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CHAPTER 1. INTRODUCTION: MANAGEMENT OF SHARKS AND THEIR
RELATIVES (ELASMOBRANCHII)

John A. Musick, Virginia Institute of Marine Science, College of William and Mary, PO Box 1346,
Gloucester Point, VA 23062 USA

Sharks and their relatives, the rays (subclass Elasmobranchii) are a group of about 1,100 species
of mostly marine fishes (Compagno, 2001). Most sharks and rays that have been studied have slow
growth, late maturity and very low fecundity compared to bony fishes (Cambhi et al., 1998). These at-
tributes result in very low intrinsic rates of increase (Smith et al., 1998) and very low resilience to fishing
mortality (Hoenig and Gruber, 1990). Thus, most shark and ray populations can withstand only modest
levels of fishing without depletion and stock collapse (Camhi et al., 1998; Musick, 1999; Cortes, 2000), and
decline more rapidly and are not able rebound as quickly as other fishes to population reductions (Sminkey
and Musick, 1995; 1996). Consequently, management must be implemented at the inception of shark
fisheries (Musick, 1999). However, this has not been the case for the vast majority of shark fisheries that
have developed around the world (Bonfil, 1994). Rather, the overwhelming pattern has been one of no
management, rapid stock decline and collapse, with decades to recovery if recovery occurs at all (Ander-
son, 1990; Hoff and Musick, 1990).

Successful sustainable fisheries for sharks are possible, particularly for smaller species that
mature early and have a relatively large number of young. The fishery for gummy sharks (Mustelus
antarcticus) in Australia stands as a good example. Success in this fishery has come through knowledge
of the biology of the species and active management measures (mostly through regulation of mesh size in
the gillnet fishery) (Walker, 1998; Stevens, 1999). Even sharks with very low intrinsic rates of increase
may be harvested sustainably if sufficient information exists on their demography and an effective
management strategy can be enforced. Simpfendorfer (1999) reported on the sustainable dusky shark
(Carcharhinus obscurus) fishery in Western Australia, which is focused on a limited catch (500-700 mt/
yr) of young-of-the-year fish, with protection of all other age classes.

Although many sharks and rays have been of lower economic value in fisheries, the economic
impact of stock collapse may be similar to more productive species because the population recovery time
and economic loss last much longer (Musick, 1999). Well-documented cases of collapsed shark fisheries
are the porbeagle (Lamna nasus) fishery in the North Atlantic (Anderson, 1990; Campana et al., 2001),
the tope or soupfin shark (Galeorhinus galeus) fishery off California and Australia (Ripley, 1946; Olsen,
1959), various basking shark (Cetorhinus maximus) fisheries (Parker and Stott, 1965), the spiny dogfish
(Squalus acanthias) fisheries both in the North Sea and off British Columbia (Holden, 1968; Ketchen,
1986; Hoff and Musick, 1990), and most recently the large coastal shark fishery off the east coast of the
U.S. (Musick et al., 1993; NMFS, 1999). While the reasons behind the collapse of some of these fisheries



range from stock depletion to economic constraints or market changes (Ketchen, 1986; Myklevoll, 1989;
Bonfil, 1994; 1999), the pattern of long periods for stock recovery prevails, and at least the stock of
California soupfin shark has not recovered to its former level after more than 50 years despite the lack of
fishing.

Although directed fisheries have been the cause of stock collapse in many species of elasmo-
branchs, a more important threat to long-lived sharks and rays is mortality in mixed-species fisheries and
bycatch in fisheries targeted at other species (Bonfil, 1994; Musick, 1999). In those fisheries, species with
higher production rates continue to support the fishery while species with lower rebound potential are
driven to stock collapse or extirpation (Musick, 1999; Stevens et al., 2000). Thus the sand tiger
(Carcharias taurus) and dusky shark (Carcharhinus obscurus) populations, which have very low
intrinsic rates of increase, collapsed in the western North Atlantic shark fin fisheries in the late 1980s and
show only modest signs of recovery (after ten years of fishery regulation), while the more productive
sandbar shark (Carcharhinus plumbeus), although depleted, continues to drive the fisheries (Musick et
al., 1993; Musick, 1999). Similarly, the barndoor skate (Dipturus laevis) is taken as bycatch in the New
England and Canadian Atlantic ground fisheries and its decline and local extinction would have been
unnoticed were it not for the fishery-independent data sets (where individual species are recorded) that
were analyzed by Casey and Myers (1998). Several other large species of skates may be threatened with
extinction (Dulvy and Reynolds, 2002). Imprecise reporting of fishery statistics where several species are
lumped together as one category (i.e., “sharks” or “skates”) can mask basic changes in community
structure and profound reduction in populations of the larger, slower growing species (Dulvy et al., 2000).
Thus the traditional paradigm that fisheries will become commercially extinct before the targets of those
fisheries become biologically extirpated does not apply in many cases.

Several species of elasmobranchs depleted by fisheries have recently come under protection of
national regulations. The barndoor skate, two species of sawfishes (Pristis pectinata, P. perotteti) and
the sand tiger (Carcharias taurus), dusky (Carcharhinus obscurus), and night (Carcharhinus
signatus) sharks were added in 1999 to the U.S. National Marine Fisheries Service (NMFS) Candidate
List for Threatened and Endangered Species because of large documented declines caused by overfishing
(Diaz-Soltera, 1999). Pristis pectinata has since been listed as Endangered. The sand tiger, dusky and
several other species of sharks became protected under the NMFS Fishery Management Plan (FMP) for
Sharks of the Atlantic Ocean (NMFS, 1999). The sand tiger and great white sharks are also protected by
regulations in South Africa and Australia (Camhi et al., 1998). In recent years the status of elasmobranch
species has come under closer scrutiny worldwide by the World Conservation Union (IUCN) Shark
Specialist Group (SSG), and 62 shark species out of 226 species assessed are currently recognized as
threatened with extinction (IUCN, 2003). The number of threatened species will certainly increase as all

the sharks and batoids are assessed (>1100 species).



In addition to the obvious concern over possible extinction of some elasmobranch species and the
ensuing economic hardship due to the collapse of the fisheries, a further problem is the negative effects
that strong declines in apex predators can have on ecosystems. The removal of sharks occupying the role
of top predators in their ecosystems can have not only the expected effect of releasing control over their
main prey, but sometimes unexpected second and third degree effects on non-prey species through trophic
linkages (Stevens et al., 2000; Schindler et al., 2002).

International concern over the sustainability of shark fisheries started to build in the late 1980s and
early 1990s as shark fisheries expanded globally in response to lucrative shark fin markets in southeast
Asia (Bonfil, 1994; Rose, 1996). In 1994 the 9* Conference of Parties (CoP) to the Convention on
International Trade of Endangered Species (CITES) adopted a resolution on “The Status of International
Trade in Shark Species.” The resolution called upon the United Nations Food and Agriculture Organization
(FAO) to review information on the global status of shark stocks and the effects of international trade on
them. The FAO with appropriate international expert consultation developed an International Plan of
Action for the Conservation and Management of Sharks (IPOA-Sharks) which was adopted in 1999. For
the purpose of the IPOA-Sharks, the term “shark™ includes all chondrichthyans (sharks, batoids, and
chimaeras). The guidelines (FAO, 2000) for the IPOA-Sharks state that nations contributing to fishing
mortality of shark stocks should participate in their conservation and management, that shark resources be
used sustainably, and that waste and discards be minimized. Shark fishing nations were called upon in the
IPOA-Sharks to prepare National Shark Assessment Reports (Appendix 1) and to implement National
Shark Plans (Appendix 2). Unfortunately, when progress on the IPOA-Sharks was reviewed by the FAO
Committee on Fisheries (COFI) in February 2001 and by CITES in 2002 it was found that only a small
number of shark fishing nations had submitted Shark Assessment Reports or Plans. Many of the countries
that had submitted these documents had not adequately addressed the issues raised in the IPOA nor did
they propose sufficient action to begin precautionary sustainable shark fisheries management (IUCN, 2002
a;b).

The objectives of the present manual are to provide the information necessary for fisheries
managers to effectively address the IPOA Sharks, thus leading to sustainable shark fisheries. We attempt
to provide a step-by-step approach to collecting the information necessary for proper stock assessment
and sustainable shark management. Each chapter progresses from simple to more complex techniques.
We begin in Chapter 2 by explaining the objectives of fisheries management and the methods that may be
used to achieve those objectives. Then, in Chapter 3 we describe how to identify sharks and rays. In
Chapter 4 we describe the value and methodology of tagging studies in shark management and in Chapter
5 we provide similar treatment for genetic techniques. Chapter 6 explains how to determine age and
growth and Chapter 7 describes techniques to study reproductive biology. Chapter 8 describes how to

estimate mortality. In Chapter 9 we review demographic population models and in Chapter 10 stock



assessment and population dynamics models are explained. Chapters 11 and 12 describe, respectively,

fisheries-dependent and fisheries-independent sampling procedures. Chapter 13 reviews options that may

be available for managing elasmobranch stocks. Lastly, in Chapter 14 we provide a brief overview of
elasmobranch utilization.
This paper is a contribution from the National Shark Research Consortium and is also contribution

#2563 from the Virginia Institute of Marine Science.
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2.1 BASIC CONCEPTS AND THE IMPORTANCE OF MANAGEMENT AS THE

ULTIMATE GOAL OF FISHERIES SCIENCE

The intention of this chapter is to briefly introduce some important concepts that will be
needed throughout the rest of the manual and whose understanding is essential for the correct practice
of fisheries work and the successful management of fisheries. The chapter also provides a general
framework for the rest of the manual and gives context to the different and interlaced roles of stock
assessment and management, which are sometimes mixed and confused. Given the importance and
scarcity of good management in present-day fisheries, it is never redundant to clarify and emphasize
these basic concepts and put the different components of fisheries work into perspective. The overall
feeling and some of the sections of this chapter are inspired by the book of Hilborn and Walters (1992)
and readers are encouraged to give a thorough read to this excellent source for more in-depth informa-
tion.

Fisheries Science is the multidisciplinary study of fisheries. Which disciplines are part of
Fisheries Science is to a point a matter of opinion, but a preliminary list would include fisheries biology,
marine ecology, stock assessment, natural resource economics, social sciences, fishing technology,
oceanography, statistics, and computer modeling.

A fishery is defined as the set composed of a particular stock (for a definition of stock see
Chapters 4 and 5) plus the fishing activities related to its harvest, inclusive of fishermen, vessels, gears
and even associated facilities. Often the word stock refers to a population or part of the population of
a single species but in the frequent case of multispecific fisheries it includes a group of at least two
similar or diverse species.

Stock assessment is the part of Fisheries Science that studies the status of a fish stock as well
as the possible outcomes of different management alternatives. It tells us if the abundance of a stock
is below or above a given target point and by doing so lets us know whether the stock is overexploited
or not; it also tells us if a catch level will maintain or change the abundance of the stock. But stock
assessment is not the goal of Fisheries Science.

The ultimate objective of Fisheries Science is to inform management. This statement
embodies the real meaning of the work of fisheries scientists and technicians, whose fundamental
objective is neither to learn how fish grow, where they go or how fast they reproduce, nor to investi-
gate how much fishermen catch, how or where they catch it, or how much money they make. The
real and ultimate goal of fisheries science is to provide the information needed for the adequate
management of fisheries. Ultimately, if the collective work of all those working in Fisheries Science
does not translate into management decisions and their implementation, then we are wasting time and

money.



This does not mean that fish biology, stock assessment and other disciplines are not extremely
important; in fact they are, but it is essential to keep in mind that they are a very important means to
an end. The relevance of all the knowledge we can obtain about the biology of the resources and the
dynamics of capture fisheries is that this information is needed to underpin the proper management of
the fishery, including target and non-target species, detrimental effects of fishing on ecosystems, and
also the human communities depending on fishery resources. It follows from the above that it is
worthwhile for governmental agencies charged with fisheries research and management to prioritize
and invest resources in fisheries biology and stock assessment of resources for which this work is
going to be actually used to do fisheries management. This is a very important fact often ignored in
many parts of the world. On the other hand, basic monitoring of unexploited or less important re-
sources can be invaluable several years down the line when fisheries exploitation expands or its
associated effects are felt. In this case, it is usually academic and independent research institutions
that can carry out the basic monitoring that might be unaffordable to government agencies. It is also
often overlooked that a prerequisite to successful management is the existence of the proper institu-
tional and legal structures. Without management institutions, management plans with clearly stated
objectives and management rules there can be no effective decision making and implementation for
fisheries management.

2.2 THE PURPOSE OF STOCK ASSESSMENT IN FISHERIES SCIENCE

Stock assessment makes use of diverse types of information to give managers advice about
the status of a fishery and the possible outcomes of management actions. This includes aspects not
only related to the resource abundance such as whether the stock is depleted or close to its maximum
biomass, but also in regards to other important aspects of fish population dynamics such as the current
levels of mortality and expected levels of future recruitment, or even economically relevant features
such as likely changes in catch per unit effort.

Stock assessment has been defined in many ways, often in terms of its objectives. Sparre and
Venema (1992) proposed that the basic purpose of stock assessment is “to provide advice on the
optimum exploitation of aquatic living resources”. Probably the best modern definition comes from
Hilborn and Walters (1992): “Stock assessment involves the use of various statistical and mathematical
calculations to make quantitative predictions about the reactions of fish populations to alternative
management choices.” The last definition is especially relevant because it explicitly says two important
things, that quantitative predictions are needed in the process and that the objective is to provide
advice to management about choices.

2.2.1 Quantitative predictions, dynamics, and uncertainty

In order to be of practical use, modern fisheries stock assessment must be able to make

quantitative predictions. To state that a fishery resource is “abundant” or “overfished” without further
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detail is of limited use for shaping management decisions if the level of abundance or depletion is not
expressed as a quantity such as “the fishable stock is at 30% of its original virgin biomass”. Equally
important, stock assessment should be able to make quantitative predictions of the outcomes of
different management regulations, such as how likely it is that an overexploited stock will recover to a
target level in a specified time-frame under different catch or effort quotas. This is why modern stock
assessment work is by necessity a quantitative discipline. While decades ago it was difficult to make
these types of quantitative predictions, computers now allow us to do calculations we would hardly be
capable of doing 20 years ago, and as time passes numerical methods are becoming more rigorous and
powerful for stock assessment.

One of the most important roles of stock assessment is to understand the dynamics of
fisheries. This follows because biological resources, fishermen and the environment are changing
entities; they are dynamic not static. Furthermore, fisheries will necessarily respond dynamically over
time to management actions as well as to external factors such as environmental forces. Understand-
ing all of these dynamics in order to make good predictions is the ultimate role of stock assessment.

Uncertainty is an intrinsic characteristic of stock assessment. First, natural systems have a lot
of random variability that translates into uncertainty and which can be due to variations in fish growth
(Fargo and Kronlund, 2000) and reproductive output, as well as to environmental effects (abiotic and
biotic) on biological and ecological processes (Parsons et al., 1998). Other sources of uncertainty are
the variations in the behavior of fishing fleets and gear, the errors and biases in data collection, and the
often incomplete or less than ideal quality of the data sets available for performing stock assessment.
Uncertainty also arises from the choice of model used for stock assessment; some models are better
suited to capture the underlying dynamics of a given resource than others but it is often impossible to
determine which model is more correct for a particular stock. Considering all of the above, it is not
surprising to find that the results of fisheries stock assessment are never precise estimates of biomass
or mortality, but are in reality estimates that contain a certain degree of uncertainty and doubt. Dealing
with uncertainty, acknowledging it and incorporating it into the decision-making process is something
extremely important but that only recently has begun to be put into practice. Further reading on the
need to embrace uncertainty and new methods to achieve this can be found in Punt and Hilborn
(1997), Hilborn and Lierman (1998), McAllister et al. (1999), and Patterson et al. (2001).

2.2.2 The concept of MSY and its evolution from an objective to a

reference point

The traditional concept of the dynamics of fishery resources is that there is an underlying

model according to which as fishing effort increases, catch will increase up to a maximum, and if

effort continues to grow then catches (also known as yield) will decrease. This leads directly to the
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concept of maximum sustainable yield (MSY) which has been the holy grail of fisheries (Larkin,
1977).

The specific shape of the
yield curve shown in Figure 2.01
does not matter. The important
principle always holds: zero effort

means zero catch; too much effort
Average

leads to small or almost zero
catch

catch. Also, in theory there should
be a point at which catch has a
maximum—at least on average—

and supposedly once the curve

»  reaches the top, the MSY level
Fishing effort has been found. For decades,
Figure 2.01 A graphical representation of the finding MSY and keeping fisheries
Maximum Sustainable Yield (MSY) concept.
at this prescribed level of catch
and effort became the sole
objective and obsession of fisheries science, as eloquently put by Larkin (1977).

There are several problems with this concept, the first practical problem being that natural
systems have a lot of random variability. In practice, real data will always reflect this variability as
“noise.” The great danger of focusing stock assessment work solely in finding MSY and its associated
optimum effort (fop[ defined as the effort level that produces MSY) is that we can seldom be totally
sure that we have witnessed the MSY level. Even if managers try to be very careful and cautious by
developing a fishery at a very slow pace it will never be guaranteed that the stock will not be overex-
ploited or that opportunities will not be wasted. An excellent example of the difficulties in finding MSY
comes from work on Atlantic yellowfin tuna (Thunnus albacares) published by FAO and cited by
Hilborn and Walters (1992). When scientists performed the first assessment of this resource in the
mid-1970s, they thought they had already arrived at the MSY level and calculated this at about 50,000
t. However, due to lack of effective management the fishery continued to grow and a second analysis
10 years later suggested a different MSY level of more than 100,000 t, clearly indicating that the first
assessment lead to a “false” MSY. The question remaining was if the second assessment was also an
underestimate.

The real problem in the above example and most real fisheries is that in all cases and espe-

cially in situations of noisy data we would have to go beyond MSY to make sure that we have actually
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found it. In other words until yield does not substantially decrease for a good period of time at in-
creased effort levels we cannot be sure that MSY has been observed. This effectively means that we
can never prevent overexploitation, at least not a small amount of it in the best case. This is an impor-
tant principle identified by Hilborn and Walters (1992): “You cannot determine the potential yield
from fish stocks without overexploiting them.” The secret is not to overexploit the stock beyond
recovery in our effort to find MSY. An additional practical problem is that once fisheries have actually
passed the MSY point and gone into the overexploitation phase, more problems arise. In such cases,
the fishery is already in the overcapacity side of the curve. This leads to another sad but important
principle stressed by Hilborn and Walters (1992): “The hardest thing to do in fisheries management
is to reduce fishing pressure.”

In an ideal situation a new fishery should start with all the mechanisms in place to assure, a)
detection of MSY quickly after passing this point (i.e., a good monitoring and data acquisition system
should be in place), and b) there should be mechanisms in place from the onset of exploitation , to
reduce effort effectively without detrimental effects (high taxes that can be later used to buy back
boats or compensate for the lost catches and revenue of each boat).

Nowadays, MSY is a theoretical concept that should hold on average, but it is mostly useful as
a general concept that helps us to guide our work; it is not the aim of fisheries assessment. In
present times the MSY concept is used to derive management targets and limits or biological reference
points (BRPs). Biological reference points are levels of total biomass, spawning stock biomass, fishing
mortality rate or other measurable characteristics of a fish population and a fishery, which are either
the target of management or a limit beyond which the fishery will not be permitted to go. Two com-
mon BRPs are the biomass at which the population can produce the maximum sustainable yield (B

MSY)

and the fishing mortality needed to achieve MSY (F, .). For additional reading about these and related

MSY
concepts readers should refer to Clark (1991), Jacobsen (1992), Smith et al. (1993), Caddy and Mahon
(1995), and Hayes (2000). A further important consideration is that MSY and the reference points
based on it assume that environmental conditions are constant. However, human-induced (habitat
destruction, species depletion) and environmentally driven phenomena (climatic “regime shifts”), can
all produce changes in MSY. This issue has commonly been either ignored or mishandled in fisheries
science.

2.2.3 Model complexity and the importance of cross-comparison in stock

assessment
Predictions are always based on the use of a model, whether the model is explicit or implicit.

Even the simplest prediction about what will happen to a stock if effort is increased implies a set of

assumptions or conceptual model. Formally, a model is just a representation or abstraction of a given
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system or process, which in the case of quantitative disciplines such as fisheries stock assessment
takes the form of equations or sets of equations. The type and complexity of models depends on the
field of research and the particular problem to be analyzed. In terms of Holling’s (1978) classification,
problems in population modeling generally lie in the area of low quality/quantity of relevant data.
However, it is important to emphasize that the complexity of a model (understood as the number of
variables included) is not always directly related to its performance and usefulness.

Models available for stock assessment (see Chapters 9 and 10 for more details) range from
the simple holistic models that intend to capture all biological processes in a simple equation such as
surplus production models, to the detailed and elaborate age-structured, spatially-structured, multi-stock
or even multi-species models that include several sets of equations and which intend to give a more
realistic representation of fish population dynamics. But while intuition tells us that complicated and
detailed models should be better than simple ones because they more accurately represent “reality,”
research has shown that simple models can often perform better because they require fewer param-
eters to be estimated, and very frequently the uncertainty surrounding the estimation of some of these
parameters only reduces the ability of models to produce useful information (Ludwig and Walters,
1985; 1989; Ludwig et al., 1988). Readers are encouraged to investigate this topic in more detail by
referring to chapter 3 of Hilborn and Walters (1992) for an excellent discussion and further references
on this topic. Starfield and Bleloch (1986) give an excellent accessible introduction to model building.

Perhaps the most important message that readers should take home is that while analyzing a
fishery, it is imperative to avoid using a single “best” method; the idea that any given model is the best
and only model to be used for fisheries stock assessment is dangerously wrong. Instead, it is best to
employ a carefully chosen suite of methods—considering the available data—and if possible including
both simple and complex models. This will allow the cross-comparison of alternative results that helps
detect coincidences and patterns as well as inconsistencies, often highlighting errors in data or guiding
the acquisition of additional key information through additional research. In a similar fashion, conflicting
results using the same model with different data sets should be carefully analyzed for possible biases in
the data. Stock-assessment scientists should ask themselves why there might be differences in predic-
tions about the status of the stock or about the outcomes of different management alternatives across
models. An objective picture of the situation can only be obtained when we question the conclusions
from one analysis with those of a different one and critically use the different results to gauge our
conclusions and to identify which pieces of the puzzle are missing. Only this complete process will
allow us to improve the data and methods, and therefore increase the capacity to perform better
assessments in the future. The same principle applies also to different data sets that could be available
to perform a particular stock assessment. Sound stock assessment is achieved only through healthy

cross-comparison and exhaustive questioning of the results of alternative models and data sets.

14



Finally, it should be mentioned that the complex and often politically charged topic of model
choice in stock assessment can nowadays be dealt with through the use of Bayesian approaches
(Hammond and O’Brien, 2001) and decision analysis techniques (Punt and Hilborn, 1997; McAllister
and Kirkwood, 1998). These methods offer quantitative ways to choose between different models and
management options taking into account the uncertainty involved, and are the best way to make
management decisions based both on the outcomes of the stock assessment and the probabilities of
success of the proposed management options.

2.3 THE DIFFERENT OBJECTIVES OF FISHERIES MANAGEMENT AND

THEIR INTERPLAY

What is the purpose of fisheries management? While early fisheries management had implic-
itly or explicitly MSY as it most important objective (Gulland, 1968) presently MSY is considered only
a biological concept and benchmark to guide management. Although MSY still plays an important role
as a guiding light for fisheries management, often specific and multiple objectives of fisheries manage-
ment may be more important than obtaining maximum yield in the long term (Alverson and Paulik,
1973). According to Hilborn and Walters (1992), the most widely accepted fundamental purpose of
fisheries management is “to ensure the sustainable production over time from fish stocks, preferably
through regulatory and enhancement options that promote economic and social well-being of the
fishermen and industries that use the production”.

In the modern world of fisheries, management tries to balance multiple objectives that span
beyond biological concerns. Oftentimes these multiple objectives are in opposition to each other, such
that it is not possible to achieve all of them simultaneously. Managers have to make quantitative
decisions about how many fish can be caught, what is the number of boats that will be allowed to enter
a fishery, or what is the minimum size of a fish or a gillnet mesh that should be allowed. They also
have to make decisions about how much should be spent on research, enforcement of regulations,
administration, etc. Within this context, fisheries assessment is about giving advice on the status of the
resource and the likely results of alternative measures. Once this is done, the choice of which action to
take remains (usually a given amount of fish or quota that can be caught by many different combina-
tions of effort and number and size of boats), and this is where choices have to be made by managers,
usually on economic and social grounds. More precisely, fisheries management objectives can be
broken down into at least the four categories presented below.

2.3.1 Biological and conservation objectives

By default the biological objective of fisheries management is obtaining MSY, or in other
words achieving biological yield maximization. This concept has already been explained above. The

standard indicator of biological yield is the annual weight or number of fish caught.
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Resource conservation, as well as biological and genetic diversity, are also important biological
objectives with an increasingly important role in fisheries management. Explicit directives to avoid
putting stocks of target and non-target species at risk of extinction, and to develop plans for their
recovery in case they are already endangered, play a very important role in fisheries legislation in
many parts of the world. This is exemplified in the 1996 Magnuson-Stevens Fishery Conservation and
Management Act of the USA. Even more recently, ecosystem-health objectives are beginning to take
a very important role in fisheries management (Sainsbury et al. 2000; Stevens et al. 2000). Several
fishery management plans already incorporate ecosystem objectives and it is just a matter of time until
ecosystem-based objectives replace some of the more traditional biological objectives such as obtain-
ing single-species MSY levels. However, that topic is beyond the scope of the present manual.

2.3.2 Economic objectives

In economic terms, to obtain the maximum amount of fish (MSY) is not the main objective.
Fisheries are an economic activity and thus should aim for economic rent and more specifically for
profit maximization; that is the maximization of total revenue minus the total costs. Thus, the concept
of maximum economic rent (MER) is an economic analogue to MSY. The MER level is defined as the
point on the revenue curve (simply the yield curve times the unit value of fish landed) where the
difference between the total costs of fishing (typically a straight inclined line) and revenues is greatest.
However, as shown in figure 2.02 the point of the curve where we find MER will be by definition
always at an effort level that is lower than MSY. It is clear from this that it is impossible to attain MSY
and MER at the same time and this is a typical example of a likely conflict between multiple objectives
in fisheries management (Figure 2.02). Further reading on economics and fisheries management can

start with Crutchfield (1965) and MacKenzie (1992).

A
Total costs
MSY oo )
MER-----------=> } Variable costs
Economic
value
Fixed costs

v

Exploitation rate

Figure 2.02 A graphical representation of the Maximum Economic Rent (MER) concept and a
comparison with MSY.
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2.3.3 Social objectives

Social objectives are concerned with employment and equity. Fisheries are not only about
landing fish and making money out of it, but also about employing people and making sure that those
involved in the fishery make a living that is adequate and sustainable. In many coastal communities of
the world it is common that fishing is the most important source of employment. In such situations,
having a large number of not-so rich fishermen might be more desirable than having a few very rich
ones. Also, it is often important to preserve community structure and traditional lifestyles. Communities
that have been fishing for a few hundred years and hold traditional fishing rights, such as the case with
many indigenous groups, must be taken into consideration as part of management. From the social
point of view, the total number of jobs related to the fishing activity is often the standard indicator, as
well as the distribution of income among fishers and the maintenance of traditional lifestyles. Excellent
further reading in topics related to economic and social issues in modern fisheries can be found in
Fairlie (1995).

2.3.4 Recreational objectives

In some parts of the world, fish stocks have to be shared between commercial fisheries and
recreational fisheries. Although both sectors are pursuing fish, their objectives are often very different.
For recreational purposes, both the catch and the effort (number of successful fishing trips) might be
important objectives. The total number of fish available to be fished is usually more important to a
sport fishery than the total biomass of fish available, and in the specific case of trophy fish (such as
marlins, swordfish or tunas), the size of the fish will be of outmost importance. In such a case it might
be an objective for the fishery to have a few large fish rather than many small ones. The standard
indicators for recreational fisheries include the estimated total value of recreational effort (dollars per
day times days fished), and the number and size of the recreational catch.

2.3.5 Fisheries management as a balancing act and the importance of

explicit objectives

Fisheries management is about making difficult decisions among multiple choices. The deci-
sions go beyond choosing between multiple stock assessment model/data results with different degrees
of uncertainty, but also include choosing or balancing between conflicting objectives. While the obvious
dilemma between whether to aim for MSY or MER has already been mentioned above, perhaps the
major and most difficult dilemma faced today by fishery managers throughout the world is the conflict
between economic performance and social issues. Fisheries throughout the world are grossly over-
capitalized; massive subsidies are responsible for the persistence of a situation in which too many
vessels and too many fishermen chase fish stocks that could be fished by fewer vessels and crews in

a much more economic efficient way (Greboval and Munro, 1999). However, should hundreds of
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thousands or perhaps even millions of jobs across the coastal areas of the world be lost in the name of

economic efficiency? And where are resources going to come from to give alternative jobs or pensions

to those displaced? Balancing these opposing objectives is a major challenge for fishery managers. It is

precisely for this reason that the explicit statement of the objectives for fisheries management is an

extremely important step, but one that is unfortunately often overlooked in fisheries science. The major

risk of not having explicit objectives is that management then faces getting lost in a sea of political

waves driven by which interest group flexes more power at any point in time. This will probably lead

only to disaster in the long term. On the other hand, Hilborn and Walters (1992) have pointed out

correctly that it might not be desirable to set very rigid and detailed objectives that might be impossible

to reach, thereby leaving management at an impasse when legislation does not allow for frequent and

efficient review of management objectives. Given the likelihood that objectives will eventually collide

with each other even if the have not been explicitly stated, it is more important that a healthy and open

discussion of the overall general objectives of management for each fishery is held as early as pos-

sible. However, it is important to clarify at this point that it is not the job of biologists and sometimes

not even managers to define what the objectives of fisheries management will be. This should ideally

be a collective decision by a management advisory body that includes all stakeholders and interested

groups, from fishers and local communities, to government agencies and non-governmental organiza-

tions.
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3.1 SHARKS, RAYS AND CHIMAERIDS: WHAT ARE THEY, AND HOW ARE THEY

CLASSIFIED?

Sharks, rays and chimaerids comprise the class Chondrichthyes that are separated from the
other major class of living fishes, the Osteichthyes (comprising about 95% of the modern fish fauna),
in having a skeleton made entirely of cartilage (the Osteichthyes have a bony skeleton). All
chondrichthyans also have small tooth-like denticles on their skin and internal fertilization mitigated by
male claspers (modified pelvic fins). About 57% of them give birth to live young; the remainder lay
large eggs contained in a horny capsule.

The chondrichthyans are divided into elasmobranchs, the sharks, skates and rays, and
holocephalans or chimaeras. The elasmobranchs have 5-7 gill openings on each side of the head, a
body largely covered by dermal denticles and teeth that are continuously replaced and embedded in the
gums. Chimaeras have a single gill opening, a largely naked skin and teeth that are fused into plates
that grow with the animal. They have a large head, large pectoral fins, two dorsal fins (the first
preceded by a long spine), a weak caudal fin that may have a long terminal filament and they may
have an anal fin that is barely separated from the caudal fin. Adult male chimaerids have extra clasp-
ers on their head and in front of the pelvic fins. Currently, there is no uniform agreement on the higher
classification of the chondrichthyans, and there are many alternate schemes. This chapter follows
Compagno (1999a, b) and McEachran et al. (1996), although with some differences, in separating the
elasmobranchs into two superorders of sharks (Selachei), the Squalomorphii and Galeomorphii that
together contain the eight orders of living sharks, and one superorder of batoids (Rajimorphii) with six
living orders. Sharks are mostly fusiform in shape (a few are ray-like), have one or two dorsal fins,
(sometimes with a spine at their origin), usually have an anal fin, and most have a well-developed
caudal fin. Rays are derived from sharks and have become dorso-ventrally flattened, mostly for life on
the bottom (although a few are shark-like in shape). Rays have their gills on the underside of the head
and their enlarged pectoral fins are joined to the head in front of the gill slits. They have one or two
dorsal fins (occasionally none) without fin-spines, no anal fin and a thin, often whip-like, tail.

3.1.1 Diversity

Compagno (2001) lists 60 families within the living orders of chondrichthyans. There are
nearly 500 species of living sharks, over 600 species of batoids and 50 species of chimaeras, with new
species constantly being described.

Chondrichthyan fishes exhibit great diversity inhabiting most of the seas on earth (although
only a few species live in cold polar waters) from the intertidal zone to the deep abyss, and a few also

inhabit freshwater lakes and rivers and hypersaline habitats. Diversity is greatest in shallow, tropical
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regions, particularly in the Indo-Australian area. In the northwest Australian region, which has about
178 species, some 23% of known species are ubiquitous, about 15% are endemic and the remainder
have more regional distributions (Last and Seret, 1999). Endemism is almost entirely of demersal
species, and in the tropical eastern Indonesian-Australian region it is most pronounced on the continen-
tal slope, except in northwest Australia where more than 60% of the endemics are demersal shelf
species (Last and Seret, 1999). The distributional status of a number of problematic taxonomic genera
such as Squalus, Centrophorus, Mustelus and Himantura, as well as several deep-water groups,
may change when thorough systematic studies are carried out on a regional or global basis.
Chondrichthyans vary greatly in maximum size with sharks ranging from 20-1200 cm total length, rays
from 25-880 cm long and up to 670 cm disc width and chimaerids from 50-200 cm long. Sharks vary in
shape from the “typical” carcharhinids to the bizarre hammerheads and threshers. Some sharks are
ray-like and some rays are shark-like in shape. They vary in color from drab browns and greys to the
highly ornate patterning of some of the wobbegongs and stingrays. Most are predators, but there is a
diversity of feeding mechanisms from giant planktivores to the semi-parasitic cookie-cutter sharks.
3.2 GLOSSARY/TERMINOLOGY
anal fin: the unpaired fin on the underside of the body behind the anus in sharks (Figs. 3.1a, 3.3)
anterior: the front or head end (Fig. 3.1a)
barbel: a slender, fleshy, tentacle-like sensory structure on the underside of the snout of some sharks
(Fig. 3.1a)
caudal: pertaining to the tail region

caudal fin: the tail fin (Figs. 3.1a, 3.2, 3.3)

Dorsal
- total length >
nostril first dorsal fin second dorsal fin

Anterior R Posterior
spiracle dorsal-fin spine precaudal pit

upper lobe
of caudal fin

caudal fin

snout ti
P lower lobe

anal fin of caudal fin

caudal keel i

labial

' Ivic fi
furrow pectoral fin pelvic tin

barbel clasper

- fork length
Ventral

Figure 3.1a Terminology for a generalized shark.
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Figure 3.2 Terminology for a generalized ray.
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Figure 3.3 Terminology for a generalized chimaera.
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caudal keel: a longitudinal, fleshy ridge along the side of the caudal peduncle (Fig. 3.1a)

caudal peduncle: the posterior part of the body supporting the caudal fin (from the insertions of the
second dorsal and anal fins to the anterior of the caudal fin)

chondrocranium: the cartilaginous skeleton enclosing the brain and inner ear

clasper: paired cylindrical extensions of the pelvic fins of males used in mating (Figs. 3.1a, 3.2, 3.3)

cusp: a projection (point) on a tooth; many teeth have just one large cusp but some have additional side
cusps

dermal denticles: the tooth-like scales of sharks, rays and chimaeras

diplospondylous: elasmobranchs have two types of vertebrae; diplospondylous vertebrae extend
posteriorly from the back of the body cavity, and have two centra per myotome. In most shark
species, the transition from monospondylous to shorter diplospondylous vertebrae begins above the
pelvic fins

disc: the combined head, trunk and enlarged pectoral fins of some sharks and rays with dorsoventrally
flattened bodies (Fig. 3.2)

dorsal: the upper surface of the body or head (Fig. 3.1a)

dorsal fin: the unpaired fin or fins along the upper surface of the back (Figs. 3.1a, 3.2, 3.3)

endemic: confined to a localized area (e.g., a species endemic to southern Australia is not found
anywhere else)

Sfusiform: shaped like a spindle or cigar; tapered at both ends

gill slit: a long, narrow gill opening in sharks and rays (Figs. 3.1a, 3.2, 3.3)

head length: distance from the tip of the snout to the most posterior gill slit

insertion: (of a fish’s fin) the most posterior point of a fin base

interdorsal ridge: ridge running along the mid-dorsal surface between the dorsal fins

keel: a fleshy or bony ridge (Fig. 3.1a)

labial furrows: the fold behind the corners of the mouth which provide slack in the skin for protrusion
of the jaws (Fig. 3.1a)

lateral: refers to the sides

lunate: crescent-shaped; refers to the caudal fin when the upper and lower lobes are about the same
size

meristics: pertaining to serially repeated structures such as vertebrae, teeth and other structures that
can be counted (like spiral valve turns)

monospondylous: elasmobranchs have two types of vertebrae; monospondylous vertebrae extend
posteriorly from the chondrocranium, and have one centrum per myotome. In most shark species,
the transition from longer monospondylous to shorter diplospondylous vertebrae begins above the

pelvic fins
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morphometrics: a character based on measurement. In fish, measurements are taken as a straight
line, not around the curve of the body
nasal flaps: skin flaps extending from the nostrils

nictitating eyelid: an eyelid which can be pulled up or down (varies between families) over the whole

eye (Fig. 3.1b) /_)

nictitating membrane

Figure 3.1b Shark eye showing lower eyelid.

nostril: external opening of the nasal organs, usually pore-like in fishes (Fig. 3.1a)

origin: of a fish’s fin, the most anterior point of a fin base

pectoral fins: paired fins just behind or just below the gill opening of sharks and chimaeras
(Fig. 3.1a, 3.3), part of the disc in rays (Fig. 3.2)

pelvic fins: paired fins on the underside of the body (at the posterior of the body cavity) of sharks and
chimaeras (Fig. 3.1a, 3.3), and near the tail in rays (Fig. 3.2)

posterior: the hind or tail end (Fig. 3.1a)

precaudal pit: a notch on the dorsal or ventral surface of the caudal peduncle just in front of the
caudal fin of some sharks (Fig. 3.1a)

proboscis: elongated, flexible extension of the snout (Fig. 3.3)

rostrum: a rigid projection of the snout

skin fold: an area where skin is bent over upon itself, forming a fleshy ridge (Fig. 3.2)

snout: the part of the head in front of the eyes of fishes (Figs 3.1a, 3.2)

spiracle: a respiratory opening behind the eye in sharks and rays (Figs. 3.1a, 3.2)

spiral valve: section of the intestine arranged with tight spiral turns, or broad turns like a scroll of
paper, to increase the surface area for absorbtion

stinging spine: the large, serrated, sword-like bony structure on the tail of some rays (Fig. 3.2)

symphysials: small teeth at the center of the jaws that are noticeably different in size and shape from
the adjacent laterals

terminal filament: filamentous section at the end of the caudal fin in some chimaerids (Fig. 3.3)

thorn: a sharp, tooth-like structure on the skin of a skate or ray (Fig. 3.2)

tooth row: the line of functional and replacement teeth derived from a single germinal area that is
usually at approximately right angles to the jaw cartilage.

tooth plate: fused (often beak-like) teeth of chimaerids
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tooth series: the line of teeth parallel to the jaw axis, all of them in different rows

total length: longest length of a fish, measured as a straight line from the snout tip to the tip of the
upper caudal fin (excluding the terminal filament of chimaerids) (Fig. 3.1a)

vent: anus/urogenital opening

ventral: refers to the lower surface or underside of the body (or head) (Fig. 3.1a)

3.3 CHARACTERS USED FOR IDENTIFICATION

3.3.1 Field identification

When in the field, whether it is at sea or sampling fish markets, there is some basic equipment
that should be carried for identifying sharks and rays. This should comprise a camera, notebook, forms,
vernier calipers, tape measure, calculator, sharp knife and selected identification sheets from regional
guides. A digital camera can be particularly useful, as can be a tape recorder, and all these items can
easily be carried in a backpack. Where possible, it is easiest to operate in pairs; this means someone
can keep clean hands for taking notes, photographs, etc. For any regional identification study it is
important, where possible, to build up both a photographic and specimen collection (see later sections).
The collection of material will vary on the individual situation. Trips onboard research or commercial
fishing vessels offer the best chance for getting fresh material. Local fish markets also provide excel-
lent opportunities for good quality material and in undeveloped countries with poor data collection
systems can also provide information on the fishing methods and gear being employed (particularly
where vessels land directly to the market). It is important to set up a protocol (particularly in tropical
locations where specimens dry out and deteriorate rapidly) for photographing, measuring and retaining
specimens in a quick and efficient manner. Identification forms, tailored for the individual, should be
designed to make the recording of measurements and meristics easier.

Characters used for identification vary with the group, but generally color and markings, fin
positions and shape, presence of an anal fin, number of gill slits, possession of dorsal fin spines, propor-
tional body measurements, vertebral counts, tooth shape and counts are important in the sharks. In
batoids, tooth characters are less useful while disc and tail shape, color and markings, position of the
dorsal fins, structure of the mouth and nostril region, and distribution and shape of dermal thorns and
denticles are important. In the chimaerids, color, head shape, fin position and shape, relative heights of
the dorsal fin and spine, tooth plate structure and presence of an anal fin are important diagnostic
characters. Some characters vary between the sexes, and so it is important to record the sex of the
individual. Males can be distinguished by their claspers, paired cylindrical extensions of the pelvic fins
used in mating. In mature individuals the claspers are elongated and rigid. Immature males have short
soft claspers that are sometimes overlooked.

Color varies with life stage and many species (particularly triakids, carcharhinids and

sphyrnids), which have a metallic bronzy sheen in life, become a drab grey after death. Photographs
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(see later) are particularly important in documenting color, fin positions and body proportions. Propor-
tional body measurements are expressed as percentages of total length (TL) in sharks, most batoids
and chimaerids (although the long caudal filament is excluded) and disc width in rays. Total length is
measured as a straight line (not over the body curve) from the tip of the snout to the tip of the upper
caudal fin lobe (Fig. 3.1a). Total length can vary depending on how the upper caudal lobe is positioned;
usually it is pulled back parallel to the body axis in species with a weak lower caudal lobe. In sharks
with more equally lobed caudal fins, the upper lobe is pulled back while still maintaining a “normal’ tail
position. Other length measurements frequently used for sharks are fork length, tip of the snout to the
fork in the tail (Fig. 3.1a) and precaudal length, tip of the snout to the origin of the upper caudal fin.
Total length is used for most rays, but in the dasyatids, gymnurids, myliobatids, rhinopterids and
mobulids disc width, the maximum width across the body (Fig. 3.2), is measured as the tail is often
damaged. Fin and body measurements should follow schemes proposed by Compagno (2001) and
should include both longitudinal (parallel to the body axis) and point to point measurements. Measure-
ments on most small species can be made with a combination of vernier calipers, a measuring board
and possibly a standard 40 cm ruler. For large species, a combination of vernier calipers, large spring
calipers, a 1 m wooden or steel rule and tape measure or folding measuring board can be used.
Usually it is only necessary to make a few measurements to check diagnostic characters, but for
unusual or possibly new species a full set of measurements should be taken (see Compagno, 1984).
Pre-designed forms should be used for recording this information. Waterproof paper, although expen-
sive, can be useful.

Vertebral counts can be made easily in the field, even on relatively large specimens, with the
aid of a large, sharp, wide-bladed butchers knife. Protocol for precaudal (mono and diplosondylous)
and caudal counts should follow Compagno (1984) and Garrick (1982). Precaudal counts are taken to
the anterior edge of the precaudal pit. To make a count the tail should first be severed at the precaudal
pit. The precaudal count can then be made by placing the specimen on its side and, starting at the tail,
filleting it by running the knife along the vertebral column continuing forward right into (or through) the
chondrocranium. Usually only minimal scraping of flesh from the column is required before counting is
possible. Counts should not include the half vertebra fused to the back of the chondrocranium. When
making the caudal count it is important not to damage the delicate terminal vertebrae. It is best to run
the knife about half way along the column from the cut end, and then firmly grasp the flap of cut skin
and flesh and strip off the remainder by pulling on it. In small specimens, the count may have to be
completed in the laboratory using a microscope. Tooth counts and tooth shape are most important in
the carcharhinids. Counts should follow the protocol in Garrick (1982) essentially being expressed as
the number of laterals (left and right side) and symphysials in the upper jaw over those in the lower

jaw.
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For example: 13-1-13 for Carcharhinus leucas
12-1-12

Teeth counts for carcharhinds can usually be made in situ; sometimes slitting the mouth corners can
help in accessing the extreme lateral teeth. Where there is any uncertainty, jaws can be removed,
cleaned and examined in the laboratory. It is a good idea to compile a reference collection of jaws (see
section 5). In the carcharhinids the shape of the upper laterals can be diagnostic, although differences
between species are often subtle. Garrick (1982) and the series of papers by Bass, D’ Aubrey and
Kistnasamy (1973-76) on South African sharks provide excellent drawings and photographs of
carcharhinid teeth. Compagno (1984, 2001) includes useful drawings of teeth for most species for
which they are diagnostic.

3.3.2 Laboratory identification

Some characters and techniques are more practically carried out in the laboratory. Where it is
possible to retain and transport specimens for measuring, electronic calipers linked to a pre-designed
spreadsheet can greatly facilitate time-consuming proportional measurements. Where specimens need
to be retained for a collection vertebral counts can be made by X-ray. Pins can be used to mark the
position of the precaudal pit. Exposure rates and film will vary depending on the type of machine
available. Tooth counts on newly-born carcharhinids, or species with many tooth rows such as the
scyliorhinids (mainly required for new species descriptions) are best carried out in the laboratory using
a microscope. If several duplicate specimens are available it is easiest to remove and dry the jaws
before counting (although some distortion of tooth rows can occur). If specimens must be retained
intact, removal of all mucous, blotting dry, the use of water-soluble dyes and pins as reference marks
can aid examination under the microscope. Spiral valve counts (number of turns or flaps in the intes-
tine, which is immediately posterior to the stomach) can be useful in some groups. This is most easily
carried out by removing it from the specimen, opening lengthways with scissors, washing out all the
contents and mucous, and then counting (this can also be done in the field). In some cases, characters
such as dermal denticles, clasper structure and occasionally chondrocranium structure may be re-
quired. Preparation techniques for these can be found in Compagno (1988).
3.4 TAKING PHOTOGRAPHS

The left side of sharks and chimaerids should be photographed; dorsal and ventral views of
batoids should be taken. A shot of the underside of the head back to the level of the pectoral-fin origins
should be taken for sharks, and for some families a dorsal view; more detailed shots of teeth, fin
markings, mouth regions etc., can be taken as necessary. Specimens should be washed clean and
layed out on a plain matte white background so that their fin origins and inner margins are clearly
visible. For ventral shots, where white is a common skin color, a darker matte background may be

required. Thick plastic material is relatively easy to carry and clean in the field. Plasticine, small
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stones, pieces of paper, wood, etc., can be used to prop-up the fins or stabilize the head. Bright sunlight
can cause problems with reflection and shadows, and a shady area is preferable. With very large
specimens, fitting them into the field of view can be a challenge and may call for innovative solutions
such as climbing onto the roof of a truck or taking shots from a balcony or ladder. Always include a
scale, preferably a colored rule. It is a good idea to also include a label with the species name or a field
code, this can be cropped out later if necessary. Maintain a register of all photographs taken. Where
available, digital cameras are an advantage as results can be checked immediately. It is very helpful to
compile a photographic collection to accompany a regional collection of specimens.
3.5 SPECIMEN COLLECTION, PRESERVATION AND CATALOGUING

Any serious attempt to document regional chondrichthyan faunas should involve compiling and
maintaining a reference collection of specimens. Specimens should be collected as fresh as possible,
washed, photographed, measured, labeled and fixed in 10% formalin made up with seawater (40-44%
concentrated formaldehyde = 4% formalin). All specimens over about 15 cm TL should be injected in
the body cavity with concentrated formalin using a large gauge hypodermic needle. Waterproof paper
labels recording the species identification along with a field number in pencil (entered in a register with
date, collection location, identifier, length and sex of the specimen) should be attached to the specimen.
(Plastic waterproof paper, such as Phase 3, tends to split but can be used if encased in a self-sealing
plastic bag; we use Nalgene polypaper, which doesn’t tear.) Labels are best attached through the
upper caudal-fin lobe of sharks, close to the caudal fin of chimaerids and towards the margin of the
“wings” of batoids using plastic T tags fired from a tagging gun (type used by clothing companies such
as Monarch 3020 from Canada). Specimens should be fixed in containers that allow them sufficient
space to prevent them being bent or distorted. For smaller specimens, 30 litre polythene drums with
large diameter screw-on (or snap-on) lids are ideal; for larger sharks fiberglass or polyethylene tanks
(approximate dimensions 1.5 m long, 0.5 m wide and 0.8 m deep) with sealing lids are required (these
may have to be specially manufactured). After fixation in formalin for four weeks, specimens should
preferably be transferred to 70% ethanol after first washing in water. A layer of muslin covering the
specimens in the tank will help to prevent those at the top from drying out. Fluid levels should be
monitored periodically, every month if tanks are stored outside in tropical areas. For large specimens, it
may not be possible to retain the whole animal in which case the head, and possibly fins of sharks
should be kept. For large rays, the wings can be removed. Particularly for carcharhinids, jaw collec-
tions can be valuable. Jaws should be cut out of the shark and all flesh removed by paring away the
muscle and skin with a sharp knife or scalpel. When clean, the jaw should be held open (two pieces of
wood across the jaws work well) and dried in the shade (if placed straight into the sun they may

distort).
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3.6 DISSECTION

Dissections for vertebral and spiral valve counts, and preparation of jaws have been covered
in previous sections. Those interested in more complicated dissections and preparations such as those
for clasper elements and chondrocrania should consult Compagno (1988).
3.7 FAMILY KEY

The illustrated family key provided here is taken from Daley et al. (2002). It should be noted
that there are some minor differences between the systematic scheme followed in the key, and that in
section 3.8 which follows Compagno (1999b) and McEachran et al. (1996). In particular, the Squalidae
have been separated into several families (section 3.8) that have not been recognized as such in many

of the regional guides cited herein and used for identification by fisheries workers.

KEY TO FAMILIES

Step 1 Five to seven gill openings on each side of head (figs 1, 4), last two openings sometimes very

close together and appearing as one. Go to Step 2 pa
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figl ™~ fig 4
head of shark undersurface of head

One external gill opening on each side of head (fig 2). Go to Step 43

head of chimaera

Step 2 Snout saw-like, flattened and armed
with lateral teeth (figs 3, 5). Go to Step 3
Snout not saw-like, no lateral teeth. Go to Step 4

Step 3 Gill slits on undersurface of head (fig 4); no barbels on snout (fig 3)
sawfishes (Pristidae) fig 3

fig3 fig 5
Gill slits on sides of head (fig 5); barbels present on snout (fig 5).

sawsharks (Pristiophoridae) fig 5
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Step 4 Body dorsoventrally flattened, ray-like (fig 6); eyes on top of head, except in devilrays
(fig 29), eagle rays (fig 30) and cownose rays (fig 31). Go to Step 5
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fig6 fig7
Body more or less streamlined, shark-like (fig 7); eyes on sides of head (fig 7).
Go to Step 19
Step 5 Gill openings partly on sides of head (fig 8); pectoral fins clearly detached from head (front
part of fin extending forward of fin origin) (fig 8). angel sharks (Squatinidae) fig 9

fig 8 fig9

undersurface of head
Gill openings entirely on undersurface of head (fig 10); pectoral fins wholly or partly joined to
head (fig 10).  Go to Step 6
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fig 10 fig 11
undersurface
Step 6 Two distinct dorsal fins (fig 11); first dorsal fin originating closer to insertion of
pelvic fins than to tip of tail (fig 11). Go to Step 7
Dorsal fins 0-2; origin of first dorsal fin closer to tail tip than to insertion of pelvic fins when
two fins are present (fig 10). Go to Step 11
Step 7 Disc large relative to tail, its maximum width more than twice tail length behind pelvic-fin tips

(fig 13); dorsal fins close together (fig 14). Go to Step 8
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fig 12 fig 13

fig 14 fig 15

Disc smaller relative to tail, its maximum width about equal to or less than tail length behind
pelvic-fin tips (fig 12); dorsal fins widely separated (fig 11). Go to Step 9

Step 8 Caudal fin much larger than dorsal fins, about the same size as pelvic fins (fig 13). torpedo
rays (Torpedinidae) fig 13
Caudal fin barely larger than dorsal fins, much shorter than pelvic fins (fig 14). coffin rays
(Hypnidae) fig 14

Step 9 Caudal fin with a well-developed, angular lower lobe (fig 15); pectoral and pelvic fins not
overlapping (fig 15). sharkfin guitarfishes (Rhynchobatidae) fig 15
Lower lobe of caudal fin not well defined (fig 16); pectoral and pelvic fins touching or over

lapping (fig 16). Go to Step 10

fig 16
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Step 10 Snout wedge-shaped, forming a sharp angle at tip (fig 16) or snout broadly rounded; thorns
or fine denticles present on body or tail (surface rough); no electric organs. shovel

nose rays (Rhinobatidae) fig 16

Snout broadly rounded; body surface entirely smooth; electric organs present

fig 17. numbfishes (Narcinidae) fig 17

fig 17

Step 11 Pelvic fin divided into two distinct lobes (fig 18); no enlarged stinging spine on tail (fig 18).
Go to Step 12

/
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fig 18 fig 19

undersurface

undersurface
Pelvic fin with one lobe (fig 19); 1-2 enlarged, serrated stinging spines usually present on tail

(deep scar visible when spine absent) (fig 19). Go to Step 13

Step 12 Thorns or fine denticles (rough to touch) present on at least part of dorsal surface (fig 20);

snout in front of eyes less than 8 times eye diameter; tail slender but not thread-like (fig 20).

skates (Rajidae, in part) fig 20

fig 20
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Entire dorsal surface smooth (except for outer disc thorns of male) (fig 21); snout in front of

eyes more than 8§ times eye diameter; tail very short, thin and thread-like (fig 21). leg skates

(Rajidae, in part)

fig 21

Step 13 Six pairs of gill slits (fig 22). sixgill stingrays (Hexatrygonidae)

fig 23

undersurface

Five pairs of gill slits (fig 19). Go to Step 14
Step 14 Anterior part of head not extended beyond disc (fig 24); eyes located on top of head and
well inward from disc edge (fig 24). Go to Step 15
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fig24 fig25 fig 26

Anterior part of head extended beyond disc (fig 25); eyes located on side of head (fig 25).

Go to Step 17
Step 15 Disc very broad, width more than 15 times length (fig 26); tail extremely short and thread-

like (fig 26). butterfly rays (Gymnuridae) fig 26
Disc width less than 15 times length (fig 27); tail moderately (fig 28) to very (fig 27) long.
Go to Step 16

Step 16 No caudal fin (fig 27); central disc and dorsal surface of tail normally with some thorns or

small rounded projections (fig 27). stingrays (Dasyatidae) fig 27

36



fig 27 fig 28

Caudal fin present (fig 28); no thorns or small rounded projections on disc or tail (completely

smooth). stingarees (Urolophidae) fig 28
Step 17 A long, paddle-like flap projecting forward from each side of head (fig 29); teeth minute, in
many rows, more than 10 rows in each jaw. devilrays (Mobulidae) fig 29
No long, paddle-like flap projecting forward from each side of head, instead with a single,

fleshy, lobe (fig 30) or pair of broadly rounded lobes forming the snout (fig 31); teeth large,

plate-like, less than 10 rows in each jaw. Go to Step 18

fig 30
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Step 18 Undersurface of snout uniformly rounded (fig 30); floor of mouth with small fleshy
projections. eagle rays (Myliobatidae) fig 30
Undersurface of snout with two lobes separated by a deep central notch (fig 31); floor of
mouth without small fleshy projections. cownose rays (Rhinopteridae) fig 31

Step 19 A single dorsal fin (fig 32); 67 pairs of gill openings (fig 32). Go to Step 20
Two dorsal fins (fig 33); 5 pairs of gill openings (fig 33). Go to Step 21

[— -———-—«‘—(:_1- T
fig 32 fig33

Step 20 Mouth at tip of snout (fig 34); first gill openings connected around throat (fig 35); no
notch on underside of upper caudal-fin lobe (fig 34). frilled sharks
(Chlamydoselachidae) fig 34

e e

fig 34
Mouth on undersurface of head (fig 37); first gill openings not connected around throat (fig

36); notch on underside of upper caudal-fin lobe (fig 37). sixgill and sevengill sharks

(Hexanchidae) fig 37
TN < »
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fig3s fig36

undersurface of head
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fig 37 fig 38
Step 21 Anal fin absent (figs 38-40). Go to Step 22

fig 39
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Anal fin present (fig 41), sometimes small (fig 42). Go to Step 24

Step 22 First dorsal fin originating behind pelvic-fin origins (fig 38); dorsal fins located near caudal
fin and almost touching each other (fig 38); denticles extremely large. bramble sharks
(Echinorhinidae) fig 38
First dorsal fin originating in advance of pelvic fins (fig 40); dorsal fins well separated and
located well forward of caudal fin (fig 39); denticles not greatly enlarged. Go to Step 23

Step 23 Trunk laterally compressed, almost triangular in cross-section; fins tall, height of first dorsal
fin more than or about equal to head length (fig 39). prickly dogfishes (Oxynotidae) fig 39
Trunk rounded or oval in cross-section; fins much lower, height of first dorsal fin much less
than head length (fig 40) dogfishes (family Squalidae) fig 40

Step 24 Head hammer-shaped (fig 41); eyes located on outer edge of head (fig 41) hammerhead
sharks (Sphyrnidae) fig 41
Head not hammer-shaped. Go to Step 25

figdl

Step 25 Length of caudal fin equal to or more than half total length (fig 42); body not spotted or
banded. thresher sharks (Alopiidae) fig 42

fig 42 fig43

Caudal fin much less than half total length (fig 43) (caudal fin also long in Stegostoma but
body spotted and/or banded, see fig 52). Go to Step 26
Step 26 Dorsal-fin spines present (fig 43) horn sharks (Heterodontidae) fig 43
Dorsal-fin spines absent. Go to Step 27
Step 27 Snout extending above mouth as long, flattened, blade-like shelf (fig 44); nostrils close
to mouth (fig 45). goblin sharks (Mitsukurinidae) fig 44
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fig 44

fig 45

undersurface of head

Snout not as above (extended slightly in some catsharks, family Scyliorhinidae, fig 71), but
nostrils well forward of mouth). Go to Step 28

Step 28 Whole mouth forward of front edge of eye (fig 46). Go to Step 29

fig 46

fig47
head

head
Mouth partly beneath or behind front edge of eye (fig 47). Go to Step 35

Step 29 Mouth at snout tip and very broad (fig 48); caudal fin forked, upper and lower lobes tall (fig

48); no notch on underside of upper caudal-fin lobe (fig 48). whale sharks
(Rhincodontidae) fig 48

fig 48

Mouth smaller, not right at snout tip (fig 49); upper and lower lobes of caudal fin low

(fig 49); a notch on underside of upper caudal-fin lobe (fig 49). Go to Step 30
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fig 49
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Step 30 No fleshy lobe or groove on outer edge of nostril (fig 50). Go to Step 31
Fleshy lobe and groove present on outer edge of nostril (fig 51). Go to Step 32

fig 50 fig 51

undersurface of head undersurface of head

Step 31 Caudal fin very long, almost as long as body (fig 52); ridges present on side of body
(fig 52). zebra sharks (Stegostomatidae) fig 52

fig 52 fig 53

Caudal fin shorter, much less than half length of body (fig 53); no ridges on side of body.
nurse sharks (Ginglymostomatidae) fig 53
Step 32 Origin of anal fin forward of origin of second dorsal fin (fig 54); anal fin more than its base

length from caudal fin (fig 54). collared carpet sharks (Parascylliidae) fig 54

fig 54
Origin of anal fin well behind origin of second dorsal fin (fig 55); anal fin next to caudal fin

(fig 55) and sometimes barely distinguishable from it (fig 59). Go to Step 33

s e L el -
- -
: H“-D\d

fig 55 fig 56

tail front view of head
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Step 33 Body strongly flattened (top to bottom) anteriorly (fig 56); skin flaps present along side of
head behind nostrils (fig 56); enlarged canine teeth at tip of both jaws. wobbegongs
(Orectolobidae) fig 58
Body more or less cylindrical anteriorly (fig 57); no skin flaps along side of head behind
nostrils (fig 57); teeth small, those at tip of jaws not distinctly larger than those next to them.
Go to Step 34
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fig 57 fig 58

front view of head
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Step 34 Tail long, distance from anus to lower caudal-fin origin greater than distance from snout to
anus (fig 59); insertion of second dorsal fin well in front of anal-fin origin (fig 59). longtail

carpet sharks (Hemiscylliidae) fig 59

fig 59

P g —

Tail shorter, distance from anus to lower caudal-fin origin less than distance from snout to

anus (fig 60); insertion of second dorsal fin over or slightly behind origin of anal fin

(fig 60). blind sharks (Brachaeluridae) fig 60

fig 60
Step 35 Caudal-fin lobes almost the same size, upper lobe less than 15 times longer than lower lobe

(fig 61). Go to Step 36

={ g

fig6l fig 62

caudal fin caudal fin

Caudal-fin lobes of unequal length, upper lobe more than 15 times longer than lower lobe

(fig 62). Go to Step 37
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Step 36 Gill openings very long, extending on to both dorsal and ventral surfaces (fig 63); first gill
openings almost continuous on throat; more than 150 rows of small hook-like teeth in both

jaws (fig 65). basking sharks (Cetorhinidae) fig 63

fig 63 fig 64
Gill openings shorter, confined to sides (fig 64); first gill openings widely separated on throat;
less than 40 rows of sharp blade-like teeth in each jaw (fig 66). mackerel sharks
(Lamnidae) fig 64

fig 65 fig 66
teeth of upper jaw
Step 37 Mouth huge and at tip of snout, lower jaw extending to snout tip (fig 67); very large sharks.
megamouth sharks (Megachasmidae) fig 67, not featured
Mouth located on undersurface of head, distance from snout to mouth distinctly longer than

eye diameter (fig 68). Go to Step 38

fig 68 fig 69
head
Step 38 Eyes very large, more than half greatest height of snout (fig 69); gill openings extending onto
dorsal surface of head (fig 69); caudal keels present (fig 69). crocodile sharks
(Pseudocarchariidae) fig 69
Eyes smaller, less than half greatest height of snout (fig 70); gill openings not extending onto

dorsal surface of head (fig 70); caudal keels absent in most species. Go to Step 39
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fig 70

Step 39 Eyelid fixed, not capable of closing over eye. grey nurse sharks (Odontaspididae) fig 70
Eyelid capable of closing over eye (nictitating). Go to Step 40

Step 40 First dorsal-fin origin well behind pelvic-fin origin (fig 71). catsharks (Scyliorhinidae)
fig 71

fig71

First dorsal-fin origin well in front of pelvic-fin origin (fig 72). Go to Step 41

fig 72 fig73

caudal fin
Step 41 No precaudal pit (fig 73); leading edge of upper lobe of caudal fin smooth (fig 73). hound
sharks (Triakidae) fig 72

Precaudal pit present (fig 74); leading edge of upper lobe of caudal fin usually rippled
(fig 74). Go to Step 42

fig 74 fig 75

caudal fin

Step 42 Posterior edge of second dorsal fin deeply concave (fig 75); spiracles present
(fig 75). weasel sharks (Hemigaleidae) fig 75

Posterior edge of second dorsal fin not deeply concave (fig 76); spiracles mostly absent.

whaler sharks (Carcharhinidae) fig 76
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fig 76 fig 77

Step 43 Snout long and flexible with a hoe-shaped tip (fig 77); caudal fin arched upward (fig 77).

elephant fishes (Callorhinchidae) fig 77
Snout straight, bluntly rounded or pointed (figs 78, 79); caudal-fin axis straight (figs 78, 79).

Go to Step 44
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fig 78

Step 44 Snout relatively short, tip bluntly rounded (fig 78). shortnose chimaeras
(Chimaeridae) fig 78

3.8

Snout very long, tip pointed (fig 79). spookfishes (Rhinochimaeridae) fig 79

ORDERS AND FAMILIES
3.8.1 Order Hexanchiformes (frilled, sixgill and sevengill sharks)

These sharks are easily identified by the combination of six or seven pairs of gill slits on each

side, a single dorsal fin and an anal fin. The order contains two families. The Chlamydoselachidae

(frilled sharks) includes one living species, which has an elongate, eel-like body, six pairs of gill slits and

areptilian-like head with terminal mouth and long tricuspid teeth. The family Hexanchidae (sixgill and

sevengill sharks) have a fusiform body, ventral mouth with comb-like lower teeth and six or seven

pairs of gill slits. The family contains four medium to large (14-48 m) sharks that mainly live near

the bottom in deep water in temperate and tropical regions (one species inhabits shallow bays and

estuaries).
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3.8.2 Order Squaliformes (dogfish sharks)

Squaliform sharks are identified by the combination of a fusiform body, short snout (not saw-
like), five gill slits, no anal fin and usually spines in front of the dorsal fins (minute or absent in a few
species). There are seven (Compagno, 1999b) living families; the Echinorhinidae, Squalidae,
Centrophoridae, Etmopteridae, Somniosidae, Oxynotidae and Dalatiidae. The echinorhinids (bramble
sharks) contain two relatively rare species (2.6-4.0 m) of deep water, bottom-living, temperate and
tropical sharks which have two small, posterior-placed, spineless dorsal fins (origin of first behind
pelvic-fin origins) that are close together, and enlarged, thorny denticles on the body. There are four
species of small (mostly < 1 m) oxynotids (prickly dogfishes) that live near the bottom in deep water of
temperate and tropical regions. These bizarre shaped sharks have a hump-backed body almost triangu-
lar in cross section, ridges between the pectoral and pelvic fins, two high, sail-like dorsal fins with
spines, and very rough skin. The squalids (dogfishes) contain two genera (Cirrhigaleus and Squalus)
and about 12 mostly small (< 1.2 m) species. Squalids have two relatively low dorsal fins usually
preceded by spines, the origin of the first anterior to the pelvic-fin origins. The centrophorids (gulper
sharks) comprise about 14 species within two genera of small to medium sized (up to 1.6 m) sharks,
the etmopterids (lantern sharks) contain five genera and about 38 small (mostly < 1 m) species and the
dalatiids (kitefin sharks) contain seven genera and about 10 mostly very small (with the exception of
Dalatias which attains about 1.8 m) species. The somniosids (sleeper sharks) comprise four genera
and about 16 species and include Somniosus spp. some of which attain about 7 m in length and are
among the largest of sharks. The genera Centrophorus, Etmopterus and Squalus contain many
species that are very difficult to identify, with many new forms being reported as new areas are
sampled. Snout length, dorsal fin shape, color markings (particularly of juveniles), denticle patterns,
spine thickness and height of the spine relative to the dorsal fin are important characters. Revision on a
global (or at least large regional) scale is required to fully resolve their taxonomy at the species level.

3.8.3 Order Pristiophoriformes (sawsharks)

This order contains one living family the Pristiophoridae (sawsharks) comprised of two genera
and about seven relatively small (< 1.5 m) species. Sawsharks are unmistakable among the sharks
because of their blade-like snout armed with rostral teeth (resembling a saw); they also have barbels
on the underside of the saw, sub-cylindrical to slightly flattened (but not ray-like) bodies, two dorsal
fins without spines, five or six pairs of gill slits and no anal fin. Sawsharks should not be confused with
the batoid family Pristidae (sawfish) that have the pectoral fins joined to the head in front of the
ventrally placed gill slits, no barbels on the saw, and which grow much larger (up to 7 m).

3.8.4 Order Squatiniformes (angel sharks)

Squatiniform sharks are easily identified by the combination of no anal fin and a dorso-ven-

trally flattened, ray-like body with broad pectoral fins and a terminal mouth. However, unlike batoids
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the gill slits are on the sides of the head and the pectoral fins join the head behind the gill slits (although
they project forward of them as a lobe). The order contains the single living family Squatinidae (angel
sharks) that is comprised of about 14 globally distributed species.

3.8.5 Order Heterodontiformes (bullhead or horn sharks)

Heterodontiform sharks are identified by the combination of an anal fin and two dorsal fins
preceded by spines. The order contains a single living family Heterodontidae (bullhead or horn sharks)
comprising eight species of warm temperate and tropical, medium-sized (up to 1.6 m) sharks from the
Pacific and western Indian Ocean. Other distinctive characters are a large, blunt head with a promi-
nent ridge above each eye, a small, nearly terminal mouth, rough skin and molar-like rear teeth.

3.8.6 Order Orectolobiformes (carpet sharks)

Orectolobiform sharks are identified by the combination of an anal fin, two dorsal fins without
spines, five gill slits on each side of the head and a mouth that is well in front of the eyes. They
comprise a diverse group of mainly Indo-Pacific, benthic sharks including the small, shallow-water
epaulette shark found on coral reefs, the flattened and ornately colored wobbegongs and the giant,
planktivorous whale shark. The order contains seven living families, the Parascylliidae (collared carpet
sharks), Brachaeluridae (blind sharks), Orectolobidae (wobbegongs), Hemiscylliidae (longtail carpet
sharks), Stegostomatidae (zebra sharks), Ginglymostomatidae (nurse sharks) and Rhincodontidae
(whale sharks).

The Rhincodontidae contains a single, huge (reaching 12 m), circum-tropical, plankton-feeding
species that has a very wide, almost terminal mouth, minute teeth, long gill slits with internal filter
screens, longitudinal ridges on the body, a semi-lunate caudal fin (except in very small juveniles) and a
color pattern of light spots and stripes on a dark background. The Stegostomatidae also contains a
single distinctive species that has a long, blade-like upper caudal lobe (about as long as the rest of the
shark), rough skin with a color pattern of dark spots on a yellow background (juveniles with yellow
stripes on a dark background), small mouth connected to the nostrils by grooves, barbels, longitudinal
ridges on the body and two dorsal fins close together. The Ginglymostomatidae contains three species
of medium to large sharks that have small mouths connected to the nostrils by grooves (but no lobes or
grooves on the outer margin of the nostrils), barbels, two relatively large, posteriorly placed dorsal fins
and a caudal fin with a weak ventral lobe. The orectolobids are distinctive, dorso-ventrally flattened (in
front of the dorsal fins) sharks with skin flaps along the sides of the head, enlarged canine teeth and
ornate color patterns. There are three genera and seven recognized species. However, the group is
more complex and requires more detailed work with several probable new species taken recently in
the Indo-Pacific region. The remaining three families contain small, often superficially similar species

that can also be confused with some of the catsharks (family Scyliorhinidae). However, in the
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catsharks the mouth is located partly beneath the eyes. In the parascylliids (two genera, seven spe-
cies), the anal-fin origin is in advance of the second dorsal-fin origin, and the anal fin is separated from
the caudal fin by a distance greater than the anal base length. The anal and caudal fins are almost
touching in the brachaelurids (one genus, two species) and hemiscylliids (two genera, 12 or 13 species)
and the anal-fin origin is well behind the second dorsal-fin origin. The brachaelurids have a short tail
(distance from vent to lower caudal-fin origin less than distance from snout to vent) while the
hemiscyllids have a long tail (distance from vent to lower caudal-fin origin greater than distance from
snout to vent).

3.8.7 Order Lamniformes (mackerel sharks)

This order of mainly large (1.1-6.0 m) sharks is comprised of five families and can be identi-
fied from the following combination of characters: an anal fin, two spineless dorsal fins, a mouth
located partly beneath the eyes, relatively large teeth, no barbels or grooves connecting the nostrils and
mouth, and no nictitating membrane over the eyes.

Of the six families, the Alopiidae (thresher sharks) are unmistakable having an enormously
elongated, scythe-like upper caudal-fin lobe that is equal in length to the rest of the body (the zebra
shark also has a long upper caudal lobe, but has barbels, and grooves connecting the nostrils and
mouth). There is one genus and three species of thresher sharks. The Cetorhinidae (basking sharks),
contains a single living species of huge (up to 10 m) plankton feeders. Basking sharks have a stout,
fusiform body, conical snout (elongate and proboscis-like in juveniles < 4 m), huge gill slits that almost
encircle the head (with internal filter screens), caudal keels and a lunate caudal fin. Basking sharks are
grey-brown above and paler ventrally, and superficially resemble large white sharks (family
Lamnidae), but have minute teeth.

The family Odontaspididae (sand tiger sharks) contains two genera and three species of large,
stout-bodied sharks with conical snouts, long awl-like teeth with lateral cusplets, two large dorsal fins,
a large anal fin, and an asymmetric caudal fin with a short ventral lobe. The families
Pseudocarchariidae (crocodile sharks), Megachasmidae (megamouth sharks) and Mitsukurinidae
(goblin sharks) each contain a single living species of readily identifiable sharks. The goblin shark
(attaining 3.8 m) has a bizarre head with an elongated snout forming a flat, blade-like rostrum, and
very protrusile jaws, and the filter-feeding megamouth (attaining 5 m) has a bulbous, blubbery whale-
like head and a very wide, terminal mouth. The crocodile shark is smaller (up to 1.1 m), has a fusiform
body, conical snout, very large eyes, long gill slits, a low first dorsal fin, asymmetric caudal fin, and is
dark brown above and paler ventrally.

The family Lamnidae (mackerel sharks) consists of three genera and five species of high-

profile sharks, the white, mako and porbeagle that are of considerable importance to fisheries. These
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large (3-6 m) species have conical snouts, fusiform, spindle-shaped bodies, awl-shaped or triangular
teeth, minute second dorsal and anal fins, caudal keels, and lunate caudal fins. The shape of the teeth,
body coloration and number of caudal keels are important for identification at the species level.

3.8.8 Order Carcharhiniformes (ground sharks)

This diverse order of sharks contains many commercially important species within its eight
families. They can be identified by the following combination of characters; an anal fin, two spineless
dorsal fins, a mouth located partly beneath the eyes, five gill slits, relatively large teeth, no barbels or
grooves connecting the nostrils and mouth, and a nictitating membrane over the eyes. The families
Leptochariidae (barbeled houndsharks) and Pseudotriakidae (false catsharks) each contain a single
living species, and together with the Proscylliidae (finback catsharks) comprising four genera and
seven species, are relatively obscure groups. The Scyliorhinidae (catsharks) is by far the largest family
of sharks with 15 genera and more than 110 mostly small, bottom-living species. The Carcharhinidae
(requiem sharks) comprise 12 genera and about 50 species of small to large “typical looking” sharks.
The Triakidae (houndsharks) are also relatively speciose with nine genera and about 40 species, while
the Hemigaleidae (weasel sharks) have four genera and five species and the Sphyrnidae (hammer-
heads) have two genera and nine species.

The Sphyrnidae are easily recognized by their bizarre, hammer-shaped heads. Variations in
head size and shape are important for species identification. The Pseudotriakidae are also very distinc-
tive with a very long, low first dorsal fin and over 200 rows of teeth in each jaw. The Scyliorhinidae
are best separated from the other families by the position of their first dorsal-fin base, which is oppo-
site or behind the pelvic-fin base. The Hemigaleidae and Carcharhinidae have precaudal pits and an
undulating or rippled dorsal margin to the upper caudal fin, while the other families have no precaudal
pits and a smooth dorsal caudal margin. These two families are difficult to tell apart and while
hemigaleids have a small spiracle, usually absent in carcharhinids, reliable diagnosis mainly relies on
the structure of the intestinal valve. The carcharhinids have a scroll-type valve and the hemigalids a
spiral one. The Proscylliidae have labial furrows that are very short (confined to mouth corners) or
absent, and comb-like posterior teeth. Triakids and leptochariids have much longer labial furrows and
posterior teeth that are not comb-like. In the leptochariids, the upper labial furrows are very long
(Iength more than half the mouth width) and there are barbels on the nasal flaps. The traikids have no
nasal barbels (except in Furgaleus) and the upper labial furrows are shorter (length less than half the
mouth width).

The genus Carcharhinus (Carcharhinidae) contains about 30 species that are difficult to
identify for those not experienced with the group. Important characters are fin shape and positions,

color markings on the fins, the presence of an interdorsal ridge, tooth and vertebral counts and the
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shape of the upper teeth in the middle of the jaw. Species in the genus Mustelus (Triakidae) are also
notoriously difficult to identify with partial overlap of many of the morphological, morphometric and
meristic characters used to separate them. An increasing number of “regional forms” have been
discovered recently.

3.8.9 Order Torpediniformes (electric rays)

The four families Torpedinidae (torpedo rays), Hypnidae (coffin rays), Narcinidae
(numbfishes) and Narkidae (sleeper rays) are small to medium-sized (0.15-1.8 m) rays with large,
oval, rounded or shovel-shaped discs, naked skin without denticles, short stout tails with usually two
(occasionally one or none) dorsal fins and a broad caudal fin. The thick pectoral disc has two kidney-
shaped electric organs on its ventral surface. In the numbfishes (four genera and at least 17 species),
the tail length from behind the pelvic-fin tips is about equal to, or a little longer than the maximum disc
width while in the other three families the disc is wider than the tail length. The coffin rays, that
comprise one species endemic to Australia, have a pear-shaped disc, pelvic fins joined together to form
a smaller second disc and a very short tail only extending slightly beyond the pelvic fins. The caudal fin
is about the same size as each of the two dorsal fins, and much smaller than the pelvic fins. In the
torpedo rays (one genus, at least 15 species) the caudal fin is much larger than either of the two dorsal
fins and about the same size as the pelvic fins. The sleeper rays (four genera, nine species) have a
large round pectoral disc and a strong tail with only a single or no dorsal fin.

3.8.10 Order Pristiformes (sawfishes)

The family Pristidae (sawfishes) consists of two genera and about six species of mostly large
(up to 7 m) tropical marine and freshwater species. These are unmistakable batoids with the snout
highly modified into a “saw” bearing large lateral rostral teeth. Unlike the superficially similar
sawsharks (family Pristiophoridae), sawfish have their gill slits situated ventrally (rather than laterally)
on the head, have no barbels on the saw and their relatively small pectoral fins join the head in front of
the gill slits. The number of rostral teeth, shape of the caudal fin and position of the first dorsal fin
relative to the pelvic fins are important characters for identification at the species level.

3.8.11 Order Rhiniformes (sharkrays)

McEachran et al. (1996) consider this order to comprise one family (Rhinidae) containing a
single species of large ray (Rhina ancylostoma) attaining a length of at least 2.7 m. It has a broadly
rounded head distinctly demarcated from its pectoral fins, falcate shark-like fins, almost lunate caudal
fin and horny ridges on its back bearing thorns and spines. Other authors have placed Rhina together
with Rhynchobatus in the Rhinidae (Compagno, 1999b) or in the Rhynchobatidae (Last and Stevens,
1994).
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3.8.12 Order Rhynchobatiformes (wedgefishes or sharkfin guitarfishes)

The single family Rhynchobatidae (sharkfin guitarfishes) contains mainly inshore rays with a
flattened body, a mostly wedge-shaped or oval disc and a broad, shark-like tail with two large dorsal
fins and a large caudal fin. In the shovelnose rays (Rhinobatos spp.), the first dorsal-fin origin is
behind the pelvic fin, the caudal fin has a weak ventral lobe and a well-developed dorsal lobe with a
straight posterior margin. Diversity is highest in the Indo-West Pacific region with four genera and
about 40 species, but more are likely to be discovered as these rays are not well known in many areas.
The sharkfin guitarfishes have the first dorsal-fin origin in front of the pelvic-fin insertions, both caudal
lobes are well developed and the posterior margin of the dorsal lobe is concave. There are two genera
and more than five species which mostly occur in the Indo-West Pacific; however, the taxonomy of
the genus Rhynchobatus requires more study.

3.8.13 Order Rajiformes (skates)

The taxonomy of the skates is very complex with two subfamilies, some 26 genera and around
200 species. These bottom living rays have enlarged pectoral fins forming a disc that varies in shape
from nearly circular to rhomboidal. Their pelvic fins are deeply notched forming two lobes, and they
have a fairly narrow tail with two (rarely one or none) small dorsal fins near the tiny caudal fin. Most
species have enlarged thorns around the eyes, along the dorsal midline or on other parts of the body.
The shape of the disc and snout, the presence and shape of the cartilage supporting the snout, relative
lengths of the pelvic-fin lobes and the pattern of thorns are important characters at the species level.
The genus Anacanthobatus (leg skates) consists of about 18 species that have their pelvic fins
separated into a mobile leg-like front lobe, and normally have smooth skin.

3.8.14 Order Myliobatiformes (stingrays)

This is a complex grouping which McEachran et al. (1996) consider contains three suborders
(Platyrhinoidei, Zanobatoidei and Myliobatoidei) and two superfamilies (Hexatrygonoidea and
Dasyatoidea); in the interests of simplicity this account differs slightly from their classification. The
families Urolophidae (stingarees), Hexatrygonidae (sixgill stingrays), Dasyatidae (stingrays),
Gymnuridae (butterfly rays), Myliobatidae (eagle rays), Rhinopteridae (cownose rays) and Mobulidae
(devilrays) usually have one or more stinging spines on the dorsal surface of the tail, a large pectoral
disc and a stout to very slender tail with a caudal fin and single dorsal fin variably present or absent.
The hexatrygonids are unique among the batoids in having six pairs of gill slits; there is a single genus
and about seven species most of which are known only from a single specimen. More work is required
to resolve the validity of these species. The gymnurids (two genera and at least 12 species) have a
very wide (width more than 1.5 times its length), butterfly-shaped disc and a very short filamentous

tail. Mobulids are the largest of all rays (attaining at least 7 m width). The two genera and about 10
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species are easily recognized by their wide, angular, wing-like discs, prominent fleshy lobes projecting
forward like scoops on each side of the head, terminal (or nearly so) mouth with minute teeth (they are
plankton feeders) and filamentous tails. Myliobatids (four genera and about 22 species) and
rhinopterids (one genus and about 10 species) also have wing-like disc shapes and filamentous tails,
but a single bulbous fleshy lobe extends around the snout in myliobatids; in rhinopterids this is indented
to give it a distinctive bilobed forehead. Dasyatids have a circular to rhomboidal disc with a whip-like
tail that usually has stinging spines but lacks dorsal, anal or caudal fins. However, they may have
membranous skin folds on the dorsal and or ventral midlines of the tail; the central disc and dorsal tail
surface usually has thorns or tubercles. Dasyatids are represented by at least five genera and more
than 60 species that occur in marine and freshwater habitats; their often large size (some species > 2
m disc width) makes them difficult to study and more taxonomic work is required on the group. Disc
and snout shape, color patterns (which may change subtly with size), the presence of membranous
skin folds on the tail, and the pattern of denticles on the disc and tail are important characters for
identification at the species level. Urolophids resemble dasyatids in body shape, but have shorter tails
with a well developed caudal fin, and usually no thorns or tubercles on the disc or tail. There are three
genera and about 40 species of urolophids. Disc and tail shape, structure of the nostrils, presence of a
dorsal fin and color pattern are important for identifying species. However, some species are difficult
to identify on external characters alone.

The family Platyrhinidae (thornback rays) comprise two genera and two species of inshore
batoids that have round or heart-shaped discs, long, stout, shark-like tails, two large dorsal fins (situ-
ated anteriorly on the tail), no stinging spines, and large thorns on the disc and tail. Compagno (1999b)
placed the family Platyrhinidae within the order Rhinobatiformes.

3.8.15 Order Chimaeriformes (chimaeras)

Diagnostic features of the chimaeras were given in section 3.1; the order contains three
families, the Callorhinchidae (elephant fishes), Chimaeridae (shortnose chimaeras) and
Rhinochimaeridae (longnose chimaeras). There is one genus and three species of silvery colored
elephantfishes that are easily recognized by their long snouts terminating in a flexible hoe-shaped
structure, relatively short-based second dorsal fin, large anal fin and well-developed caudal fin that has
no caudal filament and is arched upwards from the body axis. Shortnosed chimaeras (two genera and
at least 22 species) have a relatively short snout with a bluntly rounded tip and a caudal-fin axis that is
straight. Most species occur in deep water and are dark brown to purply-black in color; the systemat-
ics of the group needs more attention with several new forms reported recently. Longnose chimaeras
(three genera, at least seven species) also have a straight caudal-fin axis, but they have a very long

snout with a pointed tip; they range in color from pinkish-white to black.
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4.1 INTRODUCTION

Tagging methods have a long history of use as tools to study animal populations. Although the first
attempts to mark an animal occurred sometime between 218 and 201 B.C. (a Roman officer tied a note
describing plans for military action to the leg of a swallow, and when the bird was released, it returned to
its nest which was in close proximity to the military outpost in need of the information), it is uncertain
when fish were first marked (McFarlane et al., 1990). An early report published in The Compleat Angler
in 1653 by Isaak Walton described how private individuals tied ribbons to the tails of juvenile Atlantic
salmon (Salmo salar) and ultimately determined that Atlantic salmon returned from the sea to their natal
river (Walton and Cotton, 1898; McFarlane et al., 1990). Since the late 1800s, numerous fish tagging
experiments have been conducted, with an initial emphasis on salmonids, followed soon after by successful
attempts at tagging flatfish and cod. Pelagic species, namely Pacific herring (Clupea harengus pallasi)
and bluefin tuna (Thunnus thynnus), were successfully tagged in the early 1900s, while elasmobranch
tagging studies did not commence until the 1930s. Since 1945, large-scale tagging programs have been
initiated all over the world in an effort to study the biology and ecology of fish populations.

Modern tagging studies can be separated into two general categories. Tag-recovery studies are
those in which individuals of the target population(s) are tagged, released, and subsequently killed upon
recapture, as in a commercial fishery; while capture-recapture studies are designed to systematically tag,
release, and recapture individuals on multiple sampling occasions. The former study-type often facilitates
the establishment of a cooperative tagging program in which fish are tagged by both scientists and volun-
teer fishermen. The primary advantage of a cooperative program is the sheer volume of fish that can be
tagged each year, since it is possible to combine the efforts of scientists and a large number of volunteer
recreational and commercial fishermen. The latter study-type typically leads to the creation of agency- or
institution-based tagging program in which only those scientists directly involved with the study tag fish.

When starting a tagging program, the choice of whether to design a tag-recovery study (that may
or may not be cooperative) or a capture-recapture study largely depends on the objectives of the tagging
program. For example, although tag-recovery studies tend to be much less labor intensive than capture-
recapture studies, the analysis of tag-recovery data does not easily yield estimates of population size,
which is often of interest to fisheries managers. Similarly, the quality of the data associated with a coop-
erative tag-recovery study can sometimes be suspect, since the level of tagging experience and overall
commitment to the tagging program in terms of the precision of the data being collected at the time of
tagging can vary significantly among fishermen. However, in some situations, it may not be possible to
develop a tagging program without the help of volunteer fishermen, since a single agency may not be able
to assume the cost associated with capturing and tagging hundreds or possibly thousands of fish each year.

The intent of this chapter is to serve as an overview of tagging studies and their use as tools for
increasing our biological understanding of elasmobranch populations and ultimately the information from

which we base management decisions. In a practical sense, however, it is virtually impossible in a single
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chapter to adequately discuss all of the various aspects of tagging studies and the analysis of tagging data.
As such, this chapter will focus on issues related to tag-recovery programs and the analysis of tag-
recovery data, primarily because the cost effectiveness of these types of studies has rendered them a very
common approach for inferring life history characteristics of aquatic populations. The chapter begins with
a discussion of the various tag types that can be used to mark individuals, followed by a treatment of the
various types of analysis methods that can be used to derive information from tag-recovery data. Not
included in the chapter is a stand-alone section on the design of tag-recovery studies, largely because it is
difficult to accommodate all types of data collection and subsequent analyses using a single study design.
That said, however, it is extremely important to base the development of a tag-recovery program on a
clearly and rigorously defined study design. I have chosen to address the details associated with sampling
and data collection procedures periodically throughout the text, and in accordance with the type of data
and analysis being discussed. For more information on the design of capture-recapture studies and the
associated methods for data analysis, efforts should be made to consult the comprehensive monographs
developed by Burnham et al. (1987) and Pollock et al. (1990).
4.2 TAG TYPE AND PLACEMENT
No single tag type (and therefore tagging technique) is appropriate for all species of sharks, or in
some instances, all life stages within a particular species. As such, great consideration should be given to
the choice of tag type when developing a tagging program. Factors that can be used to assist with the
selection of a tag include but need not be limited to (Wydoski and Emery, 1983; McFarlane et al., 1990;
Kohler and Turner, 2001):
* The objectives of the tagging study or program.
* The effect of the tag on the life history characteristics of the species under study, namely, reproduction,
survival, and growth.
*  The durability, longevity, and stability of the tag.
* The stress associated with the capture, handling, and tagging process.
e The size and number of individuals to be tagged.
* Ease (or lack thereof) of tag application.
*  Cost of purchasing the tags and conducting the tagging experiment.
* The amount and type of cooperation required among agencies, states, or countries for the tagging
study to be successful.
For studies involving teleost species, the number of different tag types that have been used to mark
individuals is fairly extensive (McFarlane et al., 1990). Although a similar diversity among tag types can be
documented for studies involving shark populations, the Petersen disc, internal anchor tag, Rototag, and

dart tag tend to be the most widely used (Kohler and Turner, 2001).
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4.2.1 Petersen disc tag

The Petersen disc tag, which was developed by Petersen (1896), is one of the first tags ever used
to study fish populations. Although the Petersen disc tag has undergone several modifications over the
years, in essence, the tag is comprised of two plastic discs that are placed on each side of the individual
and connected by either a wire or a pin running through either the dorsal fin or the musculature at the base
of the dorsal fin (Figure 4.01). The tag information is generally printed on the discs. Petersen disc tags
were used in many of the early shark tagging studies, which studied the growth and movement of a variety
of shark species in the Pacific (Holland, 1957; Kato and Carvallo, 1967; Bane, 1968).

There are two key drawbacks associated with the use of Petersen disc tags. Specifically, they are

ORI tag
Petersen disc

Jumbo Rototag (o @
® @
“ 2003017, N o
2 2003-12 '

Internal anchor

tag (body cavity)

Internal anchor
tag (button)

Figure 4.01 Types of internal and external tags typically used to tag sharks. The appropriate
anatomical location for attachment is indicated for each tag-type.

prone to fouling by barnacles and algae and they can severely limit body and fin thickness by restricting
growth, especially when used for long-term tagging studies. This restriction of growth can lead to splitting
and deterioration of the dorsal fin, particularly with immature sharks since their cartilaginous dorsal rays

tend to be softer than those of mature sharks, and also because they will experience a more dramatic

growth rate over time when compared to mature individuals (Kohler and Turner, 2001).

4.2.2 Internal anchor tag

Rounsefell and Kask (1943) discuss the development of the internal anchor tag, which was
designed to overcome some of the problems associated with the use of Petersen disc tags, particularly the
restriction of growth. There are two types of internal anchor tags. The first tag, which is sometimes
referred to as a “body cavity tag”, is small and rectangular in shape, and is inserted completely into the

body cavity through a small incision in the lower half of the body wall (Figure 4.01). All pertinent informa-
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tion is printed on the tag, which is typically made of plastic. The second tag is sometimes referred to as a
“button” tag and is comprised of a vinyl streamer attached to an elongated plastic disc (Figure 4.02). The
disc serves as the anchor and again it is inserted into the body cavity through a small incision in the body
wall, with the streamer protruding external to the individual. The tag information is usually printed on both
the plastic disc and the streamer (Figure 4.01).
Each type of internal anchor tag has been used for a variety of shark tagging studies (Olsen, 1953;
Grant et al., 1979; Hurst et al.,
1999). An advantage of internal
* anchor tags is that they can be
retained for many years, which is
desirable given the longevity of
many shark species. In terms of

tag recovery, however, body cavity

tags are only detectable once an
individual is gutted. This character-
istic renders it impossible to

conduct a capture-recapture study

Figure 4.02 A “button” internal anchor tag. The tag is comprised using this tag type. Button tags are
of a vinyl streamer attached to an elongated plastic disc. The disc
serves as the anchor and it is inserted into the body cavity through
a small incision in the body wall, with the streamer protruding despite the fact that the streamers

external to the individual.

more visible than body cavity tags,

are susceptible to fouling and

abrasion. The application of some type of antibiotic salve or antiseptic solution to the tagging wound is
recommended when using either type of internal anchor tag.

4.2.3 Rototag

Davies and Joubert (1967) describe the early use of Rototags, which were originally manufac-
tured by Daltons of Henley-on-Thames, UK for livestock tagging but have been adapted for marine and
wildlife tagging studies. The Jumbo Rototag (Figure 4.03) and the ORI tag (which is a modified Jumbo
Rototag) are typically applied with an applicator through a hole in the leading edge of the first dorsal fin
created by a leather punch (Figure 4.01). Both tag types are made from a high-grade nylon, with the
Jumbo Rototag being semirectangular in shape and the ORI tag more circular in shape. Early experiments
with the Jumbo Rototag indicated that the tag was susceptible to vertical movement due to the hydrody-
namics of swimming (Davies and Joubert, 1967). The suspicion that this vertical movement caused
swelling and irritation prompted the design of the ORI tag.

As with the Petersen disc tag, the Jumbo Rototag and ORI tag are susceptible to fouling and can
negatively influence growth. Nevertheless, these tags have been used in numerous tagging studies of

shark species (Kato and Carvallo, 1967; Thorson and Lacy, 1982; Stevens, 1990; Kohler et al., 1998).
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Until 1988, they were the primary
tag used in the common skate
(Dipturus batis) tagging program
conducted off the west coast of

Scotland by the Science Department

of Glasgow Museums, and are also

1 INCH

used by the Central Fisheries Board _C
of Ireland for their blue shark tagging \ F |
program. . ' \/

4.2.4 Dart tag

The origin of the dart tag can

be traced back to early tagging Figure 4.03 Jumbo rototag showing tag number and mailing

studies of marine pelagic fish, par- address [from the NMFS Cooperative Shark Tagging Program

) website (http://na.nefsc.noaa.gov/sharks/intro.html)].
ticularly tunas (McFarlane et al.,

1990). The dart tag was developed

primarily to facilitate the safe and effective tagging of individuals in the water, since many pelagic species
attain sizes that are too large to be handled onboard a vessel. Relative to the original design, the dart tag
was modified for use on sharks (Casey, 1985) and a variety of types of dart tags have been used by
numerous tagging programs over the years (Kohler and Turner, 2001). Fundamentally, a dart tag is
comprised of a streamer, which can be made of monofilament line, vinyl, or nylon line that is attached to
either a stainless steel, plastic, or nylon pointed head (Figure 4.01, Figure 4.04a). All pertinent tag informa-
tion is either printed on the streamer itself or on a legend that is enclosed by a capsule and attached to the
streamer. Application of a dart tag is usually accomplished using a stainless steel tagging needle, which is
used to drive the pointed head of the tag into the dorsal musculature of the individual (Figure 4.04b).
Efforts are generally made to apply the tag at an angle so that streamer lies alongside the individual while
it swims. For sharks, the optimal location for a dart tag is next to the base of the first dorsal fin.

The main advantage of using a dart tag is its ease of application. Relative to the Petersen disc tag,
Rototag, and internal anchor tag, very little time is needed to successfully mark an individual with a dart
tag. This characteristic combined with the fact that minimal training is necessary to become proficient at
applying a dart tag has rendered it the most commonly used tag type in shark tagging studies (Kohler and
Turner, 2001). Specific large-scale and longstanding tagging studies that utilize the dart tag include the
NMEFS Cooperative Shark Tagging Program (Kohler et al., 1998; Kohler and Turner, 2001) and the
Australian Cooperative Game-Fish Tagging Program (Pepperell, 1990).

4.3 DATA COLLECTION AND ANALYSIS

Tag-recovery studies facilitate the collection of a variety of types of information on the species

under study. These data can be used to infer delineation of nursery areas, habitat utilization, stock identifi-

cation, length/weight relationships, growth rates, gear selectivity, patterns of movement, survival/mortality,
63



1T 70 ASINT MOLOSICAL RISEARCH, XINDLY SEND THS LETTER TO ADORLSS Miow, witw ST
j § O SPICIS, LINGTH AND WEIGHT GF FIGH AND DATL, LOCALITY AXD METHCD OF CAPFUNL. ()
S REWARD, DATA ON RELLASE OF MSH WILL BE SINT. PLEASE RECOMD NUMIIR, m a
; — FPARA AYUDAR A INVISTICACIONES hﬂm‘u HACA IL FAVOR DE MANDAR ISTA CART 4
A LA DIRICCIGH DE ABAJD, CON INFORMACION DI LA LSPECEE, LONCITUD ¥ F I,
g O ¥ rcHA, 10CALDAD Y MTCOD DE CAPTURA, PALMSO, APUNTE USTED KL 30 =]
= KNIVCE L ABORATORY, NARRAASIETY, KODE HLAND s 150 S

Figure 4.04 (a) An “M” type dart tag display-
ing tagging needle and legend [from the NMFS
Cooperative Shark Tagging Program website
(http://na.nefsc.noaa.gov sharks/intro.html)];
(b) application of a dart tag to an individual
along side a vessel [photo by J. A. Musick].

spatial and temporal distribution, relative abundance, species and size composition and sex ratio (Kohler
and Turner, 2001). The following subsections contain a more detailed presentation of these data types and
their associated methods of analysis. With respect to deriving survival/mortality information from tag-

recovery data, my discussion is brief since a more complete treatment of the topic is provided in section

8.3.2 of Chapter 8.

While many of the aforementioned types of data are fairly simple and straightforward, it is still
important that they be collected under a rigorously defined sampling design. A commonly applied design is
a stratified random sampling design where the strata are defined according to variations in water depth,
salinity, water temperature or latitude/longitude. Although data collected haphazardly can provide anec-
dotal information about a particular species, subsequent analyses of those data will not yield accurate
inferences about the population as a whole. The choice of a sampling design and the subsequent sampling
gear often depend on a variety of factors, most notably the objective(s) of the study, the topography and
size of the study area, and the general life history characteristics of the species under study. Despite these
factors, a concept that is essential for deriving population level inferences is that the data collected are
representative of the target species in the study area. Hence, sampling should take place during all sea-
sons (unless the target species are not year-round residents) and over all spatial locations or habitat types
that the target species occupies within the study area. Clearly, temporal and spatial information may not be
available for species and areas that are not well studied, which implies that a very non-tailored and sys-
tematic sampling design must be adopted. Also, efforts should be made to sample with a gear-type that is
relatively non-selective; that is, one that will capture a wide variety of species and that will capture males
and females of all sizes with approximately equal probability. In practice, this need may render a longline

more appropriate than a gillnet.

64



4.3.1 Delineation of nursery areas, habitat utilization, stock identification

It is possible but often very difficult to use data reflecting the location of tag recoveries to effec-
tively delineate the nursery area of a species. Provided that an adequate number of young-of-the-year
(YOY) could be tagged and, of those, an adequate number of tag recoveries are tabulated, information on
the location of tag recoveries can be used to determine the habitat utilization and extent of the nursery
area for YOY individuals. In addition, if a representative sample of a species in a particular location is
tagged (i.e., individuals of varying sizes from both sexes in the area), it may be possible to determine the
habitat range of the whole population. Moreover, if several population level ranges have been delineated,
inferences about the degree to which various stocks mix and ultimately stock identification can be in-
ferred. However, the generally low tag-recovery rates observed with most elasmobranch species com-
bined with inaccurate reporting of recapture location from fishers can render it difficult to accurately
characterize habitat ranges.

An alternative approach to using the locations of tag recoveries to delineate the range of a popula-
tion is to infer about habitat utilization from the spatially explicit catch data obtained from sampling efforts
designed to capture individuals for tagging. Note that data resulting from supplemental sampling efforts
that are designed to “canvas” the suspected range or study area will likely be needed. This approach was
used by Grubbs (2001) to characterize the nursery ground of YOY sandbar sharks (Carcharhinus
plumbeus) in Chesapeake Bay. Although it was known that the Bay served as a nursery area for YOY
sandbar sharks, the exact geographical area within the Bay utilized by YOY sandbar sharks was not
known. Hence, Grubbs (2001) added stations to the sampling protocol of an existing longline survey in
such a manner as to systematically sample for the presence of YOY sharks from the Bay mouth north-
ward. The northernmost latitude of the nursery area was determined by noting the location where the
catches of YOY sandbar sharks became zero.

A second alternative approach that can be used to delineate habitat utilization and discern degrees
of site fidelity involves the use of acoustic telemetry (see section 8.3.3 of Chapter 8 for more information
on telemetry). To conduct a telemetry study, high-power, ultrasonic transmitters must be surgically or
externally implanted in a representative sample of the target species. Receivers are then used to monitor
transmitter output for the purpose of intermittently tracking the movements and space utilization of tagged
individuals. Prior to conducting the study, a tracking protocol that specifies the length of the tracking
session, the number of fish tracked each session, and frequency at which position information is obtained
should be developed. If previous telemetry studies have been conducted for the species under study, it is
recommended to adopt the same tracking protocol so that the data are comparable. Morrissey and Gruber
(1993) used acoustic telemetry to examine the spatial and temporal patterns of activity of juvenile lemon
sharks (Negaprion brevirostris) in the Bahamas. The study was the first to utilize nonarbitrary sampling
and successfully characterized patterns of movement and degree of site fixity in any elasmobranch

species. The study also examined the correlation between size of habitat range and body size.
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4.3.2 Length/weight relationship
The observed length and weight measurements taken at the time of first capture can be used to
establish a number of predictive relationships. For example, it is often useful to develop conversions among

the various length measurements, which can usually be accomplished using simple linear regression:

L =o+pL,, 4.1)
where L, and L, are the two length measurements (e.g., fork and total length (FL, TL), or FL and
precaudal length (PCL), etc.) for which a predictive relationship is desired, and o and f are the standard
simple linear regression parameters that are to be estimated. Prior to applying equation 4.1, it is recom-
mended to plot the length measurements against each other to ensure that a linear trend is present. Efforts
should also be made to develop length conversion relationships for males and females separately, as well
as for the sexes combined. As an example, see the FL/TL relationship derived by Natanson et al. (1999)
for tiger sharks (Galeocerdo cuvier) in the western North Atlantic.

In addition to predictive relationships among various types of length measurements, it is also
possible to use the size data collected at the time of first capture to establish a length/weight predictive
relationship. This type of relationship is typically derived using the following power function (Figure 4.05).

W= alb, 4.2)
where W and L represent weight and length, respectively, and o and  are regression parameters (not to
be confused with those of equation 4.1). Nonlinear regression techniques (Bates and Watts, 1988) can be
used to estimate o and 3, and it is generally recommended to fit equation 4.2 to sex-specific as well as
combined length/weight data. Stevens (1990) applied equation 4.1 to length/weight data obtained at the
time of tagging for tope sharks (Galeorhinus galeus), blue sharks (Prionace glauca), and porbeagle
sharks (Lamna nasus) off the coast of England.

Despite the fact that equation 4.2 is frequently used to relate length and weight data, it should be
noted that it might not always be the most appropriate model. When attempting to derive a predictive
relationship between any variables, it is reasonable to fit several models to the data. Alternative models
for length/weight relationships might include a linear, quadratic, or change-point model, which is a piece-
wise function that is designed to fit two or more models each to separate portions of the data (Chappell,
1989). By fitting a suite of models to the data, it is then possible to use model selection techniques, notably
likelihood ratio tests and/or Akaike’s Information Criterion (AIC) and related measures (Burnham and
Anderson, 1998) to assess model performance and ultimately identify the model that best fits the data.

4.3.3 Growth rates

If fishers record the date and length when tagged fish are recaptured, then information on growth
increments can be obtained and ultimately used to estimate the parameters of the von Bertalanaffy (1938)
growth function (VBGF). An obvious advantage to this approach is that a VBGF can be defined in the
absence of age data. The VBGF takes the form (Figure 4.06):
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where [ is the length of an individual at age (or time) 7, [_ is the theoretical maximum attained length, k is
the growth coefficient, and ¢ is the hypothetical age (or time) that an individual is of length zero. Note that
equation 4.3 can be developed for males and females as well as for the sexes combined (see Chapter 6
for more details on growth).

A significant body of literature exists on the procedures of estimating growth parameters from
recovery data (Gulland and Holt, 1959; Fabens, 1965; Cailliet et al., 1992; Wang, 1998). What follows is a
description of the method developed by Gulland and Holt (1959) primarily because it is fairly straightfor-
ward, however, efforts should be made to use several methodologies when analyzing growth increment

data. Tests can then be performed to statistically compare the results from different methods.

Gulland and Holt (1959) noted that the length of an individual at time #+a would be:
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I, =1 (- oy, (4.4)
Therefore, the growth increment from time ¢ to time t+a, denoted by d1, is given by:

A=, —1)=1Le "™ 1-e™), (4.5)

t+a

and the growth per unit time, denoted by g, is:

—k
—k(1—1y) (I-e™)

a

g=l.e (4.6)

If x represents the midpoint of the length interval (I, [ ), then x =%2( [ + [ ), and after some algebraic

manipulations, the following equation holds:

k(- 21, —x)
lme k(t to) — o 4 7
l+e™ - (4.7)
Substitution of equation (4.7) into equation (4.6) yields:
2(1—e™)
=( —x)=>—¢% 7
g=(, )aa+e*ﬂ‘ (4.8)

Thus, equation 4.8 implies that the growth over a fixed time period and the midpoint of the corresponding
length interval are linearly related. Hence, linear regression techniques can be used to derive estimates of
k and [ . The parameter 7, cannot be estimated from tag-recovery data alone, since it requires an estimate
of absolute size at age (Natanson et al., 1999). Given an estimate of the average size at a particular age

(or time), the VBGF can be rearranged to yield an estimate of

(N joe [k
ly=t+ % 0g, I ) 4.9)

In practice, 7, is usually estimated by letting 7 = 0 and /, be the average size at birth (Natanson et al.,

1999).

Depending on the number of tag-recoveries and, hence, the amount of length increment data
available, it may be possible to derive growth parameter estimates for the males, female and sexes com-
bined of a single species in a particular region, multiple species in a particular region, and/or for a single
species in several geographically distinct parts of its range. If multiple growth curves are available, it is
recommended to use statistical techniques to formally compare the derived growth information. In general,
two types of comparisons are typically of interest (Wang and Milton, 2000):

1.  Within-species comparisons of growth parameters when two sets of estimates are obtained from
different time periods, areas or sexes.

2.  Between-species comparisons of growth parameters.
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A major problem when trying to statistically compare growth parameters from two groups of fish is that
estimates of the VBGF parameters tend to be correlated. The presence of covariances among parameter
estimates implies that traditional univariate statistical procedures cannot be used to perform the aforemen-
tioned within- or between-species comparisons of growth parameters. To overcome this problem, Wang
and Milton (2000) suggested comparing growth parameter estimates using a generalized T>-statistic. To
test the hypothesis H: G, = G, versus the alternative H,: G # G,, where G, and G, are column vectors of

VBGF parameters estimates for two groups of fish and

loo(l)_lm(z)
G-G,= k(l)—k(z) , 4.10)
tou)_t()(z)
the T2-statistic is calculated as
T = (G, - Gz]’V’l[G1 -G, 4.11)

where [G, - Gz]’is the transpose of [G, - G,], and V is the variance-covariance matrix of [G, - G,]. The
distribution of the 7>-statistic is approximately chi-squared with 2 degrees of freedom. The corresponding
critical value %? (o),where o is the desired level of significance.

4.3.4 Gear selectivity

Selectivity can be defined as the probability of capture at a given age/size relative to the probabil-
ity of capture at the age/size of maximum vulnerability. Determining the selectivity of a particular gear for
different sized individuals is often a key component of fishery stock assessments. In the strictest sense, all
fishing gears used to capture fish are selective to some degree. For example, individuals of varying sizes
are generally not captured with equal probability by a gillnet, since the girth of some individuals may be
substantially larger than the mesh size of the net. Longlines and hook-and-line gear are also selective,
since mouth size relative to hook size influences the probability of capture.

In general, gear selectivity is very difficult to estimate largely because it is not easy to quantify
how swimming speed influences the probability of capture. However, over the years several approaches
have been used to estimate the selectivity of various gear types, particularly gillnets (Olsen, 1959; Regier
and Robson, 1966; Kirkwood and Walker, 1986; Borgstrom and Plahte, 1992; Helser et al., 1998). With
respect to tag-recovery data, Myers and Hoenig (1997) developed a method for estimating the selectivity
of a variety of gear types from the tag recoveries associated with several separate tagging experiments
(since a single tagging experiment often does not provide enough recoveries to estimate selectivities
reliably). The method involves fitting a generalized linear model (McCullagh and Nelder, 1989) to the data
to estimate the size, gear, and experiment effects from a collection of experiments. Specifically, if P

represents the observed number of tag recoveries from tagging experiment i captured with gear-type g of
length /, then the expected number of tag recoveries is given by the following expression:
Elr,, 1 =NR.U.S, , (4.12)
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where N is the number of individuals tagged, R is the product of the fraction of individuals that survive the
tagging process, the proportion of tags not shed, and the proportion of recovered tags that are reported
(which is assumed to be constant over length), U is the exploitation rate, and S is the selectivity (which is
assumed to be constant over the experiments included in the analysis). If the probability of capturing a
tagged individual is modeled as P =R.U.S, the generalized linear model takes the form:

Lg L8

log(n'i’g’[) = log(Riyg) + log(Ul.’g) + log(Sg’l). 4.13)

Equation 4.13 possesses the three features of a generalized linear model: the function is linear, the
expected value of the dependent variable is related to the linear combination of the explanatory variables
via a link function (in this case the log link), and the error distribution is in the exponential family (in this
case a binomial error since the probability of observing 7, , tag recoveries is a binomial random variable).

Inherent to the method are the assumptions that tag-induced mortality, natural mortality, tag loss,
and tag-reporting rate are independent of fish length for each gear type and that growth and natural
mortality are small enough to be ignored during the analysis. To avoid violation of the latter assumption,
Myers and Hoenig (1997) recommend only considering tag-recoveries associated with individuals that
were at liberty for only a short period of time. Although this method has never been applied to elasmo-
branch tag-recovery data, Myers and Hoenig (1997) applied it to 137 tagging experiments of Atlantic cod
(Gadus morhua) and showed that the selectivity of otter trawls changed from the 1960s to the 1980s and
that the selectivity pattern assumed in several of the cod stock assessments was incorrect.

4.3.5 Movement

One of the principal objectives of most elasmobranch tag-recovery studies is to derive information
on movement. Over the years, there have been numerous studies documenting the patterns of movement
and space utilization for shark species worldwide. For example, Francis (1988) described the inshore-
offshore movements of rig (Mustelus lenticulatus) in New Zealand, Gruber et al. (1988) and Morrissey
and Gruber (1993) collectively described patterns of movement and home range for lemon sharks in the
Bahamas, and Casey and Kohler (1992) characterized the movement of shortfin mako sharks (Isurus
oxyrinchus) in the western north Atlantic. Many more examples of studies that derived information on the
movement of sharks from tag-recovery data can be found in the literature (see Kohler and Turner (2001)
for comprehensive list of these studies).

Efforts aimed at documenting patterns of activity and space utilization from tag-recovery data
typically begin by calculating the distance traveled and the time at liberty for each recaptured individual.
From those calculations, population-level estimates of movement can be determined by calculating the
mean and median distance traveled and the total range of distances (minimum and maximum) traveled. In

general, data associated with individuals that were recaptured within a short time of tagging are typically
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excluded from distance calculations, largely because it is important to allow newly tagged individuals
enough time to become fully mixed into the overall tagged population (mixing ensures that tagged popula-
tion is representative of the total population). However, the decision to exclude these “immediate” recap-
tures does often depend on the objectives of the study. Although there is no “official” amount of time to
allow for mixing, Francis (1988) omitted all recaptures that were within 20 days of the time of tagging in
the movement analysis of rig.

As with the growth increment data, if there is a sufficient number of tag recoveries, it may be
possible to develop relationships between distance traveled and time at liberty for the males, female and
sexes combined of a single species in a particular region, multiple species in a particular region, and/or for
a single species in several geographically distinct parts of its range. If multiple characterizations of move-
ment are available, it is recommended to use statistical techniques to formally compare the derived move-
ment information. Two types of statistical analyses can be used to perform these comparisons:

1. A simple t-test, which tests for statistical differences between the mean distances traveled by two
groups (e.g., males and females of a particular species; sexes combined for two species; a
species in two regions of its geographic distribution, etc.).

2. Analysis of variance (ANOVA), which tests for statistical differences between the mean dis-
tances traveled by several groups (e.g., males and females of species in several locations of its
geographical distribution).

A two sample t-test can be used to test the hypotheses H: d, = d, versus H,: d, =d,, where d,
and d, represent the mean distance traveled for the two groups being compared, respectively. An equiva-

lent form of the hypotheses is H: d, - d, =0 versus H,: d, - d,# 0, and the t-value for testing these

hypotheses is:
dl N dz
t=————, (4.14)
g 1.1
P\[n, n

1 2

where n, and n, represent the sample sizes of the two groups, respectively, and s, is the pooled standard

deviation, which is calculated as a weighted average of the two sample variances S *and S,

S =\/(nl-1)s,2+(n2—1)s22 , (4.15)

» n1+n2—2

The test statistic calculated from equation 4.14 can be compared to the critical value and H,, is rejected if

i<-t,.vorif <t v, where o is the significance level and v = n +n, -2 is the degrees of freedom. The

/2’ = o/2°

two-sample t-test assumes that both samples are randomly chosen from normal populations with equal
variances (Zar, 1999). In practice, it is difficult to know if these assumptions will be met, however, several
studies have shown that the t-test is robust enough to endure considerable departures from its theoretical

assumptions, particularly when the sample sizes are equal or nearly equal (Zar, 1999).
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As stated previously, the above t-test is appropriate for situations when two means are being
compared, however, to test the hypotheses H: d =d, = ... = d , where k is the number of groups being
compared, versus H,: not H, the procedure of ANOVA must be used. ANOVA is a large area of statisti-
cal methods and is not described in detail in this chapter. For more information on ANOVA, it is recom-
mended to consult a statistical methods textbook (e.g., Zar (1999)). For an example of ANOVA being
used to compare the mean distances traveled by several groups of a shark species, see Francis (1988).

4.3.6 Survival/mortality

Brownie et al. (1985) developed a series of models for multiyear tag recovery studies that can be
used to estimate age- and year-specific finite rates of survival (S) and tag recovery (f). More recently,
Pollock et al. (1991) and Hoenig et al. (1998) showed it is possible to convert tag-recovery rates to finite
exploitation (#), when information on the short-term tag retention, tag-induced mortality, and tag-reporting
rate is available. Estimates of year-specific total instantaneous mortality (Z) can be obtained from year-
specific finite rates of survival, and if information on the instantaneous rate of natural mortality (M) is
known, the year-specific estimates of Z can be used to recover year-specific estimates of instantaneous
fishing mortality (F) rates. Also, if the timing of the fishery is known, year-specific estimates of finite
exploitation can also be used to derive year-specific estimates of F (in the case of a continuous Type 11
fishery, information on M will again be needed). A detailed discussion of these analyses is presented in
section 8.3.2 of Chapter 8.

4.3.7 Spatial and temporal distribution, relative abundance

Data reflecting the time and location of capture for tagging over the course of a year can be used
to develop a rudimentary understanding of seasonal habitat utilization, and thus, the spatial and temporal
distribution of the target species. In addition, the catch data derived from sampling efforts serves as a
spatial and temporal index of relative abundance for each species. One approach that can be used to
better understand the observed patterns of relative abundance involves correlating the spatially explicit
relative abundances with data that delineates habitat type (if not already available, this type of information
may need to be collected at the time of first capture). Although stand-alone correlations between catch
and habitat type are informative, it is often difficult to fully understand the observed patterns of relative
abundance without additional auxiliary data. Information on abiotic factors such as depth, water tempera-
ture, salinity and dissolved oxygen can also be used to help explain the observed patterns of distribution
and ultimately form a more complete understanding of the ecological preferences of the target species.

4.3.8 Species composition, size composition, sex ratio

Information on the species composition in a specific location or region and the sex ratio of a
particular species are two basic but important types of data that can be collected by simply processing the
catch of the gear used to collect individuals for tagging. In addition, when individuals are tagged onboard a

vessel, information on size composition can easily be obtained by taking sex-specific measurements of
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length, which includes TL, FL,, and PCL, and weight. Under circumstances when individuals are too large
to be handled and tagging takes place in the water, it may only be possible to take length measurements. In
areas where elasmobranchs are not well studied and information is lacking, collecting these types of data
can be viewed as the first step toward developing an understanding of the life history characteristics of the
species inhabiting a particular region.

4.4 ASSUMPTIONS OF TAG-RECOVERY STUDIES AND AUXILIARY STUDIES

When attempting to use tag-recovery data to infer about growth rates, gear selectivity, patterns of

movement, and survival/mortality, it is generally necessary to make the following assumptions:

1. The tagged sample is representative of the target population.

2. There is no tag loss or, if tag loss occurs, a constant fraction of tags is lost from each cohort and
all tag loss occurs immediately after tagging. Also, the probability of immediate tag loss is not sex-
or size-dependent.

The time and location of tagging and tag recovery are correctly recorded.
The lengths and weights of individuals are measured without bias at the time of tagging.

The lengths of individuals are measured without bias at the time of tag recovery.

AN

Survival rates are not affected by tagging process or, if they are, the effect is restricted to a
constant fraction dying immediately after tagging. Also, the probability of immediate tag-induced
mortality is not sex- or size-dependent.

7.  The fate of each tagged individual is independent of the other tagged individuals.

8.  Tagging does not affect growth.

9.  There are no significant size-selection processes for individuals within similar age ranges.

10. All tagged individuals within a cohort experience the same annual survival and tag-recovery rates.

11.  The decision made by a fisher on whether or not to return a tag does not depend on when or

where the individual was tagged.
Although tag-recovery studies can be plagued by a variety of factors, it is possible to conduct auxiliary
studies to assess the possibility of violating a few of the aforementioned assumptions. Specifically, to
determine the rates of immediate tag loss and tag-induced mortality (assumptions 2 and 6), newly tagged
individuals can be held in cages or holding pens for a short period of time (Gruber et al., 2001;
Latour et al., 2001). Rates of chronic or long-term tag loss (assumption 2) are best assessed by double
tagging individuals (Latour et al., 2001). Although estimates of the tag-reporting rates associated with
commercial and recreational fishers are not needed for the types of analyses described herein, knowledge
of these tag-reporting rates can be extremely useful, particularly when trying to derive survival/mortality
information. Rates of tag reporting are best estimated by conducting a high reward study (Henny and

Burnham, 1976; Pollock et al., 2001). Additional remedies to some more of the problems of tag-recovery

studies as they pertain to survival/mortality estimation are discussed in section 8.3.2 of Chapter 8.
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4.5 ARCHIVAL TAGS

Archival, or data storage tags are designed to intermittently record data on (among others) the
depth of an individual, ambient temperature, and light intensity. The data from these tags is downloaded
when the tagged fish is recaptured and the tag is recovered. These types of tags were first used on
southern bluefin tuna (Thunnus maccoyii) in Australia in the early 1990s, and have recently been used to
study elasmobranchs. Specifically, the Centre for Environment, Fisheries and Aquaculture Science
(CEFAS) Lowestoft Laboratory, which is located in the United Kingdom, has used archival tags to study
the movements of thornback rays (Raja clavata) in both the Irish Sea and Thames Estuary (Arnold and
Dewar, 2001). Similarly, Australia’s Commonwealth Scientific and Industrial Research Organisation
(CSIRO) has used archival tags to study the position of school sharks on the continential shelf off South
Australia (West and Stevens, 2001). One problem associated with an archival tagging study is the ex-
pense, since for many species, tag-recovery rates are too low to justify the cost of the tags. However, the
data from archival tags do have the potential to solve some important ecological questions (Arnold and
Dewar, 2001).

Pop-up archival satellite tags were developed in part to alleviate some of
the problems associated with low tag-recovery rates. In summary, these tags
combine data storage tags with satellite transmitters and are designed to detach
themselves from fish at a predetermined time (Figure 4.07). Ultimately they float to
the sea surface and communicate their location via a satellite link. The first pop-up
satellite tags were deployed in 1997 to further assist with ongoing efforts directed
at studying long-term movements of Atlantic bluefin tuna (Block et al., 1998).
Some of these tags were programmed to record temperature information on hourly
time scales, while others were programmed to take measurements on daily time

scales. Deployment time of these tags ranged from 3 to 90 days. Lutcavage et al.

(1999) also used pop-up satellite tags to study bluefin tuna in the North Atlantic.
Tags have also been successfully placed on other large pelagic species, including
yellowfin tuna, albacore, blue and striped marlin, and white, basking, thresher and
salmon sharks (Arnold and Dewar, 2001; Boustany et al., 2002).

There is a growing perception among researchers that some of the meth-
ods used to attach pop-up archival satellite tags to marine fishes are unreliable.
This perception originated from documented case studies were tags detached from

individuals prior to the predetermined time, thereby compromising the success of

the tagging study. However, the exact cause of the early release of these tags is

Figure 4.07 Wildlife not known. Pop-up satellite tags are typically attached to pelagic teleosts via a dart
Computers Pop-up
Archival Transmit-

ting (PAT) tag. attached using a dart or by attaching the tag to a rototag-like apparatus through a

that is inserted into the dorsal musculature of the individual. For sharks, tags can be
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hole in the first dorsal fin. To improve the retention and overall performance of pop-up satellite tags, a
variety of darts have been developed, ranging in terms of both shape and material used for construction.
At present, however, a universally accepted attachment method has not been identified, so for each

tagging study, great care should be directed at evaluating the potential effectiveness of each attachment

method as it pertains to the species under study.
4.6 SUMMARY

This chapter is designed to assist researchers with the development and implementation of a tag-
recovery program for elasmobranch species. As previously described, it is possible to initiate either an
angler-based cooperative program or an agency-based program, and in most cases, the objective(s) of the
study and available funding typically dictate the appropriate choice. Also, there are advantages and
disadvantages associated with each type of program that should be given consideration during the design
phase. Described in this chapter are several data analysis methods that can be used to infer various
aspects of the biology and life history of elasmobranch species. A wide variety of methodologies are
described in part to demonstrate the utility and usefulness of a tag-recovery program. Some inferences
can be drawn in the absence of data reflecting tag recoveries (e.g., habitat utilization, species and size
composition, sex ratio, etc. derived from catch data), while others require analysis of data from both first
capture and tag recovery (e.g., movement, growth, survival/mortality, etc.). Of particular importance to the
validity of any type of data analysis and to the overall success of a tag-recovery program is an assessment
of the potential for assumption violation. As a result, efforts should be directed at conducting auxiliary

studies to determine if the defined sampling, handling, and tagging protocol minimizes the potential for
assumption violation.
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5.1 INTRODUCTION

When members of a fish species are segregated into multiple reproductive stocks, allele frequen-
cies at neutral genetic markers diverge under genetic drift such that the variance in gene frequencies
reflects the magnitude of reproductive isolation among these stocks. Thus, gene frequency differences
among geographic samples can be used to indirectly estimate patterns of gene flow and hence stock
structure of the species. Molecular markers have been used to infer stock structure in fishes for over forty
years (Utter, 1991). A brief glossary of genetic terms is included at the end of this chapter for those
readers who may be less familiar with the subject.

Application of molecular markers to the estimation of stock structure in marine elasmobranchs
can be very challenging for several reasons. Genetic stock structure is less pronounced in marine species,
which experience few barriers to migration, than in freshwater species (Ward et al., 1994). Stock struc-
ture is especially weak in highly motile pelagic fishes (Waples, 1998). Furthermore, sharks exhibit rela-
tively low levels of genetic variation at some molecular markers, perhaps owing to a slowed mutation rate
and/or low long-term effective population sizes (Smith, 1986, Martin et al., 1992). Markers that are not
sufficiently variable will not provide the necessary data for a statistically powerful test of stock structure
and fish from two geographic regions that are fixed for the same allele may not necessarily be members
of the same stock.

The choice of molecular marker depends on the quality and type of tissue available as well as the
equipment and expertise. Even a small amount of reproductive migration among stocks is sufficient to
prevent genetic divergence at neutral molecular markers. Thus, stocks that are independent from the
fisheries perspective may exhibit negligible genetic differentiation (Waples, 1998). Traditional tag/recapture
studies performed in concert with molecular genetics studies can provide more information than either
approach can individually.

5.2 ESTIMATING STOCK STRUCTURE WITH MOLECULES

The degree to which stocks are reproductively isolated is typically estimated using various

estimator’s of Sewell Wright’s F statistic (Wright, 1931). In the case of a codominant locus that exhibits

only two alleles F, is equal to

_Ht _Hv
H

t

Fy (5.1

where H_ is the expected heterozygosity in the population based on the mean allele frequency across
populations and expectations of Hardy-Weinberg equilibrium (i.e., H = 2pq where p = the frequency of
one allele and q = 1-p) and H, is the mean heterozygosity within populations. Thus, the greater the
variance in allele frequencies among populations the greater the deficit of heterozygosity within each

population, and F, can be determined directly from the variance in allele frequencies as

_Var(p)
Pq
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where Var(p) is the variance in the frequency of an allele among subpopulations. Expected values of F',
range from zero when each sample possesses identical gene frequencies and hence there is a single
genetic stock, to unity when isolated stocks are fixed for alternate alleles.

Either of these measures is sensitive to sampling error and in the absence of distinct stocks will
result in positive F values, the magnitudes of which are inversely proportional to sample size. Waples
(1998) observed that in highly migratory species, such as many sharks, the magnitudes of F, estimates
resulting from sampling error alone may be larger than the parametric F; values among stocks. Various
unbiased estimators of Wright’s F' include Weir and Cockerham’s 6 estimator, which includes corrections
for several types of sampling error and sometimes produces negative F, estimates when the true value of
F,is very small or zero (Weir and Cockerham, 1984). Many recent studies employ analysis of molecular
variation (AMOVA) (Excoffier et al., 1992), which provides an unbiased estimator of F known as @
and also permits partitioning of genetic variation to multiple hierarchical levels. These estimators are
computationally demanding but are incorporated into a variety of freely available software packages (see
below). Statistical tests of the hypothesis that ® . = 0 (and hence samples are drawn from a single
genetic stock) are calculated using algorithms that either model or resample the data and determine the
significance level of @ as the likelihood that a larger @ value could be produced via a random alloca-
tion of the genotypes or alleles (Rousset, 2001).

Several software packages are freely available for analyzing molecular genetic data including

Arlequin (http://lgb.unige.ch/arlequin/) (Schneider et al. 2000), Genepop (http://wbiomed.curtin.edu.au/

genepop/) (Raymond and Rousset, 1995), and GDA (http://lewis.eeb.uconn.edu/lewishome/software.html)

(Lewis and Zaykin, 2001). The capabilities of these and several other programs were recently reviewed
by Labate (2000). Arlequin can be downloaded in Microsoft Windows, Macintosh or Linux format and can
handle haploid (e.g., mtDNA) as well as diploid (allozyme and microsatellite) data. Genepop can be
downloaded to run in a windows environment or can be run directly from the web page. GDA is only
available in windows format and determines significance of O by bootstrapping across loci, which is only
applicable to studies that employ a large number of loci.

Under the assumptions of the island model of migration (Wright, 1931), which assumes a large
number of discrete populations with equal amounts of migration among each population, F can be related
to migration as

_ 1
ST 4N ,m+1 (5.3)
where N m is the product of the effective population size and the migration rate. N m can be thought of as
the effective number of migrants, that is the number of reproductive animals exchanged among popula-
tions. It may seem counterintuitive that the magnitude of F, would be related to the number of migrants

and not migration rate. However, the degree to which allele frequencies among isolated populations

diverge due to genetic drift is inversely proportional to the effective population size. Thus populations with
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a large N, require a smaller migration rate to produce the same magnitude of genetic variance among
populations (F,). The above relationship is derived with several simplifying assumptions that are unrealis-
tic for shark populations (e.g., equal migration among each of the many populations). However, deviations
from these assumptions have only minor effects on the relationship between F and N m. For example,
the more realistic case of increased migration among geographically proximate locations and a small
number of populations produces slightly lower F' values for the same rate of migration (Mills and
Allendorf, 1996).

Mitochondrial (mt) DNA is potentially a more powerful marker than nuclear DNA. Because
mtDNA is maternally inherited as a haploid molecule it has approximately % the effective population sizes

of a nuclear marker (Birky et al., 1983). The relationship between F and migration is

1
2Nemf +1 (54)

ST

where N,m , refers to the effective migration rate of females only. In species with equal rates of male
and female migration the magnitude of F, will be greater for mitochondrial markers than nuclear markers.
Furthermore, because of the smaller effective population size mtDNA reaches equilibrium levels of Fg
more quickly and thus a recently established pattern of stock structure will be more accurately repre-
sented by mitochondrial data than by nuclear DNA data. In species that exhibit female reproductive
philopatry and outcrossing with males from widespread localities, such as several species of marine
mammals and sea turtles, mtDNA exhibits stronger differentiation than nuclear markers (Karl and Bowen,
1992; Palumbi and Baker, 1994; Gladden et al., 1999). However, the differences in the rates of genetic
drift, mutation, and intraspecific variation among mitochondrial and nuclear markers are sufficient to
produce vast differences in estimates of F, between the marker types without any differences in male-
and female-mediated gene flow (Buonaccorsi et al., 2001). Thus larger F values for mitochondrial
markers relative to nuclear markers do not necessarily indicate female philopatry against a backdrop of
male roaming.
5.3 MOLECULAR MARKERS

Several types of molecular markers have been applied to the estimation of stock structure in
sharks and many other types used in other marine fishes have yet to be employed in elasmobranchs. The
choice of marker depends on the experience of the researcher and the types of equipment available and
also on the types and quality of tissue that are available. It would be impossible to provide specific proto-
cols in such limited space, but fortunately several excellent published volumes contain protocols for these
and other techniques including Hillis et al. (1996), Ferraris and Palumbi (1996) and Hoelzel (1998).

5.3.1 Allozymes

Allozymes were the first molecular markers to gain widespread use for distinguishing among
stocks of fishes (Utter, 1991). Allozymes are distinct allelic forms of enzymes that are separated by

charge and in some cases three-dimensional shape on a separatory medium, typically starch gels, poly-
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acrylamide gels or cellulose acetate plates, and visualized with histochemical stains that indicate the
migration of molecules with specific enzyme activities (Murphy et al., 1996; May, 2003). Allozymes
degrade rapidly after death, especially at high temperatures, and the use of allozymes as molecular mark-
ers requires fresh or frozen tissue (maintained at -20°C or preferably colder). Because tissue types vary in
enzyme expression, it is often useful to collect multiple tissue types (e.g., white muscle, heart, liver, brain)
to score a large number of loci. Thus allozyme electrophoresis is not the best technique where lethal
sampling and immediate freezing (e.g., with dry ice or liquid nitrogen) of tissue samples are not possible.

Resolution of allozyme banding patterns requires considerable interpretation (Buth, 1990). Ho-
mozygotes for different alleles produce single bands with varying motilities while heterozygotes take on an
appearance that is determined by the subunit structure of the active enzyme. Monomeric enzymes pro-
duce two-banded heterozygotes while dimeric and tetrameric enzymes (those possessing two and four
peptides per active enzyme) exhibit three- and five-banded heterozygotes. Many enzymatic reactions are
catalyzed by products of multiple loci heteropolymers which can further complicate the banding patterns.
Resolution of allozyme patterns as discrete bands rather than smears requires the screening of multiple
running buffer conditions to identify the optimal conditions for each locus.

Several studies of allozymes have detected low levels of variation in sharks. In the first published
study of allozymes in sharks Smith (1986) reported relatively low variation in seven species. Low levels of
allozyme variation and geographic heterogeneity in carcharhinid sharks were observed by Lavery and
Shaklee (1989) and by Heist et al. (1995). Relatively high levels of heterozygosity and heterogeneity were
found in Pacific angel sharks (Squatina californica) (Gaida, 1997) and gummy sharks (Mustelus
antarcticus) (Gardner and Ward, 2002).

Resolution of allozyme loci can be more of an art than a science and variation in the methodology
and experience among labs result in differences in the amount of variation that can be resolved on
allozyme gels. Gardner and Ward (1998) found that on average 25.5% of allozyme loci in gummy shark
were polymorphic with a mean heterozygosity of 0.099. For the same species over a somewhat smaller
geographic range MacDonald (1988) detected variation in only one of 32 presumed loci (3%) with a mean
heterozygosity of 0.006 in the same species. Certainly some of this discrepancy must be due to the
increased resolution of the study by Gardner and Ward.

The relative simplicity of the materials needed to perform the allozyme technique (i.e., many rigs
are “homemade”’) make allozymes an attractive tool for labs with little research funding. However, as
PCR-based techniques are becoming more affordable, the low variation and high tissue quality demands of
allozymes make techniques that score variation at the DNA-level more attractive. Plans for manufacturing
allozyme equipment can be found in Aebersold et al. (1987) and Murphy et al. (1996).

5.3.2 Mitochondrial DNA

Mitochondrial DNA of elasmobranchs and other fishes is a single closed loop of double stranded

DNA approximately 16,500 base pairs (bp) in length and presumably inherited only from the maternal
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parent (Billington, 2003). The haploid, uniparental inheritance of mtDNA results in a fourfold reduction in
the effective population size and therefore an accelerated rate of genetic drift, which in turn increases the
rate and magnitude of genetic differentiation among isolated fishery stocks (Birky et al., 1983). Data
derived from sequencing or restriction fragment length polymorphism (RFLP) analysis of mtDNA permit
estimation of the relative divergence time of any two mtDNA haplotypes and can be used to provide
evidence of deep historic divisions or cryptic species (Figure 5.01).

If relatively large quantities (several grams) of fresh or ultrafrozen tissue and an ultracentrifuge
are available, mtDNA can be isolated in its pure circular form and subjected to restriction enzymes that
cleave the circular DNA at specific four- to six-base motifs. The resultant population of restriction frag-
ments can be resolved on agarose or polyacrylamide gels and visualized using radiolabeling or UV illumi-
nation of ethidium bromide stained bands (Figure 5.01). This is the technique that was performed by Heist
et al. (1995; 1996a, 1996b) on sandbar (Carcharhinus plumbeus), shortfin mako (Isurus oxyrinchus)
and Atlantic sharpnose (Rhizoprionodon terraenovae) sharks. In the sharpnose shark study, whole

molecule mtDNA prepared from tiger shark was used to probe Southern blots of Atlantic sharpnose shark

hearts that did not provide sufficient whole-molecule mtDNA.

Figure 5.01 Mitochondrial
DNA variation in shortfin mako
(Isurus oxyrinchus). Lane “S”
is a size standard lane. Num-
bers at left refer to the size (in
base pairs) of each size stan-
dard. Whole molecule mtDNA
digested with the restriction
enzyme BstE II produces two
haplotypes (A and B). Haplo-
type “A” differs from “B” in
that a fragment of approxi-
mately 7000 base pairs in “B” is
digested into two smaller
fragments of approximately
4400 and 2600 in “A”.

With the advent of PCR more studies are employing restriction digestion or sequencing of discrete
regions of mtDNA. Perhaps the most useful region for analyzing stock structure in elasmobranchs is the
D-loop or control region, which contains the largest stretches of noncoding DNA in the elasmobranch
mtDNA genome, and in many fishes studied it exhibits the highest nucleotide substitution rate presumably
due to the lack of purifying selection. In my lab we routinely use a primer designed by Martin and Palumbi
(1993) located in the cytochrome-b protein coding region (CB6H 5’ CTC CAG TCT TCG RCT TAC

AAG where “R” represents equal quantities of A and G) and a mammalian primer designed in the highly-
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conserved 128 ribosomal gene (282 5 AAG GCT AGG ACC AAA CCT) (J. C. Patton, unpublished data)
to amplify the entire D-loop region in a variety of sharks. The resultant PCR product can then be analyzed
using restriction enzymes or direct sequencing. The widespread availability of inexpensive thermal cyclers
and gel rigs make PCR-RFLP a viable method of analysis for labs with a limited research budget.

The genetic diversity present in mtDNA can be represented as haplotype diversity which is

estimated as

= ”(1_2;)@‘2)

5.5
1 (5.5)

where £ is the haplotype diversity, n is the number of individuals scored, x,is the frequency of each allele,
and [ is the number of unique haplotypes detected (Nei and Tajima, 1981). This equation is essentially the
same as that for estimating heterozygosity at a diploid locus and can be thought of as the likelihood that
two randomly sampled haplotypes differ. Because haplotype diversity is affected by the number of bases
surveyed (i.e., amount of sequence data or number of restriction enzymes employed) a more universal

gauge of variation is nucleotide sequence diversity (1) which can be estimated as

. n “n a
= inxj”tj (5.6)

where %; and X ; are the frequencies of haplotypes i and j and 7 ; 1s the genetic distance between each
pair of haplotypes (Nei and Tajima, 1981). AMOVA (Excoffier et al., 1992) can then be used to estimate
@, . by partitioning the genetic diversity into among and between sample components. The REAP soft-

ware package (McElroy et al., 1991), which is available at http://bioweb.wku.edu/faculty/mcelroy/, can be

used to estimate 1 and to construct a distance matrix between haplotypes for AMOVA.

Sharks possess relatively low levels of intraspecific mtDNA heterogeneity, presumably due to the
low rate of mtDNA evolution relative to that of other vertebrates (Martin et al., 1992). Levels of nucle-
otide sequence diversity based on whole-molecule RFLP in sharks range from 0.036% in sandbar shark
(Heist et al., 1995) to 0.347% in shortfin mako (Heist et al., 1996a). In order to detect a sufficient amount
of variation one must either perform the whole-molecule technique with a large number (e.g., eight or
more) restriction enzymes or perform direct sequencing. In our lab we are sequencing the entire mtDNA
D-loop in blacktip sharks (C. limbatus) to produce a haplotype diversity of 0.71 (Keeney et al., In Press
“A”).

5.3.3 Microsatellites

DNA microsatellites are among the most recent types of markers developed for estimating stock
structure and are highly repetitive segments of nuclear DNA that are amplified via PCR and typically
resolved on polyacrylamide gels (O’Connell and Wright, 1997). Microsatellite alleles differ in size based

upon differences in the number of repeat units present. Alleles differ in size by multiples of the core
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repeat motif (typically two to four bases) and thus very high resolution is required to score microsatellites.
Typically PCR products are end-labeled with radionuclides (e.g., P or ¥*P) and resolved via autoradiogra-
phy (Figure 5.02) or fluorescently tagged and resolved on automated DNA sequencers. Either of these
techniques may be beyond the capabilities of labs with limited budgets and/or without access to radionu-

clides.

Figure 5.02 Microsatellite
DNA variation in nurse shark
(Ginglymostoma cirratum).
Lane “S” is a 128 base pair
size standard. Individuals 1
through 6 are heterozygous
(genotypes shown below
bands). Individual 7 is
homozygous for allele 128.

The major hurdle to scoring microsatellites in any species is the development of PCR primers that
will amplify polymorphic loci. To date polymorphic microsatellite loci have been developed in sandbar
shark (Heist and Gold, 1999), white shark (Carcharodon carcharias) (Pardini et al., 2000), lemon shark
(Negaprion brevirostris) (Feldheim et al., 2001a; Feldheim et al., 2001b), shortfin mako (Schrey and
Heist, 2002) and nurse shark (Ginglymostoma cirratum) (Heist et al., 2003). Primers developed in one
species often work on congeners and sometimes members of related genera but either fail to amplify or
amplify only monomorphic products in other families or in more distantly-related taxa. Of sixteen polymor-
phic microsatellite loci developed from the blacktip shark between five and eleven loci were polymorphic
in each of ten other species of Carcharhinus, and several loci were polymorphic in tiger shark, lemon
shark, blue shark (Prionace glauca), Atlantic sharpnose shark and two species of hammerhead sharks
(Sphyrna spp.) (D. Keeney, In Press “B”). Primers developed in shortfin mako amplified polymorphic
microsatellites in salmon (Lamna ditropis), porbeagle (L. nasus) and white sharks (Schrey and Heist,
2002).

Microsatellite data are analyzed much like allozyme data although the very high heterozygosity
and large number of alleles (e.g., 20 or more) can cause a deflation of F . (Hedrick, 1999). Microsatellites
evolve via mutational increases and decreases in the number of times the core motif is repeated in each
allele. Thus microsatellites exhibit a finite number of alleles and alleles are often shared even among
completely isolated gene pools (e.g., among species). The maximum value F_ can be expected to achieve
is equal to homozygosity, which for loci with 20 or more alleles may be less than 0.05. Thus, the maximum

value that can be achieved for F_ is comparable to the expected amount of error associated with mea-
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surements involving small sample sizes (Waples, 1998). An obvious way to alleviate some of this problem
is to employ loci with moderate numbers of alleles and moderate heterozygosities and to obtain sufficiently
large sample sizes to reduce the amount of noise in estimating F.

A common problem that attends the high genetic diversity of microsatellites and the statistical
power of modern estimators is the detection of very small but nevertheless statistically significant F
values. Low but significant F . values can arise through a small amount of gene flow (e.g., 1-10 individuals
per generation) between stocks that are essentially discrete in terms of recruitment, or it can be an artifact
of sampling (e.g., inclusion of close relatives in a sample) and scoring (e.g., null alleles) and thus consti-
tutes a statistical (type I) error. Dizon et al. (1995) warned that the consequences of failing to reject the
null hypothesis of F .= 0 when it is false (type II error) may be more deleterious to the management of a
species than falsely concluding that multiple stocks are present and recommended that power analyses be
used to adjust the rejection (o) level upward to a level that balanced the effects of both types of statistical
error. Feldheim et al. (2001b) concluded that a statistically significant (p < 0.05) 0 value of 0.016 based on
highly polymorphic (Heterozygosity = 0.69 to 0.90) microsatellite loci was too low to consider lemon
sharks from the Florida, the Bahamas and Brazil as distinct stocks. Tagging data (Kohler et al., 1998)
indicate that lemon sharks move between the Bahamas and Florida, but no lemon sharks tagged in either
Florida or the Bahamas moved to the Caribbean or beyond. Thus, it seems very unlikely that lemon sharks
from Florida and Brazil do not comprise distinct fishery stocks. While gene flow has apparently been high
enough to prevent evolutionary divergence among lemon sharks in the western Atlantic, statistically
significant differences in allele frequency, regardless of their magnitude, indicate that samples are drawn
from different populations (Knutsen et al., 2003).

5.3.4 Other molecular markers

Several other types of molecular markers are used to assess stock structure in fishes but have yet
to be applied to elasmobranchs. Random Amplified Polymorphic DNA (RAPD) employs one or more
short primers (typically about ten bases) to amplify a population of fragments that are resolved on agarose
or polyacrylamide gels (Hadrys et al., 1992). The degree to which bands are shared among individuals can
be used to assess the relatedness of individuals within and among populations. While this method is
attractive because it does not require taxon-specific primers like mtDNA RFLP and microsatellites do,
there are several serious shortcomings that have prevented this technique from gaining widespread
acceptance as a tool for analysis of stock structure. PCR is a finicky process that often produces inconsis-
tent results, especially with short primers and low annealing temperatures. Whether a faint band is present
or absent may depend on the quality of the tissue used to prepare the DNA or the dynamics of the specific
PCR reaction that produced the profile. If tissue quality varies among sample locations, there can be a
systematic bias in the data leading to an erroneous conclusion of stock structure.

Another available technique, Amplified Fragment Length Polymorphism (AFLP) analysis, is

performed by attaching oligonucleotide adapters to nuclear DNA restriction fragments and amplifying with
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longer PCR primers that anneal mostly to the adapters but also the first one to three bases of the genomic
DNA (Vos et al., 1995). While this approach is far more work than RAPD, the data are more repeatable
because of the use of longer PCR primers and higher annealing temperatures. Both RAPD and AFLP
produce dominant data (i.e., there is generally no way to distinguish between bands that are present in
heterozygous or homozygous dosages), and as a result statistical treatment of the data are not as powerful
as those for codominant data (e.g., allozymes and microsatellites).

5.3.5 Tissue collection

The kinds of tissue samples available and the method of preservation determine what kinds of
molecular markers can be used. PCR-based methods are most forgiving and can even be performed on
dried fins (Shiviji et al., 2002). For PCR-based analyses we routinely collect fin clips by excising approxi-
mately ¥2 cm? from the trailing edge of the first dorsal fin using a scalpel. The thin trailing edge of the fin
produces far better yields of DNA than do muscle tissue or thick skin from other parts of the body. Fin
clips can be stored in either 95% ethanol or 20% dimethyl sulfoxide saturated with NaCl. Tissues are
stable in either medium at room temperature for several months, however long-term storage of ethanol-
preserved tissues is best done at 4°C or colder. Tissues for whole molecule RFLP need to be kept fresh or
frozen once and not subjected to freeze-thaw cycles as each freezing cycle produces ice crystals that
linearize the mitochondria making mtDNA purification very difficult. Tissues for allozymes are most
demanding in that enzymes degrade rapidly after death. Tissues need to be frozen (preferable in dry ice or
liquid nitrogen) and maintained as cold as possible until homogenized for electrophoresis.

Many sharks undergo seasonal and reproductive migrations and may segregate by sex and life
stage. Thus, a careful choice of where, when and from which animals to collect tissue can influence
the outcome of a study. For example in the study of blacktip sharks described below (Keeney et al.,
submitted), all tissues were collected from neonate sharks near or within continental shelf nursery areas.
Thus, any signal that resulted from reproductive philopatry could be filtered from the noise of adult move-
ment. Such studies can be biased because a sample from a single nursery may contain siblings, which
would tend to inflate estimates of gene frequency differences among samples. However, because sharks
like the blacktip shark have low fecundities and do not reproduce every year, the number of potential
sibling pairs is low and comparisons across sequential years can be used to determine whether a sampling
of siblings is influencing estimates of F.
5.4 SELECTED CASE STUDIES

5.4.1 Gummy shark

The gummy shark is a small coastal species continuously distributed around the southern two-
thirds of Australia. Gardner and Ward (1998) found statistically significant differences in allozyme allele
and mtDNA haplotype frequencies in gummy sharks collected from the southern and southeastern coasts
of Australia including Tasmania. Measures of G, (an analog of F,) were significantly greater than the

values expected due to sampling error for three of seven polymorphic loci and for RFLP haplotypes of
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whole-molecule mtDNA. Both molecular markers indicated that gummy sharks from the southern coast of
Australia, ranging from Bunbury to Eden and including Tasmania, comprised a single stock while gummy
sharks from the east coast of Australia from Eden north comprised one or more additional stocks. Verte-
bral counts did not differ throughout southern Australia. However, there appeared to be a gradual increase
in the number of precaudal vertebrae corresponding to decreasing latitude on the east coast. Thus, despite
the continuous distribution and great potential for movement in M. anarcticus, there exist multiple fishery
stocks in Australian waters. Subsequently, Gardner and Ward (2002) reported data from additional
Mustelus including M. lenticulatus from New Zealand and two putative undescribed species from
Australia. Allozyme, mtDNA, and vertebral count data all confirmed the presence of four species of
Mustelus in the waters of Australia and New Zealand.

5.4.2 Blacktip shark

The blacktip shark is a migratory species that is the most important component of the US longline
shark fishery operating in the southeastern United States in the Atlantic Ocean and Gulf of Mexico.
Neonate blacktip sharks from the west coast of Florida migrate south in the fall, presumably to southern
Florida, and have been shown to return to specific nursery areas in subsequent years (Hueter et al.
submitted). Whether adult females return to their natal nurseries for parturition is unknown. A study of
mtDNA sequences and microsatellites in young-of-the-year blacktip sharks collected from four nursery
areas, west coast of Florida, South Carolina, Texas and Mexican Yucatan, revealed significant heterogene-
ity in mtDNA (F. = 0.111, p <0.001) but not microsatellite loci (F, < 0.001, P=0.316) (Hueter et al.,
submitted). Neither marker revealed significant differences among three Florida nurseries separated by
less than 250 km. Thus, blacktip sharks comprise multiple fishery stocks in US and Mexican waters, and
while females may tend to return to natal nurseries, the fidelity to do so is not high enough to result in
significant structuring among proximal nurseries.

5.4.3 White shark

The white shark is a wide-ranging globally distributed species with populations clustered around
localities with abundant marine mammals. Pardini et al. (2001) compared mtDNA and nuclear
(microsatellite) markers in white sharks from South Africa, Australia and New Zealand. The mtDNA data
indicated two divergent clusters of haplotypes that were nearly clustered into two highly divergent clades.
One clade (type A) was found in 48 of 49 individuals surveyed in Australia and New Zealand while the
other clade was found in 39 individuals from South Africa and in one of the 49 individuals surveyed in the
Australia/New Zealand sample. F, analogs (0) based on five microsatellite loci were all non-significant.
Based on the discrepancy in estimates of stock structure between nuclear and mitochondrial data Pardini
et al. (2001) concluded that female white sharks are much more philopatric than males.

5.4.4 Shortfin mako

The shortfin mako is a highly migratory cosmopolitan species found throughout the Atlantic,

Pacific and Indian Oceans. Heist et al. (1996a) examined whole molecule mtDNA RFLP data in 120
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shortfin makos from the North Atlantic (US and Canada), South Atlantic (Brazil), North Pacific (Califor-
nia) and South Pacific (Australia) and found small but significant differences in haplotype frequencies
between the North Atlantic and all other samples. Subsequently, Schrey and Heist (2003) examined
microsatellites in 433 mako sharks including the individuals from Heist et al. (1996a). They also re-
analyzed the data from Heist et al. (1996a) using a more powerful statistical approach. Among ocean
basins, F_, estimates from the mitochondrial data were significant and two orders of magnitude larger than
the estimates of F . based on microsatellites. A power analysis indicated that if the amount of heterogene-
ity present in the mtDNA data accurately represented the magnitude of gene flow of both sexes a statisti-
cally significant F would have been detected using microsatellites, assuming that the stock structure was
stable long enough for nuclear markers to reach equilibrium. The discrepancy in the levels of resolution in
mtDNA and microsatellites is likely due to sex-biased dispersal, but they could also be influenced by
differences in the resolving powers of the two markers. The shortfin mako results differed from those of
white sharks (Pardini et al., 2002) in that no strong phylogeographic signal is present in the mtDNA data,
only minor frequency differences among locations. Shortfin mako does not comprise a single worldwide
population, but there has been a sufficient amount of historical migration among ocean basins to make
detection of stock structure using molecular markers (and especially nuclear DNA markers) very chal-
lenging.
5.5 CONCLUSION

Using molecular markers to estimate stock structure in sharks can be very challenging owing to
the great potential for migration among shark stocks, the difficulty in detecting genuine but small differ-
ences in gene frequencies in the presence of recent or episodic migration among stocks, and inappropriate
(too low or too high) levels of variation provided by some molecular markers. Nevertheless several
studies have ably demonstrated stocks in sharks and even in highly migratory species across seemingly
continuous distributions. Comparisons between markers with different modes of inheritance (e.g., nuclear
vs mitochondrial) may indicate differences in male- versus female-mediated gene flow. Because many
sharks are viviparous k-strategists that produce well-formed young at a time and place conducive to
survival, stocks that overlap during part of the year may segregate into discrete stocks for mating and/or
parturition. Thus, a careful selection of where and when tissues are collected (e.g., from neonates in
nursery areas) coupled with a wise choice of a molecular marker can provide very valuable information
about the stock structure of sharks that can not be obtained from other methods. Molecular detection of
stock structure is a complementary technique to tagging and morphology based studies of stock structure.
While tagging reveals gross movements of individuals, genetics measures the flow of genes over many
generations and can be used, for example, to study fidelity to nursery or breeding grounds in animals
whose distributions may sometimes overlap with those of other stocks. Morphological and life history
differences may be due to different environmental influences and hence may or may not be reflected in

gene frequency differences at neutral loci.
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5.6 GLOSSARY OF GENETIC TERMS USED IN THIS CHAPTER

Allele — Alternate forms of a gene at a particular locus. Each diploid organism may possess either one
(homozygote) or two (heterozygote) alleles at a locus; however, there may be more than two
alleles in a population.

Codominant markers — Markers that exhibit both alleles in a heterozygous state. Codominant markers
are more powerful than dominant markers in which a heterozygous individual is indistinguishable
from an individual homozygous for the dominant allele.

Fixed allelic differences — The absence of shared alleles between two populations.

F,, — Anindex of the magnitude of allele frequency difference among populations. At a locus with two
alleles the maximum value of F is unity and occurs when each population bears only a single
allele not found in any other population. If allele frequencies are identical across populations,
F,.=0.

Genetic drift — Random change in gene frequencies due to random stochastic sampling of alleles from
generation to generation.

Heterozygosity — The fraction of individuals that exhibit two different alleles at a locus or alternately the
fraction of loci over which an individual exhibits two different alleles.

Heterozygous — Possessing two different alleles at a locus.

Homozygous — Possessing two identical alleles at a locus.

Locus — A particular location on a chromosome where a gene or other DNA sequence resides. Diploid
organisms possess two copies of each locus that may exhibit either the same (homozygote) or
different (heterozygote) alleles.

Mitochondrial DNA (mtDNA) — DNA found in the mitochondria in cells. In animals including sharks
mtDNA is a double stranded molecule approximately 16500 base pairs in length. Mitochondrial
DNA is inherited strictly from the female parent and thus is a haploid (one copy per cell) marker.

Molecular marker — A polymorphic heritable trait that can be scored for variation within or between
species.

Neutral genetic markers — Polymorphic genetic traits that are presumed not to be influenced by natural
selection and thus are sensitive only to mutation, migration, and genetic drift. Most models that
relate gene frequency differences with stock structure assume that the markers examined are
selectively neutral.

Nuclear DNA — The vast majority of DNA in animal cells is found in the nucleus. Nuclear DNA is
inherited equally from both parents and thus is a diploid (two copies per cell) marker.

Polymerase Chain Reaction (PCR) — A technique for producing millions of copies of a chosen segment
of DNA by repeatedly annealing sequence-specific primers on either side of the region of interest
and performing (typically) thirty or more cycles of DNA synthesis. This procedure allows the
characterization of a particular segment of nuclear or mitochondrial DNA using only minute

amounts of tissue.
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6.1 INTRODUCTION

The ability to perform age determinations based on the examination of hard anatomical parts is
of fundamental importance in fisheries research. Precise and accurate age information is the key to
obtaining quality estimates of growth and other vital rates such as natural mortality and longevity, and
is essential for successful fisheries management. The effect of inaccurate age determinations on
population dynamics studies can lead to serious errors in stock assessment resulting in overexploitation
(Hoenig and Gruber, 1990; Hoff and Musick, 1990; Officer et al., 1996; Musick, 1999; Campana,
2001). Fish age and growth are also critical correlates with which to evaluate many other biological
(and pathological) processes, such as productivity, yield per recruit, prey availability, habitat suitability
and even feeding kinematics (DeVries and Frie, 1996; Campana, 2001; Robinson and Motta, 2002).
While age and growth are always used together in phraseology, it is important to remember that each

term has its own distinct meaning, which was eloquently stated by DeVries and Frie (1996):

“Age refers to some quantitative description of the length of time that an
organism has lived, whereas growth is the change in body or body part

size between two points in time, and growth rate is a measure of change

in some metric of fish size as a function of time.”

Concentric growth bands have been documented in the vertebral centra of most elasmo-
branchs for over 80 years (Ridewood, 1921). Counts of opaque and translucent banding patterns in
vertebrae, dorsal spines, caudal thorns and neural arches have provided the only means of information
on growth rates in these fishes as they lack the hard parts, such as otoliths, scales and bones typically
used in age and growth studies of teleost fishes (Cailliet et al., 1986; Cailliet, 1990; Gallagher and
Nolan, 1999; McFarlane et al., 2002). Unfortunately, the vertebral centra of many elasmobranch
species (such as numerous deep water species) are too poorly calcified to provide information on age,
most species have no dorsal spines and there may be no tangible relationship between observed
banding patterns and growth (Caillet et al., 1986; Cailliet, 1990; Natanson and Cailliet, 1990;
McFarlane et al., 2002). These circumstances continue to cause difficulties in making age estimates
for many species.

Centrum banding patterns may be related to physiological changes induced by changes in
environmental parameters such as temperature and photoperiod (Cailliet et al., 1986; Branstetter,
1987). However, some species such as the little skate, Leucoraja erinacea (Natanson, 1993), and the
Pacific angel shark, Squatina californica do not reflect such relationships (Natanson and Cailliet,
1990; Cailliet et al., 1992). Vertebral growth is inevitably linked to food intake, and a lack of food for
short periods of time can cause subtle bands to appear in vertebral centra of some species (J.
Gelsleichter pers comm., pers. obs.). Considerable variability exists in the amount and pattern of
calicification within and among taxonomic groups of elasmobranch fishes, and much of the variation

observed in several species has not yet been explained (Branstetter, 1990; Branstetter and Musick,
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1994; Wintner and Cliff, 1999). These factors make it inherently risky to assume that the vertebral
banding pattern of one species is representative of another species or under all conditions, necessitat-
ing a species-specific approach.

The age determination process consists of the following steps: collection of hard part samples,
preparation of the hard part for age determination, examination (age reading), assessment of the
validity and reliability of the resulting data and interpretation (modeling growth). The purpose of this
chapter is to provide a concise overview of basic methodologies and statistical analyses that can be
used to quantify age and estimate rates of growth from vertebral centra and dorsal fin spines in
elasmobranch fishes. I provide a few web-based references at the end of the chapter, and cite addi-
tional literature sources throughout that can be obtained to conduct specific staining techniques and
age validation methods that are more expensive, complex and technology based. Additional methods of
assessing the age-length relationship can also be conducted, but as the purpose of this chapter relates
solely to age and growth via hard part analysis, alternative methods such as size mode or length
frequency analysis and monitoring captive growth are not covered herein. (See Gulland and Holt,
1959; Francis, 1988; Cailliet et al., 1992; Natanson et al., 2002 and Chapter 4 this volume for size
mode and length frequency analysis; see Van Dykhuizen and Mollet (1992), Mollet et al. (2002) and
Mohan et al. (in press) for monitoring captive growth).

6.2 VERTEBRAL OR FIN SPINE COLLECTION AND PREPARATION

Whole vertebral centra, as well as transverse and sagittally (i.e., longitudinally) sectioned
centra have been used for ageing elasmobranchs (Figure 6.01). Transverse sectioning will prevent
bands on opposing halves from obscuring each other when illuminated from below. However, deter-
mining the age of older animals can still be problematic as bands become more tightly grouped at the
outer edge of vertebrae, and may be inadvertently grouped and counted together thereby causing
underestimates of age (Cailliet et al., 1983a; Branstetter, 1987). As such, sagittally sectioned vertebrae
should be used for ageing unless it can be unequivocally demonstrated that identical ages can repeat-

edly be obtained from a given species using whole centra.

transverse
Figure 6.01 Diagram of the two sectioning
planes that can be used on vertebral centra
(courtesy of GM.Cailliet, Moss Landing Marine
| longitudinal Laboratory).
™~ or saggital
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Dorsal fin spines have been another useful hard part for ageing some elasmobranchs, most
notably dogfish sharks of the family Squalidae (Ketchen, 1975; Nammack et al., 1985; McFarlane and
Beamish, 1987a). Spines from the second dorsal fin are preferred for ageing as the tips of first dorsal
fin spines tend to be more worn down, which leads to an underestimation of age.

Novel approaches to ageing various elasmobranchs continue to arise, and researchers may
want to begin collecting additional hard parts from specimens in the field to be experimented with in
the lab. For example, Gallagher and Nolan (1999) used caudal thorns along with vertebral centra to
determine age in four bathyrajid species, demonstrating high precision in ages between the two parts,
and Gallagher et al. (in press) further elaborated on the structure and seasonal growth processes in the
caudal thorns of the broadnose skate, Bathyraja brachyurops. Comparing counts in more than one
hard part is a common age verification technique used in teleost ageing studies. However, it is not
often conducted on elasmobranchs due to the lack of multiple hard parts for comparison. The use of
thorns as a reliable hard part for ageing, where appropriate, has the potential to greatly aid in our
understanding of the life histories of several species of skate and ray. Additionally, McFarlane et al.
(2002) have provided preliminary evidence that neural arches stained with silver nitrate may be useful
in assessing the ages of sharks with poorly calcified vertebral centra (see section 6.2.2.2).

6.2.1 Field sampling and storage

Upon capture, precaudal, fork, and total length (PCL, FL and TL, respectively) of sharks
should be measured on a straight line, while disc width at its widest point and total length should be
measured for skates and stingrays (see Chapter 3, section 3.1 this volume). While disc width is likely
to be the more statistically useful length measurement for skates and rays, total length can be taken for
comparison (and used in growth models if it provides better statistical results). Sex should be recorded
and clasper length of males should be measured (see Chapter 7 this volume). Weights should be
obtained from all specimens prior to the removal of any tissues, organs or hard parts.

The location in the vertebral column from which samples are taken for ageing can have a
statistically significant effect on increment counts (Officer et al., 1996). This emphasizes the impor-
tance of standardizing the vertebral sampling region for all ageing studies, allowing for precise, valid
comparisons among individuals within a population and for more accurate comparisons between
populations. A section numbering between 10 and 15 of the largest (usually thoracic) vertebrae should
be removed from the fish. The largest vertebrae may be located in slightly different areas depending
upon the species, but they are typically located directly in front of or under the first dorsal fin in sharks,
and at the thickest body point in skates and rays. The vertebral section should be bagged, labeled and
stored frozen until ready for preparation (see section 6.1.2). If freezing is not an option, vertebrae can

be fixed in 10% formalin for 24 h and preserved in alcohol.
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Second dorsal fin spines should be removed by cutting horizontally just above the notochord to
ensure that the spine base and stem are intact. Spines can be bagged, labeled and frozen until returned
to the lab or placed immediately in 70-95% ethyl alcohol or 95% isopropyl alcohol.

6.2.2 Cleaning, cutting and mounting

Vertebral samples need to be thawed if frozen, or washed if preserved in alcohol, and cleaned
of excess tissue and separated into individual centra. While the removal of all muscle tissue is required,
I recommend that the neural arches (Figure 6.02) be removed from only 2 of the vertebral sample,
and that the vertebrae with neural arches attached, along with a subsample of the fully cleaned
(whole) centra, be kept frozen. Neural arches may be useful for ageing if centra are not (see section
6.3.2.2), and additional centra will be needed if staining is necessary. Haemal arches (sometimes
referred to as transverse processes) should be removed. If manual cleaning is not sufficient to remove
all of the surrounding tissue, or if working with dried vertebrae, several options are available to assist in
complete cleaning of vertebral sections. However, soaking them in a 5% sodium hypochlorite solution
is a simple and effective method. Soak times can range from five minutes to one hour depending on
the size of the vertebrae and should be followed by soaking centra in distilled water for 30 to 45
minutes (Johnson, 1979; Schwartz, 1983). This method also assists in removal of the vertebral fascia
between centra and does not affect the staining process, should any be conducted. Centra are typically
permanently stored in 70-95% ethyl alcohol or 95% isopropyl alcohol; however, a sub-sample of centra
should be permanently stored in a freezer as long-term exposure to alcohol may reduce the resolution
of the banding pattern (Allen and Wintner, 2002; Wintner et al., 2002). Centra that are to be analyzed
should remain in one of the above alcohol solutions for at least 24 h prior to any further preparation
(i.e., being sectioned). Vertebrae should not be permanently stored in formalin as it may damage
centra making them unreadable, nor should they be stored dry (in air) as this may result in cracking.
Ages can be obtained in most cases from cracked vertebrae, however, accurate centrum measure-
ments may be difficult to obtain from them.

Vertebral sectioning is typically done with a low-speed diamond-bladed saw (e.g., [somet
rotary diamond saw), but can be made with small handsaws and even scalpels when working with
very small centra. Each centrum should be sagittally sectioned immediately adjacent to the center of
its focus (Figure 6.02) (so that the center of the focus is at the edge of the cut) and then cut again
approximately 1.5 mm off-center. Accuracy and precision in these cuts (i.e., always including the
center point of the focus) will reduce centrum measurement error among individuals. A double-bladed
saw can be used to eliminate the problem of cutting a small section off of one-half of a vertebral
centrum (Figure 6.03). Spacing between blades should be no less than 0.6 mm to allow for some

sanding and/or polishing. Large vertebrae can be hand-held for cutting, whereas imbedding small
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Neural Arch

Spinal Cord

Centrum
Focus

Haemal

Arches Figure 6.02 Photograph of
an individual vertebral centrum
showing neural and haemal
arches, spinal cord and focus
(courtesy of S.E. Campana,
Bedford Institute of Oceanog-

raphy).

Figure 6.03 Photograph
showing a vertebral cen-
trum being sectioned (side-
to-side) with a double
bladed saw (courtesy of S.
E. Campana, Bedford
Institute of Oceanography).

vertebrae in resin (thermoplastic cement) and then cutting may prove easier. If not using a rotary saw,
small vertebrae can be sanded in half, mounted, sanded thin and polished. A grinder may be used to
section large vertebrae, which can then be mounted, sanded thin and polished.

If working with lamniform or other vertebrae with small numbers of radials, pressing the
sagittally cut (bowtie-shaped) sections between two pieces of Plexiglas and placing weight on the top
sheet during drying will prevent warping, which can effect increment and centrum radius measure-

ments. Sectioned vertebrae should be air-dried for 24 h (under a ventilation hood if possible), and then
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mounted onto microscope slides. The focus side of the vertebral section must consistently be placed
face down on the slide when mounting in order to avoid adding to centrum measurement error that will
lead to subsequent analysis error. Any typical slide-mounting medium (e.g., Permount™) will suffice
for attaching vertebral sections. After the mounting medium is completely dry (24-36 h), sections
should be sanded with wet fine grit sand paper in a series (grades 320, 400 and finally 600 for polish-
ing) to approximately 0.3-0.5 mm and air-dried. A binocular dissecting microscope with transmitted
light is generally used for identification of growth rings and image analysis (see section 6.3).

It is important to the age-determination process that at least the majority of vertebral sections
include the calcified radials of the intermedialia, but this is not always easy (Figure 6.04). For example,
the radials of the intermedialia of carcharhinid sharks are relatively hard, robust and numerous, making
centra nearly solid. In contrast, the radials of the intermedialia in lamnoid sharks are less numerous,
softer and quite fragile. Large interstitial spaces between radials can prevent intermedialia from being
present in a sectioned centrum. Conducting several preliminary “test cuts” should reveal the best
location to make a sagittal cut that will include intermedialia. Once the best location is found, all cuts
need to be consistent (i.e., made in the same location on each centrum) in order to minimize error in
centrum measurements, which are critically important for centrum edge analyses and back-calcula-
tions. In the experience of the author, the best “cut” to obtain the radials of the intermedialia has most
frequently been obtained from a side-to-side cut from the vertebral centrum vs. a top-to-bottom one
(Figure 6.03).

Second dorsal fin spines can be permanently stored dry or in 70-95% ethyl alcohol or 95%
isopropyl alcohol, but should be air-dried for at least 24 h before reading. Spines can be read whole
(without further preparation), by wet-sanding the enamel and pigment off the surface and polishing the

spine or from the exposed surface resulting from a longitudinal cut (Ketchen, 1975; McFarlane and

i
104 mm

Figure 6.04 Sagittal section
of a vertebral centrum from
a 10 yr old salmon shark,
Lamna ditropis, showing the
typical banding pattern in this
species. CR = centrum
radius. PB = pre-birth ring,

B = birth ring, and arrows
indicate rings or age (photo-
graph K.J. Goldman).
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Beamish, 1987a). Spines should also be cross-sectioned as this has provided age assessments for
some squaloids and chimaeras (Sullivan, 1977; Freer and Griffiths, 1993; Clark et al., 2002a and b;
Calis et al., in press).

6.3 AGE DETERMINATION

The most commonly distinguishable banding pattern in sectioned centra when viewed micro-
scopically is one of wide bands separated by distinct narrow bands (Figure 6.04). The terms opaque
and translucent are commonly used to describe these bands, and they tend to occur in summer and
winter, respectively. However, the opacity and translucency of these bands varies considerably with
species, light source and methodology (Cailliet et al., 1986; Cailliet, 1990; Wintner et al., 2002; pers.
obs.). It should not be assumed that the opaque and translucent nature of vertebral bands in different
species will be similar; however, the pattern of wide/narrow banding tends to be very consistent
(Figure 6.04). In temperate waters, the wide bands represent faster fish growth during the summer
months when water temperatures are warmest, and the narrow bands represent slower growth during
the colder winter months. An annulus is usually defined as the winter band. The difference in appear-
ance between summer (wide) and winter (narrow) growth bands provides the basis for age determina-
tions. In many species, this so-called winter band actually forms in the spring (Sminkey and Musick,
1995). While tropical teleosts have sometimes proven more difficult to age (due to the lack of season-
ality and relatively consistent photoperiod), this does not appear to be the case with tropical elasmo-
branchs, such as the lemon shark, Negaprion brevirostris (Brown and Gruber, 1988).

In elasmobranch vertebral sections, each pair of wide/narrow bands that extends across one
arm of the corpus calcareum, across the intermedialia and across the opposing corpus calcareum arm
is considered to represent an annual growth cycle; the narrow bands, hereafter referred to as “rings”
or “annuli”, are what are counted (Figure 6.04). It must be noted that counting these rings, at this point
in the process, carries with it the assumption that each one represents a year’s growth; however, the
validity of this assumption must be tested (see section 6.4). (The term annulus is defined as a ring-like
figure, part, structure or marking, but annuli must be shown to be annual in their deposition). The age
determination process (i.e., enumeration of rings, measurements and back-calculations) for spines is
virtually identical to that for vertebrae (Figure 6.05); however, Ketchen’s (1975, see also Nammack et
al., 1985) method for calculating age from worn spines should be used instead of discarding them. This
method uses an age to spine-base-diameter regression for unworn spines to allow an estimation of age
for individuals with worn spines. The best-fit regression line is used to obtain the number of years that
are to be added to the age of an individual based on the diameter of a spine at its “no wear point” (see
Ketchen, 1975 for details on worn spine criterion and specific examples).

While transmitted light is the most commonly used method of illuminating sectioned centra, |

strongly recommend comparing transmitted light with reflected light, translucent and other filtered light,
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as well as ultraviolet (UV) illumination even if staining or tetracycline injection has not been conducted
(see sections 6.2.2 and 6.3.2, respectively). Altering the intensity of each type of light and making
finite adjustments to the optical focus of the microscope can
often provide visual enhancement of the banding pattern.

6.3.1 Ageing protocols

Age and growth studies require interpretation of
banding patterns in the hard parts of fishes. As such, they
incorporate several sources of variability and error. While the
individuals used in an ageing study provide a source of

natural variability, variability between sexes and among

geographic locations may also exist (Parsons, 1993; Carlson

i and Parsons, 1997; Yamaguchi et al., 1998). Other potential

sources of variability and error include the method used to
Figure 6.05 Photograph of spiny count growth increments, effects of within- and between-

dogfish, Squalus acanthias, second

’ ! i ’ reader variability and bias, effects of staining, variation in
dorsal fin spines showing annuli.

First spine was aged at 42 yrs.; increment counts from different hard parts and variation in
second spine aged at 46 yrs (cour- . L .

tesy of G.A. McFarlane, Pacific increment counts from within the same region of the verte-
Biological Station).

bral column and from different regions of the vertebral
column (Officer et al., 1996; Campana, 2001). Developing an ageing protocol brings consistency in the
ageing process leading to better precision thus minimizing error. The most important aspect of any
ageing protocol is that it produces repeatable ages within and between readers (i.e., precision). Ageing
protocols have two key components: 1) determination of which marks on vertebral centra or spines
will be counted (see section 6.3 and below), and 2) checking for reader agreement and precision, and
testing for bias within and between readers after age determinations are completed (see section 6.3.3).
A standard part of every ageing protocol, whenever possible, should be to have two readers indepen-
dently age all centra two times in blind, randomized trials without knowledge of each specimen’s length
or disc width (see section 6.3.3).

One of the more common problems in age determination occurs due to deviations in typical
growth patterns observed in vertebral centra, which can lead to inaccurate counts. These deviations
can result from false checks or split bands occurring within the corpus calcareum, the intermedialia or
both, and the vertebral intermedialia of many species possess a great deal of “background noise”. As
such, it is important that these accessory bands be recognized as anomalies when assigning an age to a
specimen. Checks tend to be discontinuous, weak or diffuse, and inconsistent with the general growth
pattern of true annuli. Developing some familiarity with the typical “look” of the banding pattern in a

given species’ centra to aid in distinguishing checks from annuli is recommended. If the ageing study is
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an ongoing one, regular review of reference collections and comparing summaries of age-length data
from one season to the next also helps maintain accuracy, precision and reduce bias in age determina-
tions (Officer et al., 1996; Campana, 2001). In addition, because the intermedialia of the centrum in
many species is not very robust, it may warp in a concave manner during the drying process. When
this occurs, the rings near the outer edge of the intermedialia become “bunched up” and indistinguish-
able. The rings on the corpus calcareum also become more tightly grouped at the outer edge, particu-
larly in larger/older animals; however, they have a tendency to remain distinguishable due to the
stronger (more robust) nature of the structure (see Figure 6.04). For these reasons, the corpus
calcareum should always be used as the primary counting and measuring surface, with the distinct
rings in the intermedialia and any additional features (see below) used as “confirmation” of a ring or
annulus.

Additional difficulties in ageing elasmobranch fishes can include determining the birthmark and
first growth ring. Birthmarks are usually represented by an angle change along the centrum face of
whole vertebrae or along intermedialia-corpus calcareum interface with an associated ring on the
corpus calcareum in sectioned centra (Figures 6.04 and 6.06), but this feature may not be distinct in
either. While the birthmark usually can be found on the whole centrum surface (i.e., the outside wall of
the corpus calcareum), the variability in this mark is such that it may appear distinctly only within the
sagittally cut section (Figure 6.04). Additionally, “pre-birth rings” have been reported in some species
(Branstetter and Musick, 1994; Nagasawa, 1998; Goldman, 2002) (Figure 6.04). Once the angle
change is located, pre-birth rings can easily be distinguished from the first growth ring. The first
growth ring may consist of minimal growth around the focus of a vertebra, can be faint relative to
other annuli (Campana, 2001), and can also differ in its opacity or translucency (Wintner and Dudley,
2000; Allen and Wintner, 2002). Being able to consistently locate a birthmark and (particularly) the first
annulus are obviously of critical importance to accurate age assessment. Knowledge of the pupping
(or hatching) time of a given species can help in determining if the first annulus is expected to be very
small (first winter is soon after birth) or large (first winter is a considerable time after birth).

The vertebral centra of some species may also possess features that can assist in ageing
specimens. For example, sagittally cut vertebral sections of some species reveal distinct notches along
either the inside or outside edge of the corpus calcareum at each ring providing an additional ageing
feature (Figure 6.06). This can be particularly useful in ageing vertebral sections where the cut has
excluded the radials of the intermedialia and in distinguishing growth checks from annuli.

If examination of vertebral centra reveal no discernable banding patterns or reveal rings that
are difficult to interpret, centra (either whole or sectioned) can be stained to attempt enhancement of

growth bands for enumeration.
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6.3.2 Staining methods

Numerous techniques have been used in \ Angle change
attempts to enhance the visibility of growth bands in \
elasmobranch vertebral centra. The list includes
alcohol immersion (Richards et al., 1963), xylene
impregnation (Daiber, 1960), histology (Ishiyama,
1951; Casey et al., 1985; Natanson and Cailliet,
1990), X-radiography (Aasen, 1963; Caillietet al.,
1983a and b; Natanson and Cailliet, 1990), X-ray
spectrometry (Jones and Green, 1977), cedarwood

oil (Cailliet et al., 1983a; Neer and Cailliet, 2001),

alizarin red (LaMarca, 1966; Gruber and Stout, 1983;
Caillietet al., 1983a), silver nitrate (Stevens, 1975; Figure 6.06 Sagittal section of a vertebral
Schwartz, 1983; Cailliet et al., 1983a and b), crystal ~ centrum from a2 yrold smooth dogfish,

Mustelus canis, showing the distinct

violet (Johnshon, 1979; Schwartz, 1983; Carlson et notching pattern (white arrows) that accom-
) ) panied the distinct banding pattern (courtesy
al., 2003), graphite microtopography (Parsons, 1983; of C. Conrath, Virginia Institute of Marine

Parsons, 1985; Neer and Cailliet, 2001), a combina- Science).

tion of cobalt nitrate and ammonium sulfide (Hoenig

and Brown, 1988) and the use of copper, lead and iron based salts (Gelsleichter et al., 1998a). Many of
these studies used multiple techniques on a number of species for comparison, particularly Schwartz
(1983) and Cailliet et al. (1983a). These studies show that the success of each technique is often
species specific and that slight modifications in technique may enhance the results.

In addition to their effectiveness, the various techniques mentioned vary in their simplicity, cost
and technological requirements. Histological processes have proven useful, but require specialized
equipment, a number of chemicals and are relatively time consuming. However, the resulting staining
process resulted in no color change in vertebral sections after 15 yrs (Casey et al., 1985). X-radiogra-
phy has proven useful in many studies, but has the obvious necessity of an appropriate X-ray machine
and film processing capabilities, and while X-ray spectrometry may hold promise (Jones and Geen,
1977; Casselman, 1983), it is time consuming and expensive. Simpler, less expensive and time-efficient
staining techniques, such as crystal violet, silver nitrate, cedarwood oil, graphite microtopography and
alizarin red should be used first prior to considering other, more elaborate methods. While these
techniques have been tried, many have not yet been thoroughly evaluated. For example, the cobalt
nitrate and ammonium sulfide stain suggested by Hoenig and Brown (1988) is easy to use, time
efficient and provided quality results for two species (Figure 6.07), but has not been extensively

applied. A microradiographic method using injected fluorochrome dyes to aid in resolving individual
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Figure 6.07 Vertebrae stained using the cobalt nitrate and
ammonium sulfide method of Hoenig and Brown (1988). The
top image is a smooth dogfish, Mustelus canis, centrum, the
middle and bottom images are of lemon shark, Negaprion
brevirostris, centra (courtesy of J.M. Hoenig,

Virginia Institute of Marine Science).

hypermineralized increments was applied to captive gummy
sharks, Mustelus antarcticus, with success (Officer et al.,
1997), but this method has also not been extensively applied.
This method may also have application as a validation technique,
but this needs to be investigated.

Two of the simplest staining techniques are crystal violet
and silver nitrate, which are described below. The appropriate
literature (provided herein) should be acquired for detailed
directions for other staining or enhancement techniques as well

as modifications of the techniques presented. The wide-ranging

subtle differences between studies using the same staining
technique and the use of whole vs. sectioned vertebrae make
presenting a single formula difficult. As such, a general timeline range for the methods is presented
and may require some tinkering for the best results. Mini-modifications are made by many researchers
in attempts to accentuate the vertebral rings in the centra of their study species.

6.3.2.1 Crystal violet protocol

Perhaps the simplest staining technique involves the use of crystal violet (Figure 6.08). An
advantage of this technique is that it can be performed on fresh vertebrae as well as those stored in

alcohol. After each vertebra has been cleaned of excess tissue, it is soaked in a 0.01% solution of

Figure 6.08 Sagittal
section of a vertebral
centrum from a 3 yr old
fine-tooth shark,
Carcharhinus isodon,
stained with crystal violet
(courtesy of J.K. Carlson,
NOAA/NMFS/SEFSC
Panama City Laboratory).

109



crystal violet. Johnson (1979) suggested soak times ranging from 0.2 to 4.0 hrs depending on the size
of vertebrae, but this was for teleost fishes. Schwartz (1983) used soak time ranging from 10-15 min
for 12 different elasmobranch species (10 min for sharks < 70 cm FL, 15 min for sharks > 100 cm
FL). Carlson et al. (2003) used similar soak times as Schwartz (1983) for sectioned finetooth shark,
Carcharhinus isodon, vertebrae (Figure 6.08), and on whole centra for the blacknose shark,
Carcharhinus acronotus (J.K. Carlson, pers. comm.). The best ring definition may occur if vertebrae
are initially overstained and then destained for no more than 1 min in 50% isopropyl alcohol (Schwartz,
1983).

6.3.2.2 Silver nitrate protocol

The silver nitrate technique replaces calcium salts in the centrum with silver, providing bands
that darken when illuminated with ultraviolet light (Figure 6.09). As with crystal violet, this technique
can be performed on fresh vertebrae as well as those stored in alcohol. All connective tissue must be
removed from the centrum to ensure chemical substitution. While Cailliet et al. (1983a) soaked verte-
bral centra in 88% formic acid for 2-4 min to remove any traces of bl