzini et al.,, 2011). The widespread neurogenesis in both
anamniote groups has been attributed to the protracted, perhaps lifelong, growth of the body
and, notably, sensory organs. In both groups, freshly hatched animals are considerably
smaller than adults. Thus, the constitutive neurogenesis observed in growing teleosts and
amphibians may be attributable to a growing demand of CNS processing power in
conjunction with increasing sensory input (Kaslin et al., 2008). This is nicely exemplified by
the growing retina and optic tectum in amphibians and fish (Cerveny et al., 2012) and the
increasing number of taste buds and growth of the chemosensory lobes in medulla in
cyprinids (Komada, 1994).

It is important to note that brain proliferation zones in adult zebrafish reflect a more
general proliferation pattern along the ventricular walls of teleost brain (Grandel and Brand,
2013). The teleost proliferation zones are not ill-defined but distinctly localized in all the
subdivisions of brain along the rostro-caudal axis. From 12 to 16 distinct proliferation zones
have been recognized as distantly related between teleost species such as stickleback
Gasterosteus aculeatus, brown ghost Apteronotus leptorhynchus, and zebrafish Danio rerio.
With the exception of minor differences, the discrepancy in number reflects the investigators’
interpretation rather than an actual lack or increase of zones in these species (Zupanc and
Horschke, 1995; Ekstrom et al., 2001; Zupanc, 2006). The partially characterized brain
proliferation zones of medaka Oryzias latipes and Nothobranchius furzeri likewise
correspond to the general proliferation pattern; however, observations on the posterior
hindbrain in these species are missing (Kuroyanagi et al., 2010; Tozzini et al., 2011). Thus,
zebrafish suits well to study adult teleost brain proliferation, especially with the opportunity
to elucidate the organization of proliferation zones on a cellular level, the contribution of
newborn cells to normal brain function, the fate of restriction of progenitor/stem cells and,
hence, their potential to repair brain parts after an injury of brain tissue.

PROLIFERATION AND MIGRATION OF
CELLS IN CEREBELLUM OF FISH

The largest formation containing PCNA with cells was a dorsal matrix zone of O. masou
cerebellum. Tt is located in the dorsomedial part of cerebellum’s body, at the boundary
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between the molecular and granular layers, and the probability density of PCNA with cells in
it was higher compared to the adjoining areas of the molecular layer. According to previously
conducted investigations, in the composition of this zone, we identified four types of cells in a
normal state and after the damage (Stukaneva et al., 2015).

In the lateral and basal zones, proliferation processes noticeably decrease after the
damage and migration processes increase (Figure 1A, B). We explain it by the fact that newly
formed cells begin to radially and tangentially migrate in large amounts within two days after
the damage, and this process can intensify in the following days. Within the boundaries of the
lateral zone, we discovered dense clusters of intensely labeled PCNA cells separated from
each other by immune- negative zones. Such clusters were identified as neurogenic niches
(Figure 1C). After mechanical injury, proliferation and migration processes change their
activity in different zones (Figure 1D).

Thus, results of PCNA immune labeling indicate that the proliferative activity in O.
masou is typical mostly for the dorsal matrix area of cerebellum that agrees with the data on
other fish, such as D. rerio (Zupanc, 2006) and Apteronotus leptorhynchus (Sirbulescu et al.,
2015). The results of our observations allow us to assume that the structural changes detected
have a direct relation to processes of reparative neurogenesis. Thus, the obtained results are a
demonstration that, after the damage, the main volume of cell proliferation is found in the
cerebellar dorsal matrix zone.

Figure 1. Localization of proliferative cell nuclear antigen (PCNA) in cerebellum of Oncorhynchus
masou 2 days after stab-wound injury of cerebellum: (A) patterns of tangential migration (red arrows)
and neurogenic niche (in oval) in the molecular layer of cerebellum; (B) radial migration of PCNA+
cells; (C) neurogenic niche (in square); (D) tangential migration of PCNA+cells. Scale bar: A, 100 pm;
B-D, 50 pm.
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Short-term bromodeoxyuridine (BrdU) labeling experiments or PCNA staining showed
widespread proliferation in the cerebellar molecular layer of zebrafish. Newborn cells migrate
radially along vimentin/ GFAP/BLBP-expressing radial fibres towards the surface of the
molecular layer, where they migrate tangentially and disperse laterally to finally dive in a
radial direction through the cerebellar molecular layer into the granular layer, where they
differentiate into granule neurons (Grandel and Brand, 2013). Migrating progenitors and
differentiated cerebellar granule neurons express the transcription factors Zicl, Zic3, Pax3
and Neurod (Kaslin et al., 2009). Migration through the molecular layer occurs rapidly.
Within 6 days, the molecular layer of zebrafish cerebellum becomes devoid of labeled cells as
they reach the granular layer (Grandel and Brand, 2013). This behavior is also observed with
most cells above the dorsal matrix zone, except for label-retaining cells that remained after up
to 6 weeks of chase and still showed the initial S-phase marker plus either pH3 or PCNA
immunoreactivity, indicating that they were still proliferating. Such cells are considered the
presumptive stem cells in other systems (Doetsch et al., 1999). Thus, Kaslin et al. (2009)
determined their molecular characterristics. Tg (nestin-GFP) animals showed transgene
expression in most proliferating cells above the granular layer “cap”. Tg (nestin-GFP) was
also found to co-localize with label retaining cells at this position. In addition, these cells
maintained expression of Sox2, Meis and Musashi 1 that were shown to localize to stem or
progenitor cells in other systems (Morales and Hatten 2006). Tg (nestin-GFP)-expressing
progenitors also were distinctly polarized, displaying apical adherence junctions and
expressing apical markers such as ZO1, B-catenin, y-tubulin and aPKC (Grandel and Brand,
2013). As in the case of the subpallial proliferation domain and in the periventricular margin
of optic tectum, the cerebellar progenitors displayed a neuroepithelial phenotype.

To underscore this finding, Tg (nestin-GFP)-positive cells did not co-stain with the radial
glia markers vimentin/GFAP/BLBP. Radial glia in the cerebellar midline consists of a non-
proliferating population and may serve to guide the migrating progeny of the neuroepithelial
progenitor population. How do neuroepithelial granule cell progenitors become situated
within corpus cerebelli, apparently far off from the ventricular system? Kaslin et al. (2009)
studied the development of the cerebellar stem cell niche during embryonic and larval stages
which showed that cerebellar progenitors were derived from the upper rhombic lip as in
rodents and birds.

Within the first 10 days, the rate of cell proliferation in the area of brain trauma in bony
fish increases several times compared to other areas of cerebellar body. Experiments with
labeling by BrdU have shown that cells formed 2 days before the trauma take part in the
regeneration process (Zupanc and Ott, 1999). This observation presupposes a presence of a
link between continuous cell proliferation in an intact brain and restoration of the area
damaged due to injury. A retrograde tracing in combination with BrdU labeling of S-phase
have shown that new granular neurons are projected into the molecular layer of cerebellum
(Zupanc and Ott, 1999). This fact allows us to assume that these neurons integrate into the
already existing neuron network of cerebellum.

In zebrafish, however, a distinct morphogenetic process during embryonic and early
larval stages (24 h to 7 days) displaces medially located rhombic lip progenitors and a small
portion of the fourth ventricle into cerebellar corpus to form an anterior protrusion, which has
been termed as cerebellar recessus (Kaslin et al., 2009). The latter grows further anteriorly
thereby carrying the progenitors from the upper rhombic lip deeper into corpus cerebelli. Dye
labelling experiments revealed that the lumen of cerebellar recessus extends across the
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cerebellar midline and remains in contact with the fourth ventricle even during adult stages.
This shows that the nestin-expressing neuroepithelial-like precursors in the cerebellar stem
cell niche stay in contact with the ventricular system with their apical sides, much like the
precursors of subpallium and the periventricular tectal margin.

In our investigations, we verified the zones after injury with the neurogenic activity, the
neurogenic niches located in the molecular layer of the dorsal, lateral, and basal areas of masu
salmon’s cerebellum. We linked their appearance to intensification of genetic proliferative
programs in neutral stem cells and formation of local neurogenic niches as a response to
damage. When damage is inflicted to neurogenic zones, active proliferation and
differentiation of new cells begins, and they migrate to the damaged area, restoring the
injured tissue.

According to Zupanc’s data, in case of damage to A. leptorhynchus brain, intense
neurogenesis processes start in the basal zone of cerebellum (Zupanc, 2011). Thus, this area
can serve as a source of cells for reparative neurogenesis. In the basal zone of cerebellum in
the area of granular eminences of juvenile masu salmon, on the contrary, the intensity of
proliferation is high enough in the control and significantly decreases after a damaging effect.
It is possible that the decrease of proliferation processes in this area of cerebellum is replaced
by cell migration processes.

Appearance of neurogenic niches in the area of dorsal, lateral, and basal zones of the
cerebellar molecular layer is the next stage of reparative neurogenesis. Neurogenic niches
appear de novo after a traumatic impact and contain PCNA+ cells, as well as a heterogeneous
population deprived of a proliferation marker. Immunolabeling of GFAP has shown that
fibers of radial glia, as well as isolated small intensely and moderately labeled cells, which
are phenotypically corresponding to neural stem cells described in cerebellum of other bony
fish, are detected in the area of neurogenic niches (Hinsch and Zupanc, 2006; Kaslin et al.,
2013; Sirbulescu et al., 2015).

The investigations conducted allow us to conclude that, after inflicting an injury to
cerebellum of juvenile masu salmon, processes of reparative neurogenesis are added to the
processes of constitutive neurogenesis: active proliferation and differentiation of new cells
begin, and they migrate to the damaged area, repairing the tissue. The main source of new
neurons is neurogenic niches that are formed during reparation of neural tissue.

GFAP, DOUBLECORTINE AND OTHER MARKERS
OF NSCs IN CEREBELLUM OF FIsSH

In cerebellum of juvenile masu salmon in normal state, we discovered a significant level
of GFAP-positivity detected in fibers of systems of the spinocerebellar tract: as a part of
cerebellar peduncles located in the basal part of cerebellar body, in fibers of radial glia, and in
a heterogenous population of rounded (intensely labeled) and elongated (moderately labeled)
cells (Stukaneva et al., 2017).

In the lateral zone, we discovered a small amount of DC+ cells of the following two
types: small cells of 5.99 + 0.11/2.76 £ 0.12 um in size and larger ones of 9.07 = 0.26/2.76 +
0.34 pm in size. The number of intensely DC-labeled cells per visual section was no more
than 15 (Figure 2A). They had a rounded or elongated shape, were deprived of process, and
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located solitary or formed small clusters (Figure 2B). In the granular layer of the basal zone,
the probability density of differently directed, thin, DC+ radial glia fibers was moderate
(Figure 2B). In a visual field, there were, on average, 14 DC+ cells and 24 DC+ radial glia
cells. In the area of white matter of the basal zone (cerebellar peduncles), there were, on
average, 30 DC+ cells and 48 GFAP+ fibers per a relevant test-field of 28 000 um?
(Stukaneva et al., 2017). In this area, fibers are prevailing GFAP+ elements, whose quantity
differs significantly (p < 0.05). After injury, on the surface of the dorsal and basal zones and
deep in the molecular layer of the lateral zone, we detected small local dense accumulations
of GFAP- cells, whose morphological parameters correspond to those of cells of the first type
labeled with PCNA (Stukaneva et al., 2017). We consider such GFAP+/DC+ cells
conglomerates as neurogenic niches emerging in masu salmon’s cerebellum as a response to
damaging effect (Figure 2C, D). In dorsal, basal, and lateral zones, we found niches of 3192 +
427, 6650 + 721, and 1393 + 653 um?, respectively (Stukaneva et al., 2017). In all the above-
mentioned zones, parameters of proliferative PCNA+ cells coincide with the initial
morphological parameters of GFAP+/DC+ cells.

Figure 2. Expression of doublecortin (DC) in cerebellum of Oncorhynchus masou at 2 days post-injury:
(A) general view of corpus cerebellum, (DC) immunopositive (ip) cells are indicated by pink arrows;
(B) DC-ip cells (green arrows) and radial glia (blue arrows) in the basal part of corpus cerebellum;

(C) DC-ip group of cells (in white oval), DC-ip single cells (white arrows) and DC- immunonegative
(in) group of cells (in black oval) and DC-in single cells (orange arrows) in molecular layer of
cerebellum; (D) a neurogenic niche containing DC-ip cluster of neural stem cells (in rectangle) in the
molecular layer. Scale bar: A, 100 um; B-D, 50 pm.
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Comparative studies of the ratio of GFAP+ cells to fibers in the dorsal and basal zones
have been conducted. At one day after inflicting a damaging effect, we observed changes of
cell composition and fibers compared to the intact state. After the damage, the number of
GFAP+ cells and fibers increased in the dorsal and basal zones. We suppose that the increase
in number of GFAP+ cells is connected with appearance of activated astrocytes as a result of
the damage (Stukaneva et al., 2017).

As a result of the damage in the dorsal matrix area, we recorded appearance of GFAP+
fibers of radial glia forming differently oriented bundles (Figure 3). Such structural
formations have not been detected in intact animals. We suppose that, after the injury in the
dorsal matrix area, there is a structural reconstruction, connected with appearance of
additional labeled fibers in the area of the damage, that leads to twofold increase in the
probability density of GFAP+ fibers in this area. We link such effects to intensification of
spatial reorientation of radial glia fibers and formation of specific tracks for cells formed in
this area.

Figure 3. Localization of glial fibrillar acid protein (GFAP) in the cerebellum of Oncorhynchus masou
at 2 days post-injury. Dorsal matrix zone is outlined by black squares; GFAP-immunopositive fiber is
indicated by red arrows; DMZ, dorsal matrix zone; ML, molecular layer; GrL, granular layer. Scale bar:
100 pm.

In brain of adult mammals, cells of radial glia are located in restricted neurogenic areas,
such as the subgranular zone of hippocampal dentate gyrus (Morrens et al., 2012; Dimou and
Goetz, 2014). In mice, GFAP-labeled glia disappears from the beginning of myelinization
(Nakahara et al., 2003), whereas in fish, GFAP-labeled fibers of radial glia are identified in
different segments of the brain, including cerebellum, throughout their life (Zupanc and
Horschke, 1995).
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We suppose that the existence of GFAP+ and DC+ radial glia in an intact brain of
juvenile masu salmon reflects processes of persistent neurogenesis. The morphology of
GFAP+ structures, their topography, and interactions with other structural components allow
us to assume that they obviously are elements of threadlike fibers of masu salmon’s
cerebellum. This is, in particular, indicated by the morphology of these structures and the
presence of microcytocsculpture along fibers and their terminals.

In mammal brain, GFAP is a classical marker of astrocytes with numerous radially
oriented processes and terminal pedicles that are often formed on the surface of vessels
(Doetsch and Scharff, 2001). It has recently been shown that GFAP is one of the markers of
neural stem cells (Kriegstein and Alvarez-Buylla, 2009; Ahmed et al., 2012). However, as a
rule, their phenotype is more complex and, besides GFAP, contains vimentin, nestin, S-100,
Sox2 (Adolf et al., 2006; Sirbulescu et al., 2015). In studies of several areas of brain of adult
bony fish, we identified precursor cells possessing characteristics of radial glia (Chapouton et
al., 2007; Rothenaigner et al., 2011). In this case, they were capable of self-renewal and
creation of different cell types, which demonstrate characteristics of genuine stem cells
(Rothenaigner et al., 2011). It is possible that at least some of the radial glial cells in the brain
of adult A. leptorhynchus fish act as these precursors. Since GFAP+ astrocytes can participate
in recovery of cells lost in case of injury in the subventricular zone (Doetsch et al., 1999), it is
obvious that these cells have the capability of self-repair. According to the data of Ahmed et
al., (2012) cortex astrocytes in mouse brain stop fission by the tenth day of postnatal
development, and GFAP expression after injury becomes more pronounced compared to
proliferation processes.

GFAP+ cells of masu salmon’s radial glia located in the surface layer of molecular layer
have small-sized somas and long unbranched processes. Thus, GFAP+ cells and fibers of
radial glia are both structural and morphological components in the composition of
cerebellum of juvenile masu salmon. Our data support the results obtained for Austrolebias
affinis, A. charrua and A. reicherti (Fernandez et al., 2011), and A. leptorhynchus (Clint and
Zupanc, 2001) concerning the presence of GFAP+ radial glia in cerebellum of bony fish. We
are inclined to attribute the few identified GFAP+ cells to neural stem cells. This assumption
is based on a combination of morphological and topographic properties of neural stem cells,
their connection with neurogenic zones, and relationships with fibers of radial glia.

In zones of secondary neurogenesis of masu salmon’s cerebellum, we identified GFAP+
fibers and cells of radial glia. Data obtained from different species of bony fish is the
evidence that radial glia is the prevalent type of GFAP-immunolabeled elements remaining in
brain of adult fish. In addition to these fibers, whose numbers increase after injury, cell
migration also takes place (Clint and Zupanc, 2001).

Data of Ahmed et al., (2012) have shown that, after a mechanical damage to mouse brain,
endogenic GFAP+ progenitor cells are activated. Approximately 50% of cells forming
neurospheres in hippocampus and 75% in cortex originate from GFAP-expressing cells.
According to data of Sirbulescu et al., (2015) GFAP in cerebellum of A. leptorhynchus labels
neural stem cells/precursor cells (Sirbulescu et al., 2015). This agrees with a hypothesis that
such cells are supposedly a source of neurospheres after the damage (Ahmed et al., 2012).
However, not all neurospheres originate from GFAP+ cells: their smaller part is precursors of
GFAP- cells.
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CONCLUSION

Neurogenesis during adult stages is found in species of all vertebrate classes, as it serves
different needs. Adult neurogenesis is considered in the context of protracted or constitutive
growth or neuronal turnover. Adult neurogenesis is observed within the same class or order,
even within one species, to serve these different needs. Are there fundamental differences in
the generation of new neurons that show different phenotypes and serve different functions?
From a morphological viewpoint, most stem cell populations retain contact to the ventricular
system. Structurally, they appear as neuroepithelial cells, radial glial or astroglial cell types.
The different shapes of these progenitors have been suggested to be a secondary consequence
of the architecture of the developing parenchyma overlying the ventricular stem cell zone of
the embryo (Kriegstein and Alvarez-Buylla, 2009). We suggest that an important step in
characterizing the degree of difference between various stem cells pools is to identify the
pathways that control their activity. This could be a key to our understanding of stem cell
diversity and a valuable cue to the development of therapies based on yielding activation of
active or dormant populations.

Certainly, in this scheme, SGZ radial astrocytes of mammalian brain are an odd element,
as they are described as having no contact with the ventricle, yet they express nestin as do
their cerebellar counterparts in zebrafish. This difference may be related to the late
appearance of dentate gyrus in evolution which can explain the lack of a directly homologous
cell type in other vertebrate groups (Kempermann, 2012). Progenitors of eminentia granularis
lateralis have lost the ventricular contact also. It can be argued that they “only” serve the
protracted cerebellar growth; however, SVZ astrocytes also serve the protracted growth of the
olfactory bulb initially.

The differences between various stem cells on the level of gene expression may highlight
their restriction and differences with respect to their prospective progeny. It will be interesting
to find whether distinct stem cells can be forced to produce unusual progeny if needed. Such a
scenario and, hence, a broader prospective potential of adult neural stem cells are confirmed
by the lesion experiments in zebrafish cerebellum, which show, at least topologically, that
newborn neurons will populate regions within the granular layer that are otherwise not
attained. On the other hand, it still remains unclear if all the cell types that are lost after the
injury are subsequently replaced indeed.
