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PREFACE

This report owes its genesis to the foresight and en-
thusiam of Dr. Kazuhiro Mizue. By happy circumstance,
Professor Mizue contacted me in 1983 with his visionary
ideas on cooperative programs. He noted that the time
was right because the Japan Society for the Promotion
of Science and the National Science Foundation had
mutually given priority to cooperative programs in marine
biology.

I therefore agreed to act as the U.S. coordinator and pro-
posed to NSF, a short trip to Japan to negotiate site visits
and timing with ten previously appointed Japanese scien-
tists and, if that trip were successful, to negotiate a joint
research project, possibly followed by a joint seminar.

The success of that trip and subsequent funding of the
joint seminar and project were due in large part to coor-
dination by my wife Mariko, who speaks Japanese and who
made the many office hours of difficult meetings bearable;
to Dr. Toru Taniuchi, who kept up a stream of useful
information, both social and administrative; and to

vi

Dr. Charles Wallace of NSF, who encouraged me from the
beginning. Mention should also be given to Dr. Charles
Owen of the U.S. Embassy in Tokyo, who helped us
through the considerable red tape of international programs
in the host country.

After a productive first meeting, during which most of
the 13 U.S. and Japanese scientists presented their results
at the Second Indo-Pacific Fish Conference in Uyeno,
Tokyo, it was decided that we should proceed with a com-
prehensive joint seminar on chondrichthyan fishery biol-
ogy. By then, Professor Mizue had retired and Dr. Mikio
Oguri became the Japanese principal investigator.

The smooth, efficient staging of four days of meetings
was due in large part to James McMahon and his compe-
tent staff at the University of Hawaii’s East-West center.
We are all in their debt. Finally, this book would have been
only an academician’s dream without the efforts of the
senior editor who took on the real task of completing it and
making it a reality. Thanks Wes!

Samuel H. Gruber
Miami, September 21, 1989



INTRODUCTION.

Elasmobranchs have always been important to people
dependent on or interested in the sea. They have provided
a vast number of products, ranging from food and pharma-
ceuticals to clothing and novelties. People are fascinated
by them. General knowledge and sometimes misinforma-
tion about the more dramatic species: stingrays, white and
hammerhead sharks, manta rays, and makos, have thrilled
and entertained millions of people worldwide.

Studies of their anatomy and systematics have enriched
our understanding of other chordate classes, medical sci-
ence, and the order and structure of taxonomy. Investiga-
tions of their ecology and life history help us to understand
large marine ecosystems and food webs.

Recently, national interest in shark food products has
increased dramatically and a global market has developed.
Shark damage to the highly valuable finfish catch is a large
financial burden to some countries; consequently many
sharks are destroyed. Untold thousands are destroyed as
bycatch simply because their economic value is too low for
fishermen to keep them. As a result of this multifaceted
exploitation and mankind’s effects on the environment,
elasmobranch stocks are heavily impacted. Conservation
and management have not kept pace with utilization. Our
knowledge of these important and exciting animals is, and
always has been, limited.

The focus of the U.S.-Japan workshop was to address
recent advances in elasmobranch research in the hope of
providing at least a temporary benchmark and reference
work for ourselves, for fellow researchers, for those charged
with managing marine resources, and for students of
elasmobranch biology. The workshop provided a forum
for exchange of ideas and ideologies; and provided both
a place at which past joint research projects could be
culminated and a point of intersection for new cooperative
endeavors.

Fifty-two participants from seven different countries
delivered research reports and participated in two workshop

sessions. Of the 43 oral papers, 36 were accepted as final
manuscripts. Each manuscript was sent to two or three
anonymous reviewers. Over 90 reviews were performed
by 27 workshop attendees and 39 outside specialists. Japa-
nese and Mexican papers were submitted in English and
edited for style, checked by the authors, sent out for peer
review with the rest, edited, revised, edited again and
double checked by each author.

Manuscripts range in scope from current updates on
fisheries landings and trends, both worldwide and local,;
to evaluations of the unique internal ecology of bacteria
in shark tissues. Papers include submersible observations
of deep sea sharks and anatomical observations with the
superwide field scanning electron microscope. We have
tried to create a book that will be worthwhile reading as
well as a reference work for many years to come.

Nomenclature follows the American Fisheries Society,
Special Publication 12: ‘A List of Common and Scien-
tific Names of Fishes from the United States and Canada,’’
fourth edition, 1980; and secondarily, the FAO Species
Catalogue, Vol. 4, Part 2, ‘“‘Sharks of the World,”” by
L. J. V. Compagno, 1984.

I would like to thank my co-editors for comments, help
and encouragement as the project proceeded: Jack Casey
and Ken Sherman for support and advice; Laura Hedrick
for her patience and skill in typing and retyping many of
the manuscripts, tables, and correspondence; and Steve
Branstetter for transcription of the Workshop audiotapes
and help over some rough spots. I thank Frank Murru and
Mark Nichols of Sea World, Orlando, for cover art work
and Rolf Williams for his hard work on our behalf. My
sincere appreciation goes to the reviewers whose quiet work
substantially changed and improved the manuscripts.
I especially thank all of the authors for sharing their
research with us. Together you have carried the lamp of
knowledge a little closer toward understanding elasmo-
branch biology.

Harold L. Pratt, Jr., Senior Editor
Narragansett, October 7, 1989
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Life History

BIOLOGY
Life-History Patterns in the Elasmobranchs:
Implications for Fisheries Management
JOHN M. HOENIG!
Cooperative Institute for Marine and Atmospheric Studies
Rosenstiel School of Marine and Atmospheric Science
University of Miami
4600 Rickenbacker Causeway
Miami, FL 33149
SAMUEL H. GRUBER
Bimini Biological Field Station, Division of Marine Biology and Fisheries
Rosenstiel School of Marine and Atmospheric Science
University of Miami
4600 Rickenbacker Causeway
Miami, FL 33149
ABSTRACT
The life-history patterns of elasmobranchs are very different from most teleosts and appear to
fall in the realm of the so-called ‘‘K-selected species’’ of classic 7/K selection theory. The authors
explore the connections between life-history studies, 7/K selection theory, and the theory of fisheries
management. Considerations of life history and the predictions of 7/K selection theory can provide
useful results for fisheries management in two ways: by providing estimates of, and methods for
estimating, important life-history parameters and by providing a basis for predicting and ranking
the resiliency of species to exploitation. The rate of population increase appears implicitly in stock
production models and age-structured (e.g., Leslie matrix) models of fisheries management. Con-
siderations of life history patterns may provide guidance in quantifying the intrinsic rate of increase.
Introduction recruitment (Ricker 1975), although such a relationship

Elasmobranchs have been evolving independently for at
least 450 million years and, by the Carboniferous period,
they seem to have developed a life-history pattern similar
to that seen today. This pattern, typically consisting of slow
growth, large adult size, late reproduction, and the pro-
duction of few, well-formed young, is quite different from
that typically found in the other great class of fish-like
vertebrates, the teleosts. Here the pattern generally seen
consists of rapid growth, a relatively short life cycle, and
many fragile offspring. Elasmobranchs in essence have
evolved a life-history strategy very similar to the marine
reptiles and mammals.

Most traditional fishery models developed for teleosts
do not assume any direct relationship between stock and

!Present Address: Science Branch, Department of Fisheries and Oceans,
P.O. Box 5667, St. John’s, Newfoundland A1C 5X1, Canada.

must exist because no fish present implies no recruit-
ment. Highly variable survival of the early life stages of
teleosts has long been noted, and environmental conditions
during the first year of life appear to play an important
role in determining the recruitment of new cohorts into
teleost stocks (Rothschild 1986). On the other hand, the
relationship between stock and recruitment in the elasmo-
branchs is quite direct, owing to the reproductive strategy
of low fecundity combined with few, well-formed off-
spring. Although there is some evidence that fecundity of
sharks increases as the stocks decline (Holden 1977), in
general the number of young that can be produced is strict-
ly limited and dependent on the number of adults in the
stock. Thus, unlike the strategy fer a cod cr flounder
fishery, the relationship between parental stock and recruit-
ment success must be of prime consideration in the develop-
ment of a rational strategy for exploitation of elasmobranch
stocks.



From a practical point of view the life-history pattern
of elasmobranchs makes this group of animals extremely
susceptible to over fishing. It is no coincidence that the
commercially exploited marine turtles and baleen whales,
which have life-history patterns similar to the sharks, are
also in trouble. Indeed, the strong relationship between
parental stock and recruitment in the elasmobranchs has
led some to question whether it is possible to have sustained
exploitation (Holden 1974). If this question is taken literal-
ly, the answer is obviously ‘‘yes’’—many wild animals,
such as the ungulates, have life-history traits similar to
those mentioned for the elasmobranchs yet they have sup-
ported sustained harvests for centuries. On a deeper level,
it is less clear whether effective management strategies can
(will) be developed to deal with the specific problems
associated with elasmobranch life-history patterns and the
structure of elasmobranch fisheries. Factors such as
bycatch, difficulty in obtaining accurate landing statistics
due to the diffuse nature of the fish handling systems, low
priorities assigned by management agencies due to low
values of the landings, etc. make it difficult to develop and
implement effective management measures.

How can fisheries scientists provide advice on the
management of elasmobranch stocks given the above
limitations? Intensive and extensive study of more than a
few stocks does not appear to be a viable option. Therefore,
we need to look at life-history patterns and processes in
a more generic sense. Can we identify aspects of life history
that appear to be strongly related to the ability of a species
to withstand exploitation? Can we identify conditions that
are useful indicators of overexploitation? If so, then we have
a good chance of developing useful tools for planning and
management.

Because of the importance of life-history pattern to
fisheries management, it seems appropriate to begin this
article with a consideration of just what *‘life-history
pattern’’ means, how it is studied, and what it can tell us.
We discuss the relevance of r/K selection theory to
elasmobranch life-history studies and show how this
paradigm provides guidance for estimating parameters
needed for fisheries assessment and management.

Life-History Pattern and Strategy

Biologists frequently describe a species by a process akin
to looking at a series of static ‘snapshots’’ of the species
in time. Description is based on a series of specimens of
different sizes or ages. Such an account of the biology can
be used to describe the ‘life-history pattern’’ of the species
which, in the view of Horn (1978), implies the organism’s
lifetime pattern of growth, differentiation, storage, and
especially reproduction. In our view, a more enlightening
definition involves looking at the organisms in terms of their
responses to environmental conditions. The life-history

ELASMOBRANCHS AS LIVING RESOURCES:

pattern of a species or a stock can be defined as the char-
acteristic set of biological episodes and responses occurring
during the lifetimes of the individuals in the population.
These responses or episodes include where and when the
animals are born, how long they remain there, how fast
they grow, what and how much they eat, their social and
sexual relationships, when and where and how often they
mate, how many young are produced, their movements
and migrations, and so on. Such definitions emphasize
descriptive aspects of the morphology, physiology, and
ecology of the species. The latter definition makes clear
the plastic nature of life-history pattern by emphasizing the
connection between environmental conditions and bio-
logical response. Inasmuch as environmental conditions
vary from location to location and from year to year, the
definition provides for variability in life-history traits both
among individuals and among stocks within a species. And,
inasmuch as environmental conditions vary over geological
time, the latter definition also provides a link between life-
history pattern and evolutionary trends.

Given a description of the life-history pattern of a species
or a population, it is natural to ask why the animals have
these particular traits or how this collection of traits arose.
This leads to the idea of life-history strategy which Stearns
(1976) describes as a research concept that combines the
study of reproduction, growth, and genetics in an ecological
setting to produce hypotheses concerning evolutionary
changes. Here ‘‘strategy’’ is thought of as a set of traits
brought about by natural selection to solve particular
ecological problems. Simply put: in the game of life, an
animal stakes its offspring against a capricious and
unreliable environment. The animal wins the game if its
offspring live to play another round. The appropriate tac-
tics (pattern) for winning the game comprise the successful
life-history strategy.

Life Histories in the Elasmobranchs

Any characteristic which affects the survival and reproduc-
tion of an animal is, by definition, a part of the life-history
pattern of the species. This means there are an unlimited
number of variables to observe and measure. Since this
is obviously impossible, life-history studies necessarily con-
centrate on those aspects of the life history that seem most
relevant to the research question of interest. Observations
are generally made on composite variables or integrated
responses, that is, on aspects of the life history which are,
in themselves, the results of many other responses to en-
vironmental conditions. Some of the most reported aspects
of life history are described below as they apply to the
elasmobranchs.

Maximum Size—This is perhaps the most obvious
character to study because it is easy to measure and tends
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Figure 1.
Growth rates of sharks (solid lines) and
of bluefin tuna (dashed line) (based on
Hoenig 1979 and Brown 1988).
Longevities shown are approximate,
except that growth curves for Squalus
acanthias and Galeorhinus australis are
truncated at 30 years. Key to sharks:
1) Alopias vulpinus (female); 2) Alopias
vulpinus (male); 3) Galeorcerdo cuviert; 4)
Carcharhinus falciformis; 5) Prionace glauca;
6) Negraprion brevirostris; 7) Carcharhinus
obscurus; 8) Isurus oxyrhinchus; 9) Sphyrna
lewint; 10) Lamna nasus; 11) Carcharhinus
leucus; 12) Carcharhinus plumbeus; 13) Car-
charhinus limbatus; 14) Galeorhinus aus-

T T |
0 S 10 s 20

Age, years

tralis; 15) Mustelus californicus; 16) Rhi-
zoprionodon terraenovae; 17) Galeorhinus
Japonicus; 18) Mustelus manzao; 19) Mus-

telus henlei; 20) Squalus acanthias.

to be strongly related to a number of important processes
such as consumption, mortality rate, and intrinsic rate of
population increase (Blueweiss et al. 1978). The largest
shark is the whale shark, Rhincodon typus, which reaches
perhaps 2000 cm in length; the smallest squaloids and pro-
scyllids reach maximum sizes a little above 20 cm. The
largest shark is thus some two orders of magnitude longer
than the smallest. This large range of sizes suggests that
there should be interesting variability in other life-history
parameters and processes within the elasmobranchs.
Most commercially utilized sharks are near the small end
of the spectrum, measuring roughly a meter or two at full
size (e.g., Squalus acanthias, Mustelus spp., Galeorhinus spp.,
Scyliorhinus spp.). However, the large sharks are actively
sought by sport fishermen and are captured as bycatch in
longline and other fisheries. Most of the commercially util-
ized skates and rays are under a meter in size (disc width).

Sexual Dimorphism in Size—Among the carcharhinid
sharks, it is commonly observed that females grow to a
larger size than males (Bigelow and Schroeder 1948). In
other groups, sexual dimorphism in size may be absent or
not very pronounced.

Individual Rates of Growth—Growth, the increase in
somatic tissue over time, gives rise to the organism’s final

size and is obviously a major determinant of potential yield.
Traditionally, elasmobranchs have been considered slow
growing animals but this view has been subject to some
misunderstanding. As in most other fishes, the rate of
growth of a shark (in cm/yr) decreases continually as the
shark ages (Fig. 1). Thus, a single parameter is insufficient
to describe the growth rate of a species. Porbeagles, Lamna
nasus, grow faster than dusky sharks, Carcharhinus obscurus,
at early ages but by age 17 both species are the same size
(roughly 250 cm total length). At ages greater than about
10 years, the annual growth of dusky sharks is greater than
that of porbeagles. Which species ‘‘grows faster’’ is not
readily apparent. In terms of total increase in length or
weight per unit of time, a shark at almost any age will in-
crease in size faster than a stickleback (Gasterosteus spp.),
because sticklebacks attain such a small size. Perhaps more
to the point, the growth curve for bluefin tuna, Thunnus
thynnus, an extremely important commercial species, does
not suggest faster growth than is found in a number of
sharks (Fig. 1).

It is certainly true that the rate at which shark growth
slows down with age tends to be very slow. The usual
descriptor of fish growth is the familiar von Bertalanffy
growth function

L = Ly(l - e-ke-n)), (1)
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where L, is the length at age ¢, L is the asymptotic or
ultimate length, £ is the growth coefficient determining the
degree of curvature or rate at which growth slows, and ¢,
is a location parameter. Sharks tend to have among the
lowest values of £ of any fishes.

Finally, if we consider the amount of growth occurring
in a shark population, averaged over the individuals in the
population, then growth may be considered quite slow.
This is because sharks tend to have low natural mortality
and high longevity so that there are many old, slow grow-
ing individuals in the population. Thus, the production in
a shark population tends to be low.

Energetics—Energetics refers to the amount of energy ob-
tained from food by an animal, the efficiency with which
this energy is assimilated, and the allocation of the energy
to maintenance, growth, reproduction, and other life pro-
cesses. Energetic relationships are dynamic and depend on
the age or size of the animal, the environmental conditions
(temperature, etc.) and the quality and quantity of the
available food. Some elasmobranchs are sluggish; some
capture prey by active pursuit or by ambushing passing
animals. Many sharks are extremely active and some have
even evolved the ability to maintain elevated body tem-
peratures and to regulate body temperature to varying
degrees (Carey et al. 1971). In general, little is known about
energetic requirements and relationships in the elasmo-
branchs (Gruber 1984; Medved et al. 1988; Wetherbee
et al. 1990) In their review of shark energetics, Wetherbee
et al. found the following:

® food appears to pass through the alimentary tract of
sharks more slowly than in teleosts; from the literature,
estimates of the time required for a meal to be completely
removed from the stomach range from 24 to 124 hours for
five species of shark.

® the lemon shark, N. brevirostris, was observed to ab-
sorb energy from a meal with an efficiency comparable to
that of most teleosts.

® estimates of daily ration for sharks are lower than for
most teleosts; estimates for four species of shark range from
0.4 to 3.2% of body weight per day.

Only a few attempts have been made to estimate the an-
nual consumption of prey by a shark population (Medved
et al. 1988) and these estimates, in our opinion, are ex-
tremely rough.

Development—Development is the progressive differen-
tiation of an organism. All of the elasmobranchs are born
or hatched in a well-developed state. A few species of
sharks, and many skates and rays, may attain sexual
maturity within two years. But the majority of large sharks
are slow to mature (Pratt and Casey 1990). Little is known
about the control of onset of sexual maturity in sharks
(Wourms et al. 1988). An important question is to what

degree can development be speeded up by changing en-
vironmental conditions.

Reproduction—Tremendous variation is seen in the re-
productive patterns in elasmobranchs including viviparity,
oviparity and ovoviviparity, and even some unusual varia-
tions such as oviphagous (egg-eating) embryos. Detailed
surveys of the modes of reproduction in the Chondrichthyes
are presented by Wourms (1977), Wourms et al. (1988),
and Otake (1990).

Despite the variation in observed pattern, a few features
appear to be common to most, if not all, members of the
group. All are iteroparous (reproducing more than once)
rather than semelparous (producing all their young at one
time). All produce young that are well-developed compared
to the fragile early life stages of teleosts. All have severely
limited numbers of young. Large blue sharks, Prionace
glauca, and tiger sharks, Galeocerdo cuvierr, may produce more
than 80 young at one time (Pratt 1979; Bigelow and
Schroeder 1948), but most sharks produce far fewer. The
bigeye thresher, Alopias superciliosus, produces two embryos
at a time (Gruber and Compagno 1981). Female sharks
produce young once or twice a year or every other year.
Skates and rays also produce small numbers of young at
a time but may continue to produce them throughout most
of the year.

Parental Care—=Sharks do not receive parental care as far
as we know.

Mating Systems—There is no evidence that elasmo-
branchs have developed the wide variety of mating systems,
such as long term pairing, polygyny, polyandry, and
promiscuity, seen in birds and mammals. However,
copulation has been observed in only a very few species
(Clark 1963; Clark and von Schmidt 1965; Uchida 1990)
and virtually nothing is known about social organization
and possible mating systems. Tooth cuts on females in some
species are perhaps indirect evidence of courtship activity
(Stevens 1G74; Pratt 1979).

Dispersal and Migration—Movements of sharks are an
important aspect of life history inasmuch as they affect sur-
vival. We have much to learn about shark movements, but
what we do know indicates that there is considerable vari-
ability among species. The movements of juvenile lemon
sharks, N. brevirostris, appear to be extremely restricted
(generally less than a mile) during the first several years
of life (Gruber et al. 1988). Young sandbar sharks, Car-
charhinus plumbeus, appear to be restricted to shallow areas
during the warm part of the year but move to unknown
locations in the winter (Springer 1960; Musick 1986). Tag-
ging of adult sharks has shown that some species under-
take spectacular long-distance movements including trans-
Atlantic and trans-Pacific movements and movements
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between South America and the Canadian Atlantic (Olsen
1954; Holland 1957; Holden 1967; Stevens 1975; Temple-
man 1976; Casey et al. 1978). Only short-distance move-
ments have been noted in other tagging studies. Inter-
estingly, long-distance movements have been reported for
some small species, notably the spiny dogfish, S. acanthias,
and the school shark, Galeorhinus australis.

Social Segregation—1It is commonly observed that catches
of sharks have a preponderance of one sex or the other,
or are composed of animals of a limited size range. Evident-
ly, many species segregate by size and by sex (Pratt 1979).
This type of segregation can be based on habitat, i.e., be
local in nature, or occur on a wide geographical scale.

Storage of Energy—Sharks have large livers which store
high-energy, fatty acids. Apparently, these lipids serve not
only to provide buoyancy but also to provide stored
resources for use during hard times (Oguri 1990). We
believe a large liver is an adaptive character for predators
that live under feast-or-famine regimes.

Longevity—Sharks are among the longest lived fishes.
Based on vertebral rings or rings in dorsal spines, the
following ages have been reported: for S. acanthias, 65-70
years (Ketchen 1975; Jones and Geen 1977); for the bull
shark, Carcharhinus leucus, 27 years (Hoenig 1979); for the
dusky shark, C. obscurus, 30 years (Hoenig 1979); for lemon
sharks, N. brevirostris, 21 years (Brown and Gruber 1988).
A school shark, G. australis, estimated to be at least 18 years
old at the time of tagging was recaptured 25 years later,
thus yielding an estimated age of 43 years (Anon. 1976).
Grant et al. (1979) reported the recapture of six tagged
school sharks that had remained at liberty from 23 years
to 27 years and 8 months. The longevity of batoid fishes
can also be high. Martin and Cailliett (1988) reported a
maximum age of 23 years for female bat rays, Mpyliobatis
californica, based on vertebral rings.

It is curious that the oldest ages reported for sharks are
from two small species. High longevity is usually associated
with large adult body size (Blueweiss et al. 1978). It should
be noted that workers have had a great deal of difficulty
procuring vertebral samples from large specimens, and
methods for elucidating growth bands are still being
developed; hence, the oldest ages may have been missed
altogether.

Natural Mortality—Natural mortality differs from the
other parameters considered so far in that it is a property
of populations, not individuals. You cannot measure how
fast an individual dies, because an individual can only be
either alive or dead. Fishery scientists often estimate mor-
tality rates from the age composition of a sample, but this
is difficult for many shark species because the pattern of
segregation by age makes it difficult to obtain an unbiased

sample. Also, until the work of Stevens (1975), it was
generally not considered possible to age sharks from
vertebral rings. There are only a few direct estimates of
natural mortality for sharks, notably: for the school shark,
G. australis, 13 % per year annual (finite) rate (Grant et al.
1979); for the porbeagle, L. nasus, 16% (Aasen 1963); for
the spiny dogfish, S. acanthias, 9% (Wood et al. 1979).
Natural mortality of adult little skate, Raja erinacea, was
estimated to be 33% (Johnson 1979). The paucity of in-
formation on mortality led Hoenig (1983) to suggest using
the relationship between longevity and mortality to estimate
mortality rates.

Intrinsic Rate of Population Increase, r—This is another
property of populations rather than of individuals. We defer
a formal definition to the section on 7/K selection theory
and note here that this parameter describes the innate or
intrinsic ability of a population to increase in size when
confronted with favorable environmental conditions. For
example, if the size of a population is reduced by temporary
fishing, then crowding and competition for resources should
be reduced. This should result in an opportunity for the
population to grow back to its former size once fishing
is reduced. The parameter 7 is a composite of many fac-
tors which determine population growth through three
mechanisms:

® changes in individual body growth rates
® changes in natural mortality
® changes in reproduction.

Intrinsic rate of increase has been studied in the labora-
tory for a few species only, mostly micro-organisms and
insects. Observations on population increase in the wild
are even more scarce. However, one can calculate this
quantity from some types of commercial fisheries data, such
as from the parameters of a Schaefer (1957) stock produc-
tion model. Life table, Leslie matrix, and other ‘‘book
keeping’’ types of models can be used to estimate ‘‘ob-
served rate of increase’’, which may be considered a
minimal estimate of intrinsic rate of population increase.

No estimates of intrinsic rate of population increase are
available for elasmobranchs. However, as we shall see,
there are some indirect methods appropriate for estimating
this quantity.

What Do Life-History Studies Tell Us? ___

Clearly, many of the parameters estimated in a study of
life history, such as growth and mortality rates, have im-
mediate management value as input to assessment models.
Even when insufficient information has been collected to
conduct a complete assessment of a stock, the available in-
formation may still provide valuable guidance. For exam-
ple, if a comparative study shows two parameters such as
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natural mortality and longevity to be closely related (Tana-
ka 1960; Hoenig 1983; Hoenig et al. 1987), then the in-
formation on one parameter may be used to estimate the
value of the other from a regression relationship. Even if
the available information is inadequate to develop estimates
of all parameters needed for assessment models, it may still
be possible to make qualitative statements about the need
for regulation based on the ‘‘assessment by analogy’’ con-
cept (Hoenig et al. 1987). Thus, one might speculate that
if conditions in a fishery of interest are similar to those
observed in another fishery known to be over-exploited,
then by analogy the fishery of interest may also be in need
of regulation. Symptoms of overexploitation have been
described for populations of teleosts by the Strategic Plan-
ning for Ontario Fisheries (SPOF) Working Group (1983)
but a comparable list for elasmobranchs has yet to be
developed. Such a list would probably rely heavily on
changes in baseline (preferably pre-exploitation) life-history
parameter values. Signs of overexploitation might include
increase in growth rates and fecundity, reduction in mean
age and mean size in the population, reduction in age at
maturity, reduction in the proportion of females that are
gravid or carrying sperm in the oviducal gland, etc.

Life-history studies can provide massive amounts of in-
formation with potential uses in a number of disciplines.
The questions then become ‘‘How can we assimilate and
synthesize this information?’’ and ‘‘Is there any logical
framework for explaining the observed variability in life-
history parameters?’’ From a practical point of view, such
a framework is needed to suggest comparative studies that
might result in useful methods for estimating parameters,
to provide guidance in determining what parameters may
be useful in identifying overexploitation, and for develop-
ing methods to rank species according to their resilience
to exploitation. We believe that 7/K selection theory is
useful for these purposes.

r/K Selection Theory

The theory of 7/K selection has been around for quite
awhile (MacArthur and Wilson 1967) and it has its share of
adherents and critics. It is intimately related to the logistic
model of population growth (whose parameters are ‘‘r”’
and ‘K ’’), and the logistic model provides the theoretical
basis for the stock production model of Schaefer (1957).
It is thus of interest to study the connections between 7/K
selection theory and fisheries management models.

Let us begin with a consideration of the logistic model
of population growth. Though the logistic curve dates back
to Verhulst in the early nineteenth century, modern in-
terest in the logistic model can be traced to Lotka’s (1925)
work on human populations and to Volterra’s (1928) work
on fish. Imagine an undisturbed population inhabiting a
constant environment for a long period of time. The pop-
ulation has reached an equilibrium state so that the number

catastrophic event
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Figure 2.
Representation of population size of a hypothetical population
over time. Population begins at equilibrium at the carrying capa-
city of the environment, undergoes a catastrophic decline, and
recovers according to the logistic model of population growth.
K is the maximum (asymptotic) size of the population.

of births exactly balances the number of deaths and the
number of animals present remains constant (Fig. 2). Now
suppose that some kind of catastrophic event occurs and
the population is suddenly reduced. One would expect that
there must be some way for the population to recover,
otherwise every successive catastrophic event would push
the population closer to extinction. With reduced numbers
present, more resources become available for each individ-
ual so the survival rate might increase. With more energy
available, the organisms should be able to devote more ef-
fort to growth and reproduction. Thus, we might see an
s-shaped recovery curve for population size as a function of
time. This is the logistic model which says, in essence, that
in a salubrious and uncrowded environment, where there
are no resource limitations, the population growth trajec-
tory may approach an exponential curve, but as the popula-
tion increases resources again become limiting and the
population growth approaches zero. Mathematically, the
rate of population increase, dN,/dt, can be described by

dN,/Jdt = r N,(K - N)/K, ()

where N, is the population size (in numbers or in biomass)
at time ¢, K is the maximum (asymptotic) size of the popula-
tion and is usually called the carrying capacity of the en-
vironment, and r is a scale parameter which controls how
fast the population can increase. The parameter r is known
as the intrinsic rate of population increase. Equation (2)
describes the rate of growth at any particular population
size. To determine the size of the population at any time
we need to integrate Equation (2). Thus, the population
size at time ¢ is given by the s-shaped curve (Fig. 2)

N, = K/(1 + be-"), 3)

where b is a location parameter which is related to the size
of the population at time ¢ = 0.
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Note that when N, is close to zero, the factor (K — N,)/K
in Equation (2) is close to 1. So, the rate of change of the
population at low population sizes is close to

dN,/dt = r N, 4)

Expressed in words, the rate of growth is proportional to
the size of the population present and the growth over time
is similar to the growth of money in a savings bank. More
formally, the integrated form of (4) is given by the exponen-
tial curve

N, = Nye', ©®)

where N, is the initial size of the population (at ¢ = 0).

Consider a species that lives in an unstable, unpredict-
able environment. Such a species suffers catastrophes often
and must be biologically adapted to respond quickly to
new, uncrowded conditions. Thus, it must have a high
value of ‘‘.”’ In contrast, a species living in a very stable
environment must be able to withstand competition and
use its limited resources efficiently but need not necessar-
ily be equipped to deal with sudden, dramatic shifts in en-
vironmental conditions. It must be adapted for conditions
at or near the carrying capacity of the environment. We
say that the former type of species is r-selected while the
latter is K-selected.

The appeal of this concept is that it provides a framework
for judging the evolutionary and survival values of life
history traits. That is, we can predict that certain traits
would tend to be found in r-selected species while others
would be found in K-selected species. Ricklefs (1979) and
others list the following characteristics:

r-selected traits K-selected traits

chooses constant and/or
predictable habitats

rarely colonizes or
recolonizes

chooses variable and/or
unpredictable habitats

frequently colonizes or
recolonizes

niche broad

“‘small’”’ body size

niche narrow
“‘large’” body size
slow development
low fecundity
delayed reproduction

rapid development

high fecundity

early reproduction

semelparity

high and/or catastrophic
mortality; density
independent mortality

short longevity

highly productive

iteroparity

low and/or constant
mortality; density
dependent mortality

long longevity

highly efficient at producing
biomass

To the list of K-selected traits can be added elaborate social
structures and mating systems, parental care of young, and
storage of energy.

Based on the description in the last section of common
life-history features of sharks, it would appear that this
group is extremely K-selected. If the r/K selection theory

holds up under scrutiny, then it is of interest to ask to what
extent can the theory be refined. The following question
arises: Can we rank species along an 7-K continuum and
would this ranking provide some indication of the relative
abilities of the species to withstand exploitation?

The theory of 7/K selection has received wide attention
and there are a number of generalizations, including a
stochastic version of the theory known as bet hedging and
the formulation of another type of selection called a-selec-
tion (see Emlen 1973). The latter concept deals with the
depression in the rate of population increase due to interac-
tion with other species. A species is called a-selected if it
has evolved mechanisms to avoid competitive inhibition.

There are also a number of criticisms of the overall
theory. One criticism, that the 7/K selection theory doesn’t
answer all questions, can be dismissed out of hand since,
for our purposes, we only need a theory that will provide
useful information or predictions for management. That
this criticism has been raised at all may be attributed to
the high hopes that were generated by the formulation of
r/K selection theory.

A more serious criticism is that the theory doesn’t always
seem to apply. For example, sticklebacks (Gasterosteus spp.)
have small body sizes, short life spans, and other character-
istics normally associated with r-selection but also have low
fecundity and parental care of the young which is associated
with K-selection. Stearns (1977) analyzed 35 studies and
found that 17 species did not fit the r/K selection scheme.
Still, that a simple and rather intuitive theory worked in
about half the cases argues that it is still worth considering.

Another criticism is that the theory hasn’t been tested
properly. It is easy to list traits that one imagines should
be associated with 7- or K-selection and then to list species
which fall near one extreme or the other. Ricklefs (1979)
argues that one should also determine whether the species
presumed to be r-selected face greater environmental vari-
ability and have greater variability in numbers than those
presumed to be K-selected.

Four counter-arguments can be made to the last criti-
cism. First, might not the consistent co-occurrence of traits
associated with each extreme be viewed as supportive of
the theory? Ricklefs (1979) argues that many life-history
traits are correlated with body size and that biophysical
differences in scale, rather than evolutionary selection, may
account for small animals having ‘‘7-selected’’ traits rela-
tive to larger animals. This argument of scale would not
apply within a narrow size range. Second, in some cases
it can be proved mathematically that a trait will be selected
for (or against) in an unstable environment. Third, Emlen
(1973) argues that ‘‘Populations held by inclement weather
or predation to levels well below their carrying capacities
experience primarily 7y-selection [i.e., r-selection]...”’.
Thus, according to this view, great variability in environ-
ment or population size is not necessary to validate the
model. However, we run into a difficulty with the definition
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of carrying capacity. Consider a hypothetical, stable popu-
lation which experiences some predation as part of its nor-
mal course of events. Is this population at the carrying
capacity of its environment or is it held at a lower level
by predators? In other words, is the carrying capacity a
natural level of population size or is it a concept that only
applies to an animal completely divorced from its natural
environment? We leave it to others to grapple with this
question. The interested reader should consider studies by
Pauly (1979) and Larkin and Gazey (1982). The fourth
counter-argument to the criticism of lack of validation is
that one can estimate the intrinsic rate of increase in some
cases and thus we can see how r-selected are the species
that we have presumed to be in this category.

Estimating the Rate
of Population Increase

Estimating the Value of r
from a Logistic Stock Production Model

The rate of growth of a population depends on the size of
the population relative to the carrying capacity, as de-
scribed by Equation (2). This curve is a dome-shaped,
parabolic function of population size. Now, suppose the
population is harvested at exactly the same rate at which
the population is growing, i.e., at the rate dN/di. Then
harvest will just equal production and the population will
maintain a steady state at the population size N. This level
of harvest is known as ‘‘surplus production’” because it can
be continuously removed without lowering the population
size. Thus, the sustainable yield is a parabolic function of
population size. If one could observe the steady yields ob-
tained at two or more points of time when the population

size is also known, then one could solve for (estimate) the
parameters 7 and K. This is the basis of Graham’s (1935)
production model.

It is important to recognize that catch is not necessarily
synonymous with production—they are synonymous only
under equilibrium conditions. Thus, if 500 tons of biomass
(say) are suddenly removed from an unexploited popula-
tion, the population production will rise in response to the
removal. But, the removal itself is not surplus production.
If one treats all biomass removal as if it were removal of
surplus production, one will tend to overestimate the value
of the maximum sustainable yield. In a developing shark
fishery, much of the harvesting may amount to simple
biomass removal rather than removal of surplus produc-
tion. This 1s particularly true if the fishery develops rapidly.
Reduction of the population cannot continue indefinitely,
or one will observe a ‘‘boom or bust’’ type fishery. This
does not mean that a sustained harvest canriot be main-
tained at a sufficiently low level.

Although it is at least conceptually easy to measure the
catch from a fishery, it is difficult to estimate population
size. However, it is well known that sustainable yield under
a logistic model is also given by

Y = KF - (KIr) F?, (6)

where F is the instantaneous rate of fishing mortality (see
Ricker 1975, p. 315). Furthermore, fishing mortality is
generally assumed to be proportional to fishing effort, i.e.,

9f = F )

where fis the fishing effort and ¢ is known as the catchabil-
ity coefficient. Therefore, sustainable yield is also a
parabolic function of fishing effort (Schaefer 1957):
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Figure 3.
Relationship between the estimated intrinsic rate of increase
of various organisms and their adult body weight (modified
from Blueweiss et al. 1978 by Pauly 1982).
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Figure 4.
Relationship between the estimated intrinsic rate of increase of
various organisms and the generation time (modified from Heron
1972).

Y = (Kq)f - (Kq?r)f (8)

The stock production model can be fitted to observations
on catches and the corresponding fishing mortalities (when
conditions in the fishery are at equilibrium, i.e., stable)
in order to obtain estimates of maximum sustainable yield,
optimum fishing mortality, etc., as well as estimates of r
and K. The model can also be fitted to observations on
catch and effort (or catch rate and effort), but some addi-
tional information is needed to estimate ¢ in order to ob-
tain estimates of 7 and K.

Stock production data are notoriously variable and it is
difficult to meet the equilibrium assumption of the model.
A number of methods have been developed to deal with
these problems (see, e.g., Gulland 1983; Schnute 1977).
But, it is not clear whether a comparative study of estimates
of 7 from production models would lead to useful general-
izations though this was suggested by Caddy and Csirke
(1983).

Comparative Studies of r

A number of estimates of intrinsic rate of increase, r, are
available in the literature for organisms ranging in size from
viruses to whales (24 orders of magnitude). Most estimates
are based on laboratory studies. The intrinsic rate of in-
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Figure 5.
Relationship between estimated intrinsic rate of increase of
fishes and whales and their adult body weight. (Data from
Pauly [1982] plus an additional case [courtesy of Alec
MacCall, National Marine Fisheries Service, Tiburon, CA,
personal communication, summer, 1983]: northern anchovy

(Engraulis mordax) off California, r = 0.88 yr~!, w = 15¢g.)

crease appears strongly related to adult body size and to
generation time (Figs. 3, 4). It is not clear how useful these
relationships would be over a small portion of the range
of the explanatory variable (body weight or generation
time) though the relationship in Figure 5, dealing with
fishes and whales, is encouraging. Indeed, Pauly (1982)
suggested that the intrinsic rate of increase (per day) might
be estimated, albeit crudely, from the regression model

r = 0.025 w ~02, )

where w is defined to be the mean of the weight at first
maturity and the maximum weight (both expressed in
grams). Based on this, the maximum sustainable yield can
be estimated as (Ricker 1975, p. 315)

MSY = r K/4. (10)

‘“‘Book Keeping’’ Methods for
Estimating Rate of Population Growth

It is also possible to estimate the observed (rather than the
intrinsic) rate of population increase from schedules of age-
specific survival and fertility. Either a life table or Leslie
matrix model approach can be used. These methods essen-
tially project a population forward in time and keep track
of all survivors and offspring. We will consider the use of
the Leslie model as described by Vaughan and Saila (1976).
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Suppose we have data of the following sort:

Age, i Survival, §; Female offspring, b,

0 0.50 0
1 0.85 0
2 0.85 0

11 0.85 0

12 0.85 2.5

13 0.85 2:5

24 0.85 2.5

25 0 2.5

These data are based on the life history of the lemon shark,
N. brevirostris. Based on tetracycline validated growth marks
in vertebral centra, Brown (1988) reported the age at
maturity for females to be approximately 13 years and the
oldest age observed to be 21 years. Longevity is probably
somewhat higher since the largest specimens examined
were considerably smaller than the maximum reported size.
A longevity of 26 years suggests, on the basis of a regres-
sion relating mortality to longevity (Hoenig 1983), that the
annual survival rate is around 85%. Alternatively, an
estimate of instantaneous natural mortality, M, can be ob-
tained from Pauly’s (1980) regression relating mortality
to von Bertalanffy growth parameters and mean water
temperature. Assuming a mean water temperature of 24°C
(Gruber, unpubl. observations) and the von Bertalanffy
parameter estimates in Brown (1988), one arrives at an
estimate of M of 0.12 which corresponds to an annual sur-
vival of 89% . Litter size is around 8 to 12, of which half
are females (Clark and von Schmidt 1965). Females in the
related species (Negaprion acutidens) bear litters every other
year (Stevens 1984) as apparently do females of N. brevi-
rostris. Hence each female produces 2.5 females per year
on average. Survival rate in the first year is estimated to
be 50% (Gruber, unpubl. research).

Suppose further that the age composition in a certain
year ¢ is the following:

Age Number at age
0 nCt
i ny
2 By

25 Rps,

Then we can calculate the age composition in the next year,
i.e., at time ¢ + 1. The number of newborns will be the
sum of the offspring produced by each age in year ¢:

ELASMOBRANCHS AS LIVING RESOURCES:

25
noi+1 = Z ni, b,
1=0

=n0,'0+n1,'0+...+n25,'2.5. (11)

The number of one-year olds will be equal to the number
of age-0 animals which survive to the next year:
“so = ng - 0.5,

Mie+1 = Mo

Similarly, the number at any age ¢ (above age 0) in year
t +1 is given by

Rie+1 = Mg " Si-1- (12)

These relationships can be expressed compactly in

matrix notation. Define the population projection matrix
A to be

By B bos

,*44
© o
(=

]

4 - & 0 )

594

(All elements of A are zero except the first row and the
first subdiagonal.) Also, denote the population age struc-
ture at time ¢ by

au;
1]
Yy
N, = S S (14)

Then the population at time ¢ + 1 can be found by
N,.; = AN, (15)

The rate of population increase, r(obs), can be found
from the largest eigenvalue (1) of the matrix 4 by the rela-
tionship r(obs) = log,(X) (Vaughan and Saila 1976).
However, Vaughan (1977) provided a more direct method
for finding the rate of increase as the solution of the follow-
ing equation:

¢ 7(0bs)
So

I i
= by + 2 bigemite ] s, (16)
i=0

7=0
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where I is the oldest age class in the population (starting
with age 0).

Since it may be difficult to interpret a value of r (obs),
a convenient alternative is to compute the theoretical
doubling time for the population. Under exponential
growth, the population size at time ¢ is

M - NO er(obs)t
SO

ﬁl. = er(nb:)t_

No

Setting N,/N, equal to 2 and solving for ¢ gives

log,2
time to double = —o— (17)
7 (obs)

This computed time-to-double will equal the actual
doubling time if the population has a stable age distribu-
tion; otherwise, the computed doubling time may be larger
or smaller than the actual doubling time. Nonetheless,
Equation (17) provides a useful way to visualize the signif-
icance of a value of 7 (obs). Another possibility would be
to compute the annual percentage change in population
size under the same assumption of a stable age distribution.

Estimating age-specific fertility is generally feasible.
Estimating survival rates is more difficult but can still be
done. However, among teleosts, the first year survival rate
is so highly variable and so difficult to measure, that
estimates are of questionable use.

The elasmobranchs present a very different situation.
The small numbers of well-developed young suggest that
first year survival is stable and fairly similar to juvenile
and adult survival. As a consequence of the elasmobranch
life-history pattern, the Leslie model may prove useful for
management of these fishes in three ways.

First, if all survival rates (including first year) are known,
then the rate of population increase can be calculated using
Equation (16) (Vaughan 1977). (Note that the rate of in-
crease obtained in this way refers to growth in numbers
rather than to growth in biomass.) Second, if all survival
rates except that in the first year are known, and if the
population is assumed to be at equilibrium, then first year
survival can be calculated from Equation (16). One can
thus study the effects of changes in parameters on the rate
of increase and the first year survival rate. For example,
one could calculate what would be the rate of increase if
all young survived their first year of life or if first year sur-
vival equalled that of adults. In this way, one can explore
the probable upper limits to the intrinsic rate of increase.
Third, the Leslie matrix can be used to model the time
to recovery of a depressed population. Schaaf et al. (1987)
compared, for various species of teleosts, the time it takes
to recover (to 80% of the initial abundance) following a
one-time catastrophic reduction in survival of young-of-

the-year fish, e.g., as the consequence of a pollution inci-
dent. They assumed no compensatory mechanisms were
operative. For elasmobranchs, studies can be directed
towards determining the length of time to recovery for
various species following cessation of fishing under a variety
of scenarios of compensation. For example, one might
assume that first year survival increases to the adult level,
age of maturity is reduced by one or two years, fertility
increases 25%, etc.

Consider the lemon shark data in the text table. The
computed value of 7 (obs), based on these parameter values,
is 0.015 yr~!, corresponding to a doubling time of 46 yr
(Table 1). Since lemon sharks are not believed to have been
heavily exploited at the time these estimates of life-history
parameters were made, the parameter estimates ought to
imply a rate of increase close to zero (i.e., a large doubling
time or, if the estimate is negative, a large halving time).
This prediction is borne out by the assumed parameter
values but this result may be fortuitous. A first-order sen-
sitivity analysis suggests that 7 (obs) may be in the range
—0.04 to 0.07 with a corresponding wide range of doubling
times (lines 2 through 10, Table 1) . Thus, it appears that
apparently minor changes in parameter values can have
significant effects on population dynamics. The results also
suggest that it may be difficult to estimate life-history
parameters with sufficient precision to understand the
dynamics of a specific population.

If the lemon shark population is assumed to be at
equilibrium (r (obs) = 0.0), then the first year survival rate
would have to be 39% to balance Equation (16), given the
parameter values in line 1 of Table 2. First-year survival
rate computed under a variety of seemingly plausible
scenarios ranges from 16 to 97 % (Table 2). For example,
if survival of all age groups (except the young of the year)
decreases from 85 % to 80%, then first year survival would
have to rise to 96 % to prevent a decline in population, all
other things being constant.

Applications to Fisheries Management

The foregoing provides a number of ways in which the con-
sideration of life-history patterns and r/K selection theory
can provide guidance in the management of elasmobranch
stocks. First, certain life-history parameters (natural mor-
tality, growth, etc.) enter directly into fisheries assessment
models. Estimation of population parameters is an inexact
science, so it is important to assess the possibility of errors
in the information available for assessment. A reasonable
approach is to compare parameter estimates for one species
with those for a similar species. This idea is easily general-
ized to enable one to consider patterns in parameter values
among species. Indeed, some parameters appear to be so
closely correlated that information on one easily estimated
parameter can be used to estimate another, more difficult
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Table 1.
Computation of population rate of increase, 7 (obs), and doubling time, ¢(d), of lemon sharks (N. brevirostris) from a Leslie matrix
model. The first line represents baseline conditions, i.e., computations based on best available information.

Assumed parameter values®

Computed results®

t(mat) t(max) b S S, 7 (obs) % change t(d) % change
12 26 2:5 0.85 0.50 0.015 — 46 —
11 26 275 0.85 0.50 0.028 84 25 -46
13 26 2.5 0.85 0.50 0.004 -76 191 312
12 25 2:5 0.85 0.50 0.014 -6 49 7
12 27 2.5 0.85 0.50 0.016 5 44 -5
12 26 2.0 0.85 0.50 0.001 ~-93 624 1246
12 26 3.0 0.85 0.50 0.026 76 26 -43
12 26 2:5 0.80 0.50 —-0.042 - 380 -17 - 136
12 26 2.5 0.90 0.50 0.068 358 10 -78
12 26 2.5 0.85 0.45 0.008 -44 83 78
12 26 2.5 0.85 0.55 0.021 40 33 -28

“t(mat) = age of maturity; {(max) = maximum (truncated) age; ¥ = number of females born per mature female per year; S = annual
survival rate after the first year of life; S, = probability of surviving the first year of life.

’r(obs) = observed or realized rate of population increase per year; {(d) = theoretical doubling time in years corresponding to r (obs), assuming
a stable age distribution. % change is the percentage change relative to base-line conditions.

Table 2.
Computation of first-year survival rate, S;, of lemon
sharks (N. brevirostris) from a Leslie matrix model. The first
line represents base-line conditions, i.e., computations
based on best available information. Symbols are as de-
fined in Table 1.

Assumed parameter values Computed results

t(mat) t(max) b S 7 (obs) So % change
12 26 2.5 0.85 0 0.39 —
11 26 2.5 0.85 0 0.33 - 16
13 26 2.5 0.85 0 0.47 20
12 25 2.5 0.85 0 0.40 2
12 27 2.5 0.85 0 0.39 -1
12 26 2.0 0.85 0 0.49 25
12 26 3.0 0.8 0 0.33 -17
12 26 2.5 0.80 0 0.97 146
12 26 2.5 0.90 0 0.16 -59

to estimate parameter. We have already considered the
estimation of intrinsic rate of increase from adult weight
and generation time (Figs. 3-5). Another example is the
estimation of natural mortality rate from longevity (Fig. 6)
or from von Bertalanffy growth parameters and water tem-
perature (Pauly 1980). This approach is becoming increas-
ingly popular (Adams 1980; Gunderson 1980; Myers and
Doyle 1983; Gunderson and Dygert 1988). These com-
parative approaches are admittedly crude but they are
surely better than nothing.

Because many elasmobranchs currently have a relatively
low commercial value or are harvested by difficult to sam-
ple sport fisheries, it seems likely that assessment models

and regulations will have to be based on incomplete infor-
mation. For this reason, we have explored a number of
simple approaches for assessing stocks, such as monitor-
ing changes in growth rates and other life-history param-
eters. This obviously requires good baseline data. We have
hinted that it may be possible to develop criteria for rank-
ing species according to their capacity to withstand ex-"
ploitation. From r/K selection theory, we are led to believe
that natural mortality rate, age at maturity, and fecundity
may be useful for these purposes. The intrinsic rate of in-
crease should be a most useful criterion for ranking species
but this parameter is difficult to measure. Fortunately, in-
trinsic rate of increase and natural mortality appear to be
closely related to other parameters such as growth and
longevity so that there may be simple ways to obtain ap-
proximate values.

Monitoring stock abundance could provide useful man-
agement information for those species that can be effec-
tively sampled. These might include species that have well
defined nursery areas in bays and lagoons. However, many
species have complicated, poorly understood distributional
patterns which vary with sex, size, and season. Designing
effective, fishery-independent sampling programs is likely
to be exceedingly difficult for these species.

The Leslie matrix model (or similar age-structured
model) appears to be a useful way to simulate elasmobranch
populations. In the absence of sufficient fisheries data,
biologists will probably have to settle for experiments with
these simulated populations in order to develop manage-
ment strategies. We have already shown how the Leslie
model can be used to estimate survival in the first year of
life and to place bounds on the probable value of the
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Figure 6.
Relationship between the estimated instantaneous mor-
tality rate and the maximum age known for 125 stocks

intrinsic rate of increase. It might also be used to deter-
mine how much fecundity/first year survival must change
in order to compensate for an increase in adult inortality.
Grant et al. (1979) suggested as a rule of thumb that harvest
should be controlled so that the production of young did
not fall below 50% of the unexploited level. They did not
explore the consequences of this assumption in terms of
required changes in life-history parameters. The model can
also be used to study recovery times following a decrease
in fishing mortality.

A number of workers have suggested that egg-per-recruit
analysis is a useful tool for fishery management (e.g.,
Prager et al. 1987). This concept pertains to equilibrium
situations and is difficult to interpret unless the egg-per-
recruit is compared to the virgin (unexploited) level. Com-
putation of egg production as a percentage of the virgin
level is straight forward and can be applied to both
equilibrium and nonequilibrium situations. It remains to
be seen how well the 50 % rule of Grant et al. (1979) works
in practice.

The Leslie matrix model would be useful for evaluating
the consequences of harvesting ‘‘surplus’’ males while pro-
tecting females. Many terrestrial big game populations are
managed in this manner. Since the males of all elasmo-
branchs are readily identified by the presence of external
claspers and many elasmobranchs segregate by size and
sex, this approach may be feasible for many species, par-
ticularly for large sharks. The evaluation of such a manage-
ment scheme should be based on monitoring the abundance

of fish, mollusks, and cetaceans (from Hoenig 1983).

of juveniles or the frequency of occurrence of gravid females
over time and, for those species which store sperm, the pro-
portion of females retaining sperm in the oviducal gland.
In theory, a differential harvest of the sexes could provide
a sound basis for the application of change in ratio tech-
niques for estimating population size and other parameters
(Seber 1982). This would require accurate catch statistics
and accurate fishery-independent assessments of sex ratios
and thus does not appear to be a viable option for wide-
spread use.
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ABSTRACT

The size of most newborn sharks makes them susceptible to predation from their own kind
and other large fishes. In the northwestern Atlantic, juvenile nursery grounds can be generally
classified according to whether or not the young are exposed to such predatory risk. Several related
factors—breeding frequency, litter size, size at birth, early growth rate—may help offset early
natural mortality. These factors are counterbalanced by the different species in several different
ways, producing numerous early life history strategies. In general, slow growing species are either
born at relatively large sizes or use protected nursery grounds, whereas faster growing species
tend to rely more on growth rates than the other factors.

Introduction

An expanding U.S. recreational (Casey and Hoey 1985)
and commercial (Anderson 1985) fishery for sharks in the
northwestern Atlantic may be exceeding the estimated
maximum sustainable yield (National Oceanic and At-
mospheric Administration 1978; Gulf of Mexico Fishery
Management Council 1980). Additionally, a long estab-
lished fishery in Cuba (Anderson 1985) and a strong and
growing shark fishery in Mexico (Bonfil et al. 1990) targets
the same stock. Management of this stock may soon be
necessary which will require detailed life-history informa-
tion for estimations of stock potential.

Because of the data needed in life-history studies, re-
search often focuses on the adult portions of the stock for
information (i.e., reproduction and maturation). Hoenig
and Gruber (1990) point out that a successful life-history
strategy is one where the offspring survive to play another
round in the ‘‘game of life’’; unfortunately, little atten-
tion is sometimes paid to the early life-history of most
species, although this may be a critical period for certain
characteristics—recruitment, survival, and mortality (Hoff
and Musick 1990).

For sharks, a successful strategy has been attained by
the counterbalancing of several interrelated factors—
reproductive frequency, size at birth, litter size, growth
rate, and the use of nursery areas (Fig. 1). Viviparous
sharks, in general, are K strategists (Pianka 1971; Holden
1977). They are relatively long-lived and slow growing with
reproductive energy expended in the production of a
relatively small number of precocious young after a lengthy

gestation period (see Cailliet et al. 1986; Cailliet 1990 for
a review). Viviparity restricts fecundity, thus there is a
direct relationship between the number and/or size of the
young produced and the size of the mother. For several
carcharhinid species, the smaller (younger) the mother, the
fewer the number of offspring produced per litter (Bass
et al. 1973; Parsons 1983b; S. Branstetter, unpubl. data).
Additionally, the inverse relationship between number and
size of embryos per litter documented for the Atlantic
sharpnose shark, Rhizoprionodon terraenovae (Parsons 1983b),
should be expected for most viviparous species. Given the
limited space available to carry young, a female can pro-
duce either a large number of small young, or a small
number of large young.

Shark pups are precocious, and cohort survival may be
dependent on an early life history that allows for attain-
ment of a certain minimum size which both deters preda-
tors and increases swimming efficiency and speed (Thomp-
son and Simanek 1977; Webb and Keyes 1982) so that the
individual can actively avoid predation. It is unlikely that
food is a major limiting factor to their survival, consider-
ing that the young usually occupy estuarine or coastal
habitats that are also occupied by numerous fish and in-
vertebrate species which serve as available prey items for
these opportunistic feeders. Young sandbar sharks are able
to selectively feed on specific prey items (Medved and Mar-
shall 1981; Medved et al. 1985, 1988). Additionally, based
on the high oil content in the livers of immature sharks,
Springer (1967) postulated that they have little difficulty
finding sufficient food. Thus predation may be the most
important source of mortality on the young sharks.

17



18

ELASMOBRANCHS AS LIVING RESOURCES:

nursery
/ grounds\

growth

rate \

age at
maturlty

5|ze

N

mother

/N

\
number breeding |
of pups frequency

N

Figure 1.
Generalized interrelationship of life-history characteristics for
viviparous shark species.

Predatory risk to the young may be greatest from other
sharks, especially adult sharks, and other large fishes such
as grouper (Randall 1977) may also be a source of natural
mortality. Small sharks, either young sharks or aduits of
small species, are frequently recorded as food iteras of
larger sharks (Castro 1983). Usually, greater than 50 % of
shark stomachs are empty upon examination, even when
collected by passive (nonattracting) methods such as gill
nets (Bass et al. 1973; Snelson et al. 1984; Killam 1987).
Few detailed quantitative food habits studies exist (Med-
ved and Marshall 1981; Stillwell and Kohler 1982; Med-
ved et al. 1985, 1988); stomach contents are usually listed
qualitatively (Clark and von Schmidt 1965; Sadowsky
1967; Branstetter 1981). However, frequency of occurrence
of shark remains is often 10-15% in those stomachs con-
taining food, especially for certain species such as Car-
charhinus obscurus, C. leucas, and Galeocerdo cuviert (see Bass
et al. 1973 for an excellent summary).

Additionally, the smaller the shark, the more vulnerable
it is to such predatory risk. Off Brazil, the most common
sharks noted in the stomach contents of seven species of
sharks were neonatal or young Carcharhinus porosus, Sphyr-
na lewini, S. tiburo, and young and adult Rhizoprionodon
porosus, and R. lalandei; even adults of the intermediate sized
C. porosus (L., 140 cm) fed on neonatal §. lewin: and
R. lalandei (Sadowsky 1967). All of these prey species are
relatively small sharks.

One of the important predatory shark species is the bull
shark, Carcharhinus leucas, which has been reported to feed
on small C. limbatus, C. acronotus, C. isodon, C. plumbeus,
and C. porosus (Springer 1960, 1963, 1967; Tuma 1976;

Sadowsky 1967, 1971; Snelson et al. 1984). Springer (1960)
suggested the bull shark was a major source of mortality
on young sandbar sharks, C. plumbeus, and Sadowsky
(1971) noted that even young (adolescent?) bull sharks
preyed on small sharks, including neonatal Sphyrna tiburo.

Such predatory risk is reduced for many species by the
use of nursery grounds for the young. These nursery
grounds serve a two-fold purpose: by segregating the young
from the adult populations they offer protection from
predation and they usually have numerous prey items for
the pups. The nursery grounds can be categorized by their
degree of exposure to potential predators. Some are ‘‘pro-
tected,”’” because they are 1n areas infrequently inhabited
by adult sharks, while others are very ‘‘unprotected,”’
because they are located in habitats occupied by adults.

Additionally, the speed at which maturity is attained
may also contribute to cohort strength and recruitment.
Small species, such as Rhizopriondon terraenovae, mature more
quickly and reproduce more often than larger species such
as the bull shark, Carcharhinus leucas (Parsons 1985; Bran-
stetter 1987a, Branstetter and Stiles 1987).

Hoenig and Gruber (1990) discuss the importance of
several biological parameters related to management
purposes. Data are now available for many of these
characteristics (see Pratt 1990 and Cailliet 1990 for a
review), and based on such data, I have categorized the
species into groups with similar life-history characteristics
(Table 1). Given the restrictions of viviparity as outlined
earlier, a female can produce either a few, large young,
or numerous, small young. For the shark species considered
here, both options occur: the production of relatively few
young (<15; usually 6-8) that, at birth, are >20% of
the maximum adult size (L,,) (total lengths are used
throughout this report), or the production of more numer-
ous young (30-70) at <20% L,,,. It should be pointed
out that these are minimal values as most adults are smaller
than L, ,,; the average female Rhizoprionodon terraenovae
i1s V95 cm, with L_,, = 110 cm. These two groups must
be further subdivided by the actual size of the pups be-
cause size terminology here is relative. For example, the
small (L. 110 cm) Atlantic sharpnose shark produces
pups that are 30-35 cm at birth. This is a large pup com-
pared to the mother (™ 30% L,,,,), but small compared
to the size at birth for larger species or to potential pred-
ators. For this discussion, I have distinguished two
categories: small pups (<70 cm at birth) and large pups
(>70 cm at birth).

Growth data are now available for many species. For
this discussion, growth rates are categorized by the Brody
growth coefficient K (Ricker 1975) and have been separated
at the value of < or >0.10. Several species have estimated
K values of >0.20; with future data on additional species,
further subdivisions might be beneficial. However, K
values, although providing a comparative constant for
overall life history, may not adequately represent early
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Table 1.
Species groups of selected carcharhinoid and lamnoid sharks of the northwestern Atlantic based on life history characteristics.
Lengths and growth expressed as cm TL. BL = birth length. K represents the Brody growth coefficient. See citations in the
text for data sources for each species.
Birth >20% L,
K <0.10; <30% BL K >0.10; >40% BL
¥Yir.. 1 Yr. 1
Birthsize No.  growth Birthsize No. growth
Species L. (% L,,) young (% BL) K Species L. (%L,) young (% BL) K
Coastal
Small young
C. leucas 300 70(23%) 15(22%) 0.07 R. terraenovae 110 32(29%) 6-8 22(69%) 0.35-0.50
C. plumbeus 250 65(26%) 6-10 15(23%) 0.05 S. tiburo 120 30(25%) 6-8 20(67%) 0.34-0.58
N. brevirostris 300 65(22%) 15(23%) 0.05 C. porosus 134 30(22%) 6 ? ?
C. isodon 160 50(31%) 6-8 25(50%) 0.10-0.22
C. acronotus 165 45(27%) 4-6 17(38%) 0.13
C. limbatus 200 55(27%) 6-10 35(65%) 0.20-0.27
C. brevipinna 240 65(27%) 6-10 40(62%) 0.22
Large young
O. taurus 300+ 100+(33%) 2  30(30%) 0.07-0.09
Small young Eelagic
C. longimanus 275 + 65(24%) 10-15 20(30%) 0.04-0.09  C. signatus 275 + 65(26%) 10-18 32(50%) 0.10-0.15
C. falciformis 310 70(23%) 10-15 45(65%) 0.15
L. nasus 270 70(26%) 2 35(45%) 0.11
L oxyrinchus 375 70+(20%) 8-10 40(57%) 0.20-0.27
A. superciliosus 400 10025%) 2 40(36%) 0.30?
[55 PCL]
Large young
C. obscurus 360 90(25%) 10-12 15(16%) 0.07 L. paucus 420 110(26%) 2 40(40%) 0.10-0.20?
C. carcharias 650 140(22%) 8-10 40(30%) 0.06 A. vulpinus 650 140(22%) 2 40(28%) 0.11-0.21
[75+ PCL] [40(55%)]
? <— C. perezi
C. brachyurus —> ?
? <— C. altimus
? <— C. galapagensis
Birth <20% L_,,
K <0.10; <30% BL K >0.10; >40% BL
¥ 1 Yr. 1
Birthsize No. growth Birthsize No. growth
Species ) (% L.,) young (% BL) K Species L. (% L., young (% BL) K
Small young Coastal
S. mokarran 560 70(13%) 30-40 ? ? G. cuvieri 450 70(16%) 30-70 70(100%) 0.11-0.18
S. lewini 310 45(15%) 30-40 17(38%) 0.07
Small young Eelagie
S. zygaena 390 50(13%) 20-40 ? ? P. glauca 350 45(13%) 40-80 40(90%) 0.11-0.25
Large young
C. carcharias 760 140(18%) 8-10 40(30%) 0.06

growth and attainment of minimum sizes as considered in
this discussion. Therefore, early growth is also discussed
as a ratio of the first year’s growth compared to the length
at birth (BL). As an example, the Atlantic sharpnose shark
is born at 32 cm and increases V22 cm in length during
its first year (Parsons 1985; Branstetter 1987a), for a first
years’ growth of 69% BL. This is rapid growth, but the

shark is still relatively small compared to potential preda-
tors. A one year old sharpnose shark is still smaller than
a neonatal Carcharhinus limbatus.

Several important characteristics such as recruitment and
survival/mortality, especially in relation to their early life
history, are still poorly understood (Hoff and Musick 1990).
Although it is probably impossible, at present, to make
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accurate estimates of these parameters, this paper attempts
to draw on the known characters to make some inferences
about the early life history of species that may help answer
some of the remaining questions.

Species with Slow Growth
(K <0.1; <30% BL)

This group is divided according to the size of the newborns
and the kind of nursery ground they use: 1) exceptionally
large ("v100 cm) young that occupy coastal and surf areas
that expose them to predators, or 2) smaller (<70 cm)
young that use bays and estuarine arsas as nursery
grounds, thus avoiding potential predators. This group can
be further subdivided by the relative size of the young com-
pared to the adults (see Table 1), but the two primary
categories are adequate for this discussion.

Species with Large Neonates

The sand tiger, Odontaspis taurus, is a common, large coastal
shark of warm-temperate regions, reaching a maximum
size of >300 cm (Springer 1960; Gilmore et al. 1983). The
embryos are oviphagous and cannibalistic during develop-
ment; therefore, only two extremely large (>100 cm) young
(Gilmore et al. 1983) are generally produced. Nursery
grounds are littoral, temperate waters, but do not include
embayments or low salinity areas (Bass et al. 1975b); thus,
the young are exposed to predation by the abundant adult
sharks of these areas. Age and growth data are lacking for
this species except for captive specimens discussed in
Gilmore et al. (1983), but using their length at age data
in Ford/Walford plots (Ricker 1975) I calculated a K value
of 0.07-0.09. First year growth was ~30% BL under these
optimal environmental conditions. Even if the actual
growth rate is slower, first year growth coupled with the
initial large size of the pups should decrease predatory risks
on the young.

Similarly, the dusky shark, Carcharhinus obscurus, a large
(Lmax 360 cm: Garrick 1982) common shark of continen-
tal shelf and insular regions, gives birth to young at a
relatively large size (80-100 cm) (Clark and von Schmidt
1965; Bass et al. 1973; Branstetter 1981; Compagno 1984).
Nursery grounds appear to be surf zone areas, but do not
include embayments or lowered salinity areas (Bass et al.
1973). As with Odontaspis taurus, the large size of neonates
may reduce predation by the adults of the common coastal
sharks. However, the 10-15 young produced in each litter
(Clark and von Schmidt 1965; Dodrill 1977; Branstetter
1981) suggest that mortality rates on these young may be
high. Bass et al. (1973) listed C. obscurus pups as a food
item of C. limbatus, and O. taurus is also known to prey on
the C. obscurus pups (J. Musick, Virginia Inst. Mar. Sci.,
Gloucester Point, VA, 23062, pers. comm., 1988). The
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pups grow slowly, only about 15 cm/yr (16% BL; K =
0.07, calculated from data of Schwartz 1983), but the pups
would be >100 cm by one year of age. Again, attainment
of this size may reduce mortality rates.

A third variation of this pattern is exemplified by the
white shark, Carcharodon carcharias. This species is known
to attain a length of 600 cm, and is estimated to reach a
maximum size of >760 cm (Cailliet et al. 1985). Unlike
most lamnoids which produce 2-4 young, the white shark
produces 8-10 young per litter (Randall 1973; S. Uchida,
Okinawa Aquarium, Okinawa, Japan, pers. comm., Dec.
1987), at approximately 140 cm (Stevens 1984; Cailliet
et al. 1985). Although these are large pups, they are small
compared to the adults (approximately 18% L,,,). Based
on the capture localities of young (Cailliet et al. 1985; Casey
and Pratt 1985), birth probably occurs in neritic or pelagic
cool temperate waters. The pups grow ~30% BL (K =
0.06: Cailliet et al. 1985; Welden et al. 1987) their first
year, and would be larger than most potential predators.
Randall (1987) presented evidence refuting several length
records of the white shark (>640 cm). Should their max-
imum size be near 650 cm instead of the 760 cm estimated
by Cailliet et al. (1985), they would need to be categor-
ized in Table 1 with Carcharhinus obscurus (birth >20%
L., K<0.1,<30% BL).

Species with Small Neonates

Three species in this group have very similar patterns.
The bull shark, Carcharhinus leucas, and the sandbar shark.,
C. plumbeus, are common in warm temperate coastal waters,
and the lemon shark, Negaprion brevirostris, is more com-
mon in tropical environments. C. leucas reaches a maximum
size of V300 cm (Sadowsky 1971; Garrick 1982; Branstetter
and Stiles 1987), C. plumbeus a maximum size near 250 cm
(Springer 1960; Casey et al. 1985), and both produce 6-10
young 60-70 cm in length (Springer 1960; Clark and von
Schmidt 1965; Branstetter and Stiles 1987), although some
C. leucas pups develop to extraordinary size (75-85 cm) at
the expense of their intra-uterine litter mates (Sadowsky
1971; Dodrill 1977; Branstetter and Stiles 1987).

Both C. leucas and C. plumbeus pups grow slowly (C.
leucas—K = 0.07: Thorson and Lacy 1982; Branstetter and
Stiles 1987; C. plumbeus—K = 0.05: Casey et al. 1985),
increasing in length approximately 15 cm/yr (22% BL for
C. leucas, 23 % BL for C. plumbeus). C. leucas uses bays and
estuaries of the Gulf of Mexico and the east coast of Florida
as nurseries and the pups penetrate freshwater areas
(Caillouet et al. 1969; Dodrill 1977; Branstetter 1981; Snel-
son and Williams 1981; Snelson et al. 1984) as they do in
other parts of their range (Bass et al. 1973; Thorson and
Lacy 1982). C. plumbeus pups occupy the lower portions
of bays and sounds (Branstetter 1981; Casey et al. 1985).

Both species frequent estuaries for several years. In the
fall of their first year, the pups are "85 cm (Snelson et al.
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1984; Casey et al. 1985), and they move offshore to over-
winter at the continental shelf edge (Springer 1960;
Branstetter 1986). They return again to the bays the next
spring; juveniles of a size corresponding to one-year-old
sharks are common in estuarine areas (Caillouet et al. 1969;
Sadowsky 1971; Branstetter 1981; Casey et al. 1985). At
lengths of 120 cm for C. plumbeus and 130 cm for C. leucas
(Sadowsky 1971; Casey et al. 1985; Branstetter and Stiles
1987) both species begin occupying primarily continental
shelf waters. At this length they are large enough to avoid
predation because of both their size and speed.

In warm temperate regions, Negaprion brevirostris has a
similar early life history to the bull and sandbar sharks,
however the species is not as common in these regions.
More commonly found in tropical regions, this large shark
(Lmax 300 cm: Springer 1950a, 1960; Clark and von
Schmidt 1965) gives birth to pups 60-70 cm in length. The
pups occupy shallow coral reef flats as a nursery ground
(Clark and von Schmidt 1965; Gruber 1981, 1982; Gruber
and Stout 1983), and grow ~15 cm/yr (20-25% BL) (K =
0.05 following data of Gruber and Stout 1983). The shallow
reef flats offer protection for these juveniles, although pre-
dation by adults of their own species and other large sharks
may result in a 50 % mortality rate (S. Gruber, RSMAS,
Univ. Miami, 33149, pers. commun., June 1987). Litters
of 8-18 (x = 12) pups (Clark and von Schmidt 1965)
may help offset this mortality rate.

The protected nursery area strategy is varied slightly by
the scalloped hammerhead, Sphyrna lewini. This species at-
tains a length >300 cm and, as an adult, occupies offshore
waters more commonly than coastal waters (Clarke 1971;
Klimley 1981; Branstetter 1987b). The species produces
numerous small young (>30/litter) at 40-50 cm, which
occupy bays, sounds, and beach front areas as a nursery
(Sadowsky 1965; Clarke 1971; Bass et al. 1975a; Dodrill
1977; Snelson and Williams 1981; Branstetter 1987b).
These young grow 15 cm in the first six months, and
15 cm/yr for the next two years (K = 0.07: Schwartz 1983;
Branstetter 1987b). (This growth rate is 38 % BL, which
is a larger value than the category in which they are placed
[<30% BL], but it is still much slower than most of the
rapid-growing species with growth rates >50% BL). In-
stead of remaining in the protected nurseries, the pups
move into littoral regions after the first three months where
they are exposed to predation (Sadowsky 1967; Clarke
1971: Snelson and Williams 1981; Branstetter 1987b).
Sphyrna lewini pups were the most common shark in
stomach contents listed by Sadowsky (1967), and Clarke
(1971) noted they were preyed upon heavily by adult males
of their own species in Hawaii. This apparent high mor-
tality rate among cohorts may be compensated for by the
large litter size.

Similarly, the oceanic whitetip shark, Carcharhinus longi-
manus, (L., 270-300 cm: Bass et al. 1973) is an offshore
species that gives birth to relatively large litters (12-16

pups) at a small size, about 65 cm (Backus et al. 1956; Gar-
rick 1982; Stevens 1984). Limited age/length data (Saika
and Yoshimura 1985) suggest this species grows slowly;
juvenile growth is about 20 cm/yr (30% BL) (K = 0.04-
0.09: from data in Saika and Yoshimura 1985), therefore
the pups, born in oceanic tropical waters, are more
vulnerable to predation, except that few species occupy
such water, although those that do are relatively abundant.
Attainment of a size that would deter predation may re-
quire two to three years. The larger litter size may offset
this longer vulnerability to such predatory risk.

The overall biology of the great hammerhead, Sphyrna
mokarran, and the smooth hammerhead, S. zygaena, are
poorly understood. However, available data (Clark and
von Schmidt 1965; Sadowsky 1965, 1971; Bass et al. 1975a;
Castro 1983; Stevens 1984) indicate their life histories are
similar to that of S. lewini, and for the time being, they
are included in this group. They both produce large num-
bers of young (20-40) after approximately a one-year gesta-
tion period. S. mokarran pups are born at 70 cm (13%
L,.x), and are taken along beach areas (Dodrill 1977,
Branstetter, unpubl. data). Growth may be similar to that
of S. lewin: (Branstetter, unpubl. data). Little is known of
the biology of S. zygaena; pups are born at ~50 cm (13 %
L,..), and may occupy a more oceanic zone.

Species with Fast Growth
(K >0.1; >40% BL)

This category contains the majority of species under con-
sideration in this review. It also contains a wide range of
sharks; small sharks that reach a maximum size of approx-
imately 100 cm to large species that attain in excess of
300 cm maximum length. Nursery grounds for the pups
of these species tend to be exposed to predators to varying
degrees. Cohort survival appears to be more dependent on
cohort strength and growth rate than on occupation of a
protected nursery ground. As with slow-growing species,
attainment of a size that both deters predation and increases
swimming efficiency appears to be an important survival
factor. The species in this group can be divided between
coastal and pelagic species with the coastal group further
subdivided by the size attained by the species.

Small (L, 100 cm) Coastal Sharks

This group includes the sharpnose sharks, Rhizoprionodon
spp., the bonnethead, Sphyrna tiburo, the smalltail shark,
Carcharhinus porosus, and certain traits of this group are ap-
plicable to intermediate-sized species such as the finetooth
shark, C. isodon, and the blacknose shark, C. acronotus. The
well studied Atlantic sharpnose shark, R. terraenovae, (Par-
sons 1983a, 1983b, 1985; Branstetter 1981, 1987a) is a good
example of the strategy followed by this group. The species
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occurs in warm temperate waters of the southeastern
United States and is the most common shark taken in the
Gulf of Mexico (Cody et al. 1981; Branstetter 1981, 1986).
This small shark (<110 cm) is probably vulnerable to
predation throughout its life history. Adult R. porosus and
R. lalande: are common food items of larger sharks
(Sadowsky 1967). It grows comparatively fast (69% BL)
(K = 0.35-0.50: Parsons 1985; Branstetter 1987a) with
males reaching maturity in three years, females in four
years. In areas where reproduction occurs, catch rates for
females outnumber males in the adult population 3:1
(Branstetter 1981; Parsons 1983b). Females give birth to
4-6 young annually; there is no resting stage in the female
reproductive cycle as is common in larger carcharhinids
(Pratt 1979; Branstetter 1981; Parsons 1983b). The pups,
although small at birth (30-35 cm), are large compared
to the size of the mother (29% of L,,,,). Nursery grounds
are littoral zones, including beach and surf areas. The
young also occur in the mouths of bays and coastal sounds,
possibly migrating with tidal fluctuations (Parsons 1983b;
Branstetter 1986, 1987a). Adults of several shark species
occupy these littoral zones, and mortality of newborns
should be significant. In other areas neonatal R. porosus
and R. lalandei are common food of larger sharks (Sadowsky
1967). Adequate adult recruitment may be dependent on
large annual cohorts and rapid maturation. This is sug-
gested by 1) the possible domination of females in reproduc-
tively active populations, 2) an annual reproductive cycle
without a resting stage, and 3) the production of numerous
young as large as can be accommodated in the female body
cavity. Parsons (1983b) suggested that females that pro-
duce fewer, larger young may be the most efficient.

Similarly, the life history of the bonnethead, Sphyrna
tiburo, recently described by Parsons (1987) suggests it may
suffer from a higher mortality because of its small size. This
shark, reaching a maximum length of 120 cm, grows rapid-
ly (K = 0.34-0.58) maturing in about two years, and pro-
duces 6-9 young a year. The reproductive cycle is very
short, 4-5 months, and the pups are born at 25-35 cm
depending on locality and environmental factors. Pup
growth is rapid, 20+ cm/yr (67-80% BL). The pups are
found in bays and coastal waters, where they are often
preyed upon by larger sharks (see Introduction) (Sadowsky
1967).

Little is known about C. porosus. It reaches a maximum
size of 140 cm, and produces <10 young per litter. Its
size and general habitat preference suggest it is similar
to the other species (Garrick 1982; Compagno 1984;
J. Castro, Clemson Univ., SC 29631, pers. commun.,
Nov. 1988).

Large (Lyax > 150 cm) Coastal Sharks

Life histories for medium-sized species such as Carcharhinus
tsodon (L, = 160 cm: Springer 1950b; Branstetter and
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Shipp 1980) and C. acronotus (Ly,, = 165 cm: Schwartz
1984) are intermediate between the small species and larger
coastal sharks. The female reproductive cycle has a one
year resting stage similar to larger sharks, but the young
(4-6/litter) are relatively small at birth (45 cm for C. acro-
notus and 50 cm for C. isodon [Branstetter and Shipp 1980;
Branstetter 1981; Schwartz 1984]). They occupy littoral
zones where they are exposed to predation from the abun-
dant coastal sharks. Both species grow at a moderate rate;
neonates increase approximately 20 cm in their first year
(~v50% BL for both species) (C. acronotus—K = 0.13:
Schwartz 1984; C. isodon—K = 0.10-0.22 Branstetter,
unpubl. data). Pups of both species are known prey items
of the bull shark. As with the smaller sharks, an earlier
maturation may help offset mortality rates.

The two common species in the category, the blacktip
shark, Carcharhinus limbatus, and the spinner shark, C. brevi-
pinna, have similar life history patterns (Clark and
von Schmidt 1965; Branstetter 1981, 1987c). These two
species comprise 1/3 to 1/2 of the catch of epipelagic coastal
sharks taken on longlines in the Gulf of Mexico (Branstetter
1987c¢). In the northwestern Atlantic region both species
reach a maximum size of >200 cm, with C. brevipinna be-
ing the larger of the two, reaching 240 cm. Both produce
6-10 young after a 12 month gestation period in a two-
year reproductive cycle. C. limbatus pups are born at 50-60
cm, and C. brevipinna pups are born at 60-70 cm (Bran-
stetter 1981, 1987c). Both use the relatively unprotected
iittoral zones as nurseries, and pups invade lower portions
of bays and sounds with the tide, but neither penetrate low
salinity areas (Snelson and Williams 1981; Branstetter
1987c).

Growth for both species is relatively fast: C. limbatus—
K = 0.20-0.27; C. brevipinna—K = 0.22 (Killam 1987,
Branstetter 1987c). Pups increase >20 cm in the first six
months of life. They apparently continue to grow through
the first winter after they move offshore to deep regions
of the outer continental shelf. When they return to coastal
waters in the spring, they have attained lengths in excess
of 90 cm for C. limbatus (85 % BL) and 100 cm for C. brev:-
pinna (67 % BL). These one-year-old sharks are common
in littoral zones. Growth continues at 15-20 cm/yr through
the second year, thus they attain a size that may deter
predators, and allow them to attain swimming speeds to
actively avoid predation.

Pelagic Species

Similar to coastal carcharhinids, the silky shark, C. falcifor-
mis, apparently depends on rapid growth for adequate
neonate survival. In the central Pacific, Strasburg (1958)
noted the silky shark was twice as abundant in neritic
waters compared to open ocean situations, and in the Gulf
of Mexico the species is more common along the edge of
the continental shelf (150-500 m) (Branstetter 1987b). This
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large (>300 cm) cosmopolitan epipelagic shark gives birth
to 6-14 young at 70-75 cm (Strasburg 1958; Bane 1966;
Bass et al. 1973; Cadenat and Blache 1981; Branstetter
1987b). In the tropics, this shark may not have a seasonal
gestation period (Strasburg 1958; Bane 1966; Stevens
1984), but in the warm-temperate Gulf of Mexico, it ap-
pears to give birth in summer (June-August) (Branstetter
1987b). Springer (1967) suggested that neonates inhabit
deep reef areas along the continental shelf edge, but ap-
parently they move to a pelagic existence by the first winter
(6 months of age) (Branstetter 1987b). Their size at birth
makes the pups vulnerable to predation from the large
epipelagic sharks of the region. Cohort survival appears
to be enhanced by rapid growth (K = 0.15) and schooling
behavior (Branstetter 1987b). The pups increase 25-30 cm
in length by the first winter, and are approximately 115
cm by 1 year of age (65% BL). Neonates are taken on
pelagic longlines during the winter in the Gulf of Mexico
(Branstetter 1981, 1987b), separate from the subadult and
adult part of the population. Yoshimura and Kawasaki
(1985) also noted juvenile silky sharks in the western cen-
tral Pacific tended to aggregate by size.

Another pelagic carcharhinid, the night shark, Carcha-
rhinus signatus, may have a similar early life history. This
species occurs in deep waters along the edge of the con-
tinental shelf on both sides of the Atlantic and may be most
abundant in the Florida Straits (Raschi et al. 1982; Gar-
rick 1985; Branstetter and McEachran 1986a). C. signatus
reaches a maximum size near 275 cm, and gives birth to
12-18 pups at 60-70 cm (Branstetter 1981, 1986; Garrick
1985). These pups occupy the epipelagic zone along the
continental shelf edge where they are exposed to predators.
Accurate age and growth data are lacking for this species,
but preliminary data indicate the pups grow 30-35 cm/yr
(50% BL) (K = 0.10-0.15 following data in Branstetter
1986), attaining a length in excess of 100 cm 1n a little over
a year, similar to that of the silky shark.

The pelagic alopiids and lamnids have similar strategies
with the young being dependent on size for survival. Most
lamnoids produce 2-4 large (100 cm) young (Bass et al.
1975b; Gruber and Compagno 1981; Otake and Mizue
1981; Gilmore 1983), but the shortfin mako, Isurus oxy-
rinchus, (Lyyax 375 cm: Pratt and Casey 1983) produces nu-
merous young (6-18) that are comparatively smaller
(70 + cm) (Gohar and Mazhar 1964; Gubanov 1972, 1978,
Stevens 1983, 1984; Branstetter 1981, unpubl. data). The
size of neonate I. oxyrinchus makes them more vulnerable
to predators, but the larger litter size may offset this
mortality rate. In the northwestern Atlantic the popu-
lation has a relatively fast growth rate with juveniles
increasing approximately 40 cm/yr (57% BL) for the
first two years (K = 0.203-0.266: Pratt and Casey 1983).
Such rapid length-increases and associated increased
swimming efficiency and speed should reduce predatory
risks.

In contrast, the much larger (L., >420 cm: Gilmore
1983) longfin mako, I. paucus, a tropical mesopelagic species
that rarely enters continental shelf waters (Dodrill and
Gilmore 1979; Killam and Parsons 1986) gives birth to two
young at >100 cm (Gilmore 1983). As with other offshore
pelagic sharks, a nursery ground, per se, may not be used;
females probably give birth in open ocean waters, and the
pups remain in pelagic waters. The young are of a size that
should deter predators and allow them to attain swimming
speeds necessary to actively avoid predation (Gilmore
1983). Growth rates are unknown, but Branstetter (1986)
reported similar numbers of vertebral bands in similar sized
L oxyrinchus and I. paucus, suggesting they have similar
growth rates (40 cm/yr); growth through the first year
would be near 40% BL.

The porbeagle, Lamna nasus (Ly,, 260-280 cm: Aasen
1963), also gives birth to smaller young, similar to Isurus
oxyrinchus (w70 cm: Aasen 1963), but produces only two
or possibly four per litter. Neonates increase to approx-
imately 100 cm (45% BL) in their first year (K = 0.11:
Aasen 1963). Predation risks may not be as great for the
young of this species because few large predators exist in
the boreal waters that this species inhabits. An estimated
mortality (M) for a virgin stock of this species was approx-
imately 0.18 (Aasen 1963), and much of this can probably
be attributed to juvenile mortality.

The alopiids only produce 2-4 young that are of inter-
mediate size at birth. Lengths for this group are difficult
to compare because of the exaggerated upper caudal lobe.
Although the pups are not large, it is possible that this
added size factor could inhibit some predation. The bigeye
thresher, Alopias superciliosus, which reaches a maximum
size near 400 cm (225 cm precaudal length [PCL])
(Gilmore 1983) produces young born at 100-110 cm (55-60
cm PCL) (Bass et al. 1975b; Gruber 1980; Gruber and
Compagno 1981; Gilmore 1983), and thresher shark,
A. vulpinus, (Lya 650 cm [325 cm PCL]: Cailliet et al.
1983) young are slightly larger (115-160 cm [65-90 cm
PCLY]) (Gubanov 1978; Hixon 1979; Cailliet et al. 1983).
The third species, the pelagic thresher, A. pelagicus, which
does not occur in the northwest Atlantic, may also be born
at v100 cm (Otake and Mizue 1981). Little is known of
the habits of 4. superciliosus and A. pelagicus young, but the
juveniles are taken on longlines in open ocean pelagic
waters. Their size, coupled with a relatively rapid growth
rate may be adequate for survival (Gilmore 1983). Gruber
and Compagno (1981) estimated growth for newborn
A. superciliosus at 40 cm/yr (36% BL). On the basis of
their data I calculated a K of 0.3, but Gruber and Com-
pagno warned that their growth estimates were only first
order approximations. A. vulpinus is associated more with
continental shelf waters, especially the young (Bass et al.
1975b; Gubanov 1978; Branstetter 1981; Cailliet et al.
1983). These waters are occupied by numerous carcha-
rhinid and lamnid sharks, thus the young are exposed to
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greater predatory pressures than their oceanic congeners.
Their larger size at birth and rapid juvenile growth (K =
0.11-0.21: Cailliet et al. 1983; Cailliet and Bedford 1983;
Cailliet and Radtke 1987) of 40 cm/yr (>25% BL) may
offset such predation.

Rapid Growth, Large Litters

The last two species to be considered here also have rapid
growth rates but produce comparatively large numbers of
young; this fact suggests that mortality rates on the young
may be high compared to other species. The blue shark,
Prionace glauca, is one the most common offshore pelagic
sharks of temperate and tropical waters (Strasburg 1958;
Stevens 1984), reaching a size of at least 350 cm (Pratt
1979; Cailliet and Bedford 1983; Compagno 1984).
P. glauca gives birth to numerous (40-80), small (40-50 cm)
young in epipelagic oceanic waters (Pratr 1979; Stevens
1984), similar to the lamnoids. However, their small size
suggests they are vulnerable to predation. Little is known
of blue shark early life history, but growth studies for
the Atlantic population (K = 0.13: Aasen 1966; K =
0.11: Stevens 1975, 1976) and the Pacific population
(K = 0.17-0.25: Cailliet et al. 1983; Caillict and Bedford
1983) indicate neonates nearly double in leagth (40 cm/yr)
their first year (90% BL). During the second year they
grow approximately 30 cm, with growth gradually de-
creasing through maturity. Even with a rapid growth rate,
mortality may be high on young cohorts as suggested by
the litter size.

The tiger shark, Galeocerdo cuvieri, also grows extremely
fast in early life (K = 0.11-0.18: Branstetter et al. 1987).
This species, reaching a maximum length of 400-450
cm, gives birth to numerous (40-70) young that are small
(70 cm) compared to the adults (Kauffman 1950; Bass
et al. 1975a; Branstetter 1981; Branstetter et al. 1987).
Specific nursery areas are unknown, but the young are
born in coastal waters that expose them to predation
by the abundant coastal species, including their own. At
birth, they are extremely long and slender and produce
an inefficient anguilliform-type swimming motion, and
the caudal fin has a low thrust angle (Thompson and
Simanek 1977), thus precluding a rapid swimming speed.
Neonates grow rapidly, doubling in length the first year
of life (100% BL) to ~140 cm (Clark and von Schmidt
1965; Branstetter et al. 1987). Rapid linear growth
(30 cm/yr) continues for the next two years until the
sharks exceed 200 cm in length. Throughout this period
they remain relatively slender-bodied, but swimming effi-
ciency may increase through increased body rigidity and
increased caudal fin thrust angle. At 200 cm, linear growth
begins to decline, and the rate of weight gain increases,
but by this time, they are larger than most potential
predators and probably are predators on younger sharks
themselves.

ELASMOBRANCHS AS LIVING RESOURCES:

Conclusions

Shark species vary several life-history characteristics to
provide for adequate cohort survival. The attainment of
approximately 100 cm TL may be a critical factor in
neonate survival as they are then large enough to deter
many predators as well as active enough to avoid preda-
tion by means of increased swimming speed and efficien-
cy. This may be accomplished by two different strategies:
1) rapid growth in nursery grounds exposed to predators,
or 2) slow growth in protected nursery grounds. Small
species which are nearing their maximum size at 100 cm
are probably susceptible to predation throughout their life
history and offset this higher mortality rate with a higher
fecundity.

From the categories in Table 1, 14 of the 26 species have
a relatively similar strategy—the production of small
numbers of offspring that are fairly large in relation to size
of the mother (birth length >25% L_,,). These young
then grow relatively rapidly, increasing 40-80% of the birth
length in their first year. However, this category covers
a wide group of sharks from the small, coastal Atlantic
sharpnose shark to the large, pelagic shortfin mako. Ob-
viously there are some significant differences in the overall
life histories of the individual species within this category.
The remaining 12 species have evolved similarly successful
strategies but have placed emphasis on different life history
characteristics.

Very few species, or stocks, have been investigated ex-
tensively enough to estimate mortality rates, especially age
specific mortality, however it can be assumed that preda-
tion on juveniles probably constitutes a major source of
overall mortality on the populations. Because viviparous
sharks have a limited uterine space available for embryo
development, there is an inverse relationship between the
number and size of young produced. With the general slow
growth and late maturation exhibited by viviparous sharks
(see Cailliet et al. 1986 and Cailliet 1990 for a review) such
a reproductive strategy results in a direct relationship
between stock and recruitment. Thus sharks, as a group,
are extremely susceptible to overfishing (Holden 1974,
1977). The increasing exploitation of adult stocks may
result in reduced future cohort strength, leading to insuf-
ficient recruitment, and eventual collapse of populations.
Because of the multispecies nature of the developing shark
fishery, management at the group level will be desirable
but difficult to achieve owing to the variations in the life
history strategies employed by the different species (Bran-
stetter and McEachran 1986b).
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ABSTRACT

Though the diets of many species of sharks have been described, little information exists about
patterns of food intake and about the fate of prey items once they are ingested. Digestive physiology
and efficiency of elasmobranchs are generally accepted as similar to those of teleosts, although
digestive morphologies of the two groups differ. The lemon shark, Negaprion brevirostris, has been
the subject of a series of studies examining characteristics of consumption and digestive process-
ing of food. Diet of young lemon sharks and many other sharks is dominated by teleosts. Feeding
by lemon sharks is asynchronous, intermittent, and exhibits no pattern of periodicity. A meal
is completely evacuated from the stomach of lemon sharks 25-41 hours after feeding, depending
on meal type and temperature. Fecal production continues for 68-82 hours after feeding in the
lemon shark. A relatively long period of time is also required for digestive processing of food
in other species of sharks. Lemon sharks absorb energy from food with an efficiency similar to
that of most teleosts. Daily ration has been estimated at 1.5-2.1% body weight/day, which is
intermediate in comparison to estimates for other species of sharks and which is low in com-
parison to most teleosts. Lemon sharks are able to convert ingested energy to energy stored as
growth as efficiently as many teleosts. Slow rates of digestion and consumption are factors which
probably limit growth in the lemon shark and other elasmobranchs. Our findings for the lemon
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shark are compared with information gathered for other species of sharks.

Introduction

Sharks are one of the most abundant apex predators in the
sea, playing a major role in the exchange of energy be-
tween upper trophic levels of the marine environment. Yet
studies of consumption and feeding ecology of sharks are
few, and knowledge of their role in the marine ecosystem
is very limited. Although there are numerous lists of food
items found in the stomachs of sharks (Baughman and
Springer 1950; Clark and von Schmidt 1965; Randall 1967;
Dahlberg and Heard 1969), there have been very few quan-
titative reports of various prey and fewer estimates of the
amount of food consumed on an annual or daily basis.
There are also few descriptions of feeding behavior or ac-
tivity patterns associated with prey selectivity of predatory
sharks. In addition there is little information on digestive

processes or the efficiency with which energy is absorbed
and converted to growth.

The lemon shark (Negaprion brevirostris), which ranges
from New Jersey to Brazil, is particularly abundant off
Florida and in waters of the Bahamas (Springer 1950;
Compagno 1984), and may represent an important energy
sink in these areas of local abundance. To more fully define
the role of the lemon shark in the tropical marine environ-
ment, we have been studying many factors, including diet,
feeding habits, digestive physiology, growth, and other
energetic parameters of this species. The following is a
review of our observations about what, when, how much,
how often and how efficiently lemon sharks eat; and what
happens to food once it is ingested. These findings are then
compared with information available for other species of
sharks, and a synthesis is attempted.
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Table 1.
Teleost prey in the stomachs of sharks.
% occurrence of”
Species teleosts in stomachs Reference
Prionace glauca 90 Stevens 1973
Carcharhinus leucas 86 Tuma 1976
C. leucas 80 Snelson et al. 1984
Triaenodon obesus 78 Randall 1977
P. glauca 75 Tricas 1979
Negaprion brevirostris 71 Cortes and Gruber, In press
Sphyrna lewin: 68 Clarke 1971
Isurus oxyrinchus 67 Stillwell and Kohler 1982
Carcharhinus plumbeus 37 Medved et al. 1985
% contribution of®
teleosts in stomachs
N. brevirostris 88 Schmidt 1986
N. brevirostris 74 Cortes 1987
Squalus acanthias 74 Bowman 1986
Dalatias licha 71 Matallanas 1982
S. acanthias 55 Jones and Geen 1977
Triakis semifasciata 50 Talent 1976
Scyliorhinus canicula 3-6 Lyle 1983
“Percentage occurrence of teleosts stomachs containing teleosts/stomachs
sampled.
*Percentage contribution of teleosts based on weight, volume, or index of relative
importance.

Diet

The impact of sharks on a particular trophic level may be
determined by knowing the amount and diversity of prey
consumed. Sharks are abundant, wide ranging, and some
compete with man by consuming commercially important
species. Studies of the diets of sharks have been useful in
evaluating the degree of predation on certain fish stocks
and the level of competition with man. For example,
fishermen accused the spiny dogfish, Squalus acanthias, of
preying upon herring and young salmon to an extent that
they represented a real competition to commercial and
recreational fisheries (Ketchen 1975). However, until a
quantitative study of the diet of these sharks was conducted
(Jones and Geen 1977), there was little basis for refuting
such claims.

The importance of teleosts in the diet of sharks is demon-
strated by their prominence in the stomachs of many
species of sharks (Table 1). Cortes and Gruber (In press)
investigated the diet of the lemon shark by examining
stomach contents of sharks caught with monofilament gill
nets or set line off the Bahamas and Florida Keys. In three
such studies, teleosts were the dominant prey items, ac-
counting for 74% of stomach contents on the basis of
relative importance. In a limited study, Schmidt (1986)
noted that teleosts contributed 88% of the diet of lemon
sharks caught in Florida Bay.

Nonteleosts (not including marine mammals or elasmo-
branchs) form about 10% of the diet of young lemon
sharks, but appear to be more important in other species
of sharks, and may even dominate the diet of some sharks
(Table 2). For example, young leopard sharks, 7riakis
semifasciata, and lesser spotted dogfish, Scyliorhinus canicula,
feed almost exclusively on nonteleost prey, and young sand-
bar sharks, Carcharhinus plumbeus, also feed primarily on
crustaceans (Talent 1976; Lyle 1983; Medved et al. 1985).

Marine mammal flesh was not found in the stomachs
of lemon sharks, but occurs in the stomachs of other sharks.
A few sharks, such as the cookie cutter, Isistius brasiliensis;
the tiger, Galeocerdo cuvier; and the great white, Carcharodon
carcharias, may be especially adept at feeding upon marine
mammals (Jones 1971; Taylor and Naftel 1978; Corkeron
et al. 1987). However, the presence of marine mammal
flesh in stomachs of other sharks such as the bull, Car-
charhinus leucas; the Greenland, Somniosus microcephalus; the
blue, Prionace glauca; the mako, Isurus oxyrinchus; the six-
gill, Hexanchus griseus; and the dusky, Carcharhinus obscurus,
is much less frequent, and may be a result of opportunistic
feeding upon dead or dying animals (Bell and Nichols 1921;
Templeman 1963; Stevens 1973; Stillwell and Kohler 1982;
Ebert 1986; Gruber, pers obs).

Cortes (1987) found that elasmobranchs formed approx-
imately 7% of the diet of larger lemon sharks. Elasmo-
branchs are especially important in the diet of several
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Nonteleost prey in the stomachs of sharks. M

Table 2.
mollusks, CR = crustaceans, R = reptiles,
I = variety of invertebrates,

and P = polychaetes.

% occurrence of?

Species nonteleosts in stomachs Reference
Prionace glauca 76 M Tricas 1979
Carcharhinus plumbeus 73 M, CR Medved et al. 1985
Sphyrna lewini 73 CR Clarke 1971
Triaenodon obesus 26 M Randall 1977
P. glauca 25 M Stevens 1973
Carcharhinus leucas 15 CR, R Tuma 1976
Isurus oxyrinchus 15 M Stillwell and Kohler 1982
C. leucas 6 CR Snelson et al. 1984

% contribution of?
nonteleosts in stomachs

“Percentage occurrence
Percentage contribution

Triakis semifasciata (adult) 91

Seyliorhinus canicula 94-97 CR,
T. semifasciata (juvenile) 501

Squalus acanthias 40 CR,
S. acanthias 26 CR,
Dalatias licha 12 CR
Negaprion brevirostris 12 CR
N. brevirostris 10 CR,

stomachs containing nonteleosts/stomachs sampled.
based on weight, volume, or index of relative importance.

Talent 1976
M, P Lyle 1983
Talent 1976
M Jones and Geen 1977
M, P Bowman 1986
Matallanas 1982
Schmidt 1986
M Cortes 1987

other species of shark, such as the hammerhead, Sphyrna
mokarran; the bull; the Galapagos, Carcharhinus galapagen-
sis; and the tiger shark (Springer 1960; Lineaweaver and
Backus 1969; Randall 1977). Other sharks, including the
soupfin, Galeorhinus galeus; the sandbar; the blue; the kite-
fin, Dalatias licha; the mako; and the sixgill, occasionally
feed upon sharks and rays (Olsen 1954; Springer 1960;
Stevens 1973; Tricas 1979; Matallanas 1982; Stillwell and
Kohler 1982; Ebert 1986).

Hobson (1963) suggested that sharks refrain from feeding
on members of their own species, and Tuma (1976) noted
that Nicaraguan shark fishermen were reluctant to use
shark for bait, because of its relatively low catch rate com-
pared to other bait. Yet Vorenberg (1962) reported that
cannibalism could be induced when lemon and bull sharks
were excited by the presence of bait. Under natural con-
ditions the lemon shark is cannibalistic. The authors have
found small lemon sharks in the stomachs of larger lemon
sharks at several locations off the Bahamas and Florida
Keys. Budker (1971) states that the cannibalistic tenden-
cies of hammerhead sharks have long been known, and
Snelson et al. (1984) described cannibalism in the bull
shark.

Springer (1960) concluded that pregnant sharks cease
feeding when they enter nursery areas, as a protection
measure for the young. Olsen (1984) reached the same con-
clusion. However, full term pregnant sharks are commonly

captured with baited hooks (Clark and von Schmidt 1965;

Tuma 1976), and we have regularly observed hooked
female lemon sharks giving birth while on the longline in
nursery areas at Bimini, Bahamas (Gruber 1988). The
preferred bait of these full term females appears to be small
sharpnose sharks, Rhizoprionodon porosus. Such observations
cast doubt upon the theory that pregnant female sharks
cease feeding upon entering nurseries for parturition.

A large amount of indigestible material is found in the
stomachs of sharks. Plant material accounted for 11% of
stomach contents of the lemon shark (Cortes and Gruber,
In press). In addition, Schmidt (1986) found plant material
in 11% of lemon shark stomachs that he examined. A
similar percentage of stomach contents consisted of plant
material, mud and stones in the spiny dogfish (Jones
and Geen 1977). Plants, stones and other indigestible bot-
tom material have been found in the stomachs of angel,
Squatina sp.; Port Jackson, Heterodontus portusjacksoni; blue;
leopard; and mako sharks (Lineaweaver and Backus 1969;
McLaughlin and O’Gower 1971; Stevens 1973; Talent
1976; Stillwell and Kohler 1982). Although this plant
matter may be of nutritive value, we believe that it is the
result of the benthic feeding habits of the sharks.

There are many stories of metallic and indigestible ob-
jects recovered from the stomachs of sharks (Lineaweaver
and Backus 1969; Budker 1971), or in which sharks have
become entrapped (Herz 1940; Bird 1978). Whether these
objects are accidentally ingested with prey, or by a shark
investigating potential prey, the indiscriminate feeding
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habits of some sharks is apparent. Moss (1984) suggested
that sharks may consume metal objects because they are
attracted by their electric field. Tiger sharks are especially
renowned for the wide variety of indigestible material found
in their stomachs (Lineaweaver and Backus 1969). Bald-
ridge (1982) proposed that tiger sharks ingest indigestible
items such as stones or shells as a means of buoyancy
control.

Thus, quantitative reports of stomach contents suggest
that the diet of most sharks is dominated by teleosts, but
nonteleost prey are consumed to a considerable extent by
some species. Marine mammals are important in the diet
of only a few species of sharks, while elasmobranchs are
common in the diet of others, including pregnant females,
and cannibalism certainly occurs. Indigestible bottom
material is consumed along with prey, and a wide range
of indigestible items are found in the stomachs of a few
species of sharks.

Feeding Habits

Opportunistic Versus Selective Feeding

We consider an opportunistic feeder as one that generally
consumes whatever prey is encountered, rather than one
that is selective and ignores available prey for a preferred
type. We would expect stomachs of opportunistic feeders
to contain a variety of prey, similar in composition and
abundance to the prey fauna in the predator’s habitat.
Stomachs of selective feeders would be expected to con-
tain a predominant prey-type, which in some cases might
be less abundant than other prey items in the habitat.
However, if a predator were selectively feeding on the most
abundant prey, the difference between opportunism and
selectivity might be difficult to detect.

Sharks are often considered to eat whatever they hap-
pen to encounter. Budker (1971) stated that for a shark
to avoid death by starvation it must be in a constant state
of readiness, living a life of perpetual ambush, pursuit, and
attack, always actively engaged in the search for food. He
considered sharks to be such opportunistic feeders that their
stomach contents were a good indication of the abundance
of marine fauna in a given area. According to Springer
(1960), most sharks are opportunistic feeders out of neces-
sity, existing on a feast or famine regimen owing to their
ineptness at catching prey. Springer (1967) found no in-
dication that the kind of internal drive that man knows as
hunger operates or even exists for sharks. Such reports
reflect the opinion held by many, but much more infor-
mation has recently been gathered on feeding habits of
sharks, providing evidence for a very different view. Some
species of sharks indeed appear to be opportunistic, but
the extent to which they are opportunistic or selective
feeders is not well defined.
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Figure 1.
Variation in the Relative Importance Index (RI) of the major
food categories in the diet of five length-classes of lemon sharks
off Bimini, Bahamas, and the Florida keys (N = 78). Sample size
for each length class is given in the figure. (From Cortes and
Gruber, In press.)

The opportunistic feeding nature of sharks is suggested
by changes in diet with size, season, and habitat. Lemon
sharks occupy shallow bays and lagoons during the first
few years of life and appear to stray little from these
habitats. As they grow, they move off the flats into deeper
water, increasing home range, variety of habitats and prey
encountered (Gruber 1982; Gruber 1984; Gruber et al.
1988). The diversity of the diet also increases and
elasmobranchs, adult jacks, and lobster become increas-
ingly important (Fig. 1). Springer (1960) also noted move-
ment out of nurseries and subsequent changes in the diet
of lemon sharks as they increased in size.

Ontogenetic change in diet with increasing size is com-
mon in other species of sharks, as is the use of relatively
protected environments as nursery areas. The diet of the
young leopard shark consists almost exclusively of crabs;
older leopard sharks are not restricted to nursery areas and
have a much more varied diet, nearly half of which is fish
(Talent 1976). Springer (1960) noted that mature sand-
bar sharks feed on a wide variety of fish, crustaceans, and
octopus, while Medved et al. (1985) found that blue crabs
and menhaden comprised the majority of the diet of young
sandbar sharks caught in an estuary. Juvenile Port Jackson
sharks occupying bays and estuaries feed on soft bodied
invertebrates, while the main prey of adults is a variety
of echinoderms, mollusks, and crustaceans (McLaughlin
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and O’Gower 1971). Young soupfin sharks, which inhabit
bays with subtidal flats, feed largely upon fish, crustaceans,
and mollusks; but adults feed around rocky areas and con-
sume more fish and octopus (Olsen 1954). As spiny dogfish
grow, their diet becomes more diverse and shifts from in-
vertebrates to fish (Jones and Geen 1977). Larger kitefin
sharks consume more crustaceans, teleosts, and elasmo-
branchs, while the importance of cephalopods in the diet
declines with an increase in size (Matallanas 1982). Lyle
(1983) found that young lesser spotted dogfish ate more
crustaceans, while larger specimens ate more mollusks and
fewer crustaceans. Finally, when mako sharks had attained
a size greater than 150 kg, they were able to feed on very
large prey such as swordfish (Stillwell and Kohler 1982).

These ontogenetic changes in diet indicate that in some
species of sharks, juveniles have a restricted diet associated
with a particular habitat such as a nursery ground. In these
areas young sharks may be less susceptible to predation,
but also may encounter fewer potential prey. Particularly
abundant prey, or one which is easily caught, may domi-
nate diets of young sharks which live in nursery areas.

Seasonal shifts in the diet of young lemon sharks have
not yet been confirmed, but it appears that there may be
a peak in consumption of toadfish, Opsanus beta, which coin-
cides with increased vocalization during toadfish mating
season each April (Cortes 1987). There have been many
reports of seasonal changes in the diet of other sharks. As
seasonal abundance of different species of squid fluctuates,
the amount of each species consumed by blue sharks also
fluctuates (Tricas 1979). Talent (1976) found that leopard
sharks ate primarily fish during the summer, but primari-
ly crabs and clams during the fall. The importance of
bluefish and squid in the diet of the mako shark shifts with
season (Stillwell and Kohler 1982). Bluefish are more im-
portant during the spring and winter, but migrate inshore
during the summer, and are replaced in importance by
cephalopods. Matallanas (1982) discovered that while
teleosts were the most important prey item in the diet of
kitefin sharks throughout the year, the items of secondary
importance shifted with season. Sharks were the second
most common item in spring and winter, crustaceans in
summer, and cephalopods in the fall. When herring were
concentrated in large numbers during spawning periods,
they became a major prey item in the diet of the lesser
spotted dogfish (Lyle 1983). During seasonal migrations,
certain fish may become important dietary items for the
soupfin shark (Olsen 1954).

Habitat may have a significant influence in the type of
prey recovered from the stomachs of sharks. Cortes (1987)
found little difference between the diet of lemon sharks
sampled off the Florida Keys and Bimini, Bahamas. How-
ever, Schmidt (1986) recorded large numbers of shrimp
in the stomachs of lemon sharks caught in Florida Bay,
while few shrimp were found in stomachs examined by
Cortes.

The contribution of fish and crustaceans to the diet of
scalloped hammerhead sharks, Sphyrna lewini, varied from
one location to another in Kaneohe Bay, Hawaii (Clarke
1971). The relative importance of mollusks and demersal
fish in the diet of lesser spotted dogfish also varied with
sampling location (Lyle 1983). Olsen (1954) noted that the
diet of young soupfin sharks was dependent on which
estuary the sharks inhabited. Bowman (1986) found that
spiny dogfish ate more squid in deep water, but switched
te fish in shallow water. The percentage occurrence of prey
items in stomachs of mako sharks has also been correlated
with location (Stillwell and Kohler 1982). Clarke and
Stevens (1974) found different cephalopod species in the
stomachs of blue sharks captured at two different locations.
Further opportunism is suggested by their feeding on fish
in the epipelagic zone, squid in deep water, and crusta-
ceans and gastropods when feeding on the bottom (Stevens
1973). The diet of blue sharks also varies depending on
the availability of anchovies, squid, or salmon (Le Brasseur
1964; Tricas 1979). Horn sharks, Heterodontus francisci, were
reported to abandon nocturnal feeding habits and to feed
during the day when large numbers of dead or dying fish
were present (Finstad and Nelson 1975). These findings
demonstrate that sharks can switch to different prey in dif-
ferent habitats and that food habits in one location may
not be representative of food habits of the same species
elsewhere. Thus, limited sampling of stomach contents of
sharks, both in time and space, must be interpreted with
caution.

Tiger and bull sharks provide examples of species which
have broad feeding habits. The tiger shark is considered
to be an opportunistic feeder, preying on a wide range of
organisms (Bell and Nichols 1921; Springer 1960;
DeCrosta et al. 1984). Bull sharks select a wide variety of
habitats, ranging from freshwater lakes and rivers, to coral
reefs and flats throughout the tropical and subtropical
oceans (Compagno 1984). Just as habitats selected by the
bull shark are extremely diverse, so is the diet. Tuma
(1976) found echinoderms, mollusks, crustaceans, mam-
mals, teleosts, elasmobranchs, reptiles, and other items in
the stomachs of bull sharks. These sharks were capable of
capturing fast swimming fish, but consumed almost any
type of animal matter available (dead or alive). Hobson
(1963) believed that while sharks may feed on injured,
distressed, or dead fish, they were capable of capturing
highly motile, elusive prey. Versatile food habits are ad-
vantageous to the individual because feeding will not be
limited to a particular prey item throughout the year. With
sharks, this may allow for an increase in population den-
sity, a decrease in competition and a broadening of range
and distribution (Talent 1976).

Shifts in prey selection may be due to changes in abun-
dance, ease of capture of prey, or changes in density of
shark populations (Talent 1976). It appears that in several
species, the most abundant prey items in a habitat are also
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the most heavily preyed upon. The most prominent prey
items in the diet of juvenile lemon sharks appear to be
among the most abundant organisms in the shallow water
environments inhabited by the sharks; however, further
studies directed toward this question are currently under-
way (Gruber, unpubl. data). Lyle (1983) concluded that
the most common prey in the diet of lesser spotted dogfish
were also the most abundant species in a survey of bottom
fauna. A similar conclusion was reached by Clarke (1971)
for the scalloped hammerhead shark and by Talent (1976)
for the leopard shark.

Some shark species demonstrate the ability to select prey.
Springer (1960) described the sandbar shark as a discrimi-
nating bottom feeder, which showed a preference for spe-
cific prey. Stillwell and Kohler (1982) suggested that the
mako shark may selectively feed on larger bluefish to max-
imize rate of energy intake. Tricas (1979) observed several
patterns of predatory behavior by blue sharks when they
fed upon schools of spawning squid. The feeding patterns
reported by Tricas varied with size and activity of shark,
as well as the physical configuration and alertness of squid.
Even the bull shark has shown evidence of selective feeding,
passing up abundant species of fish which were regularly
consumed by other species of shark (Snelson et al. 1984).

The observation of a preference for specific prey, as well
as changes in prey selectivity, introduce the question con-
cerning the degree to which sharks are selective in their
feeding habits. The relationship between opportunistic and
selective feeding in sharks is not evident tc us. Both op-
portunistic and selective feeding habits can be described
for sharks, and even for individuals of the same species.
Many sharks may fit the description of opportunistically-
selective feeders. When food is abundant, they may select
a specific item, which may maximize energy intake with
a minimum of energy expenditure. When food is less plen-
tiful, they may not be afforded the luxury of choice, and
may feed on almost any prey which is available. In lemon
sharks, the interval between meals is relatively long (Cortes
1987). Sharks that eat infrequently may feed when a pre-
ferred food item is encountered, rather than consuming
less desirable prey more frequently.

Optimal Foraging

The theory of optimal foraging is based on the evolutionary
premise that individuals within a population that forage
most efficiently and that maximize their net rate of energy
intake will possess greater fitness and contribute their genes
to future generations (Townsend and Winfield 1985).
There are two extremes in feeding habits that maximize
foraging efficiency: indiscriminate feeding at low prey
abundance, and selective feeding on larger, energy rich
items when prey is abundant (Knights 1985). Changes in
sensory ability that occur with age may strongly influence
feeding strategy. Young fish, growing at a maximum rate,

have a large appetite and are generally less selective of prey.
They may also lack the sensory capability to distinguish
between potential prey items. As visual and chemical cues
are learned, older fish may become more selective of larger,
higher quality prey (Knights 1985).

There is considerable confusion and disagreement about
the usefulness of this theory, but it is possible to briefly
view the feeding habits of the lemon shark from this per-
spective. First we can examine changes in sensory capabil-
ity of lemon sharks as they age. Although the lemon shark
is farsighted, young lemon sharks appear to have better
visual acuity than older sharks (Hueter and Gruber 1982).
Beulig (1982) found that young lemon sharks did not in-
stinctively recognize the sound of prey, but had to learn
specific sounds associated with the availability of food.
Thus, as their senses develop and prey abundance in-
creases, young lemon sharks should feed on a more nar-
row range of prey, increasing their selectivity as they grow.
However, Cortes (1987) found that the diet of lemon sharks
become more diverse with age. So young lemon sharks may
lack the ability to catch a variety of prey or may simply
not encounter that variety of prey in the nursery habitat.
Similar limitations may apply to other species of shark that
inhabit areas of low productivity at early ages. In these
cases sharks may not appear to conform to the tenets ad-
vanced in the theory of optimal foraging. Casey et al.
(1985) suggested that sandbar sharks may reach a size
where food, oxygen, or a combination of several factors
become limiting and this is the putative mechanism which
triggers juveniles to leave nursery areas for offshore waters.
As more information is gathered about the life-history
strategies of elasmobranchs and about optimal foraging in
other taxa, many of the existing principles may be more
readily understood.

Finally, there are several reports of sharks feeding
cooperatively. Although the lemon shark may congregate
loosely in schools (Gruber et al. 1988), there has been no
documentation of cooperative hunting in this species.
Lineaweaver and Backus (1969) state that the oceanic
whitetip shark, Carcharhinus longimanus, may hunt coopera-
tively and Budker (1971) made a similar statement about
thresher, Alopias sp., and sandtiger sharks, Eugomphodus
taurus. Randall (1977, 1986) commented on the possibility
of cooperative hunting by other species of sharks. Talbot
(F.H. Talbot, Director, California Academy of Sciences,
Golden Gate Park, San Francisco, CA 94118, pers. comm.,
June 1987) and others have observed blacktip reef sharks,
Carcharhinus melanopterus, hunting in groups and chasing
small teleosts out of the water onto the shore. The blacktips
then beached themselves and fed upon the stranded fish.

Feeding Patterns

It is not only important to know what sharks eat, but also
when and how often they eat. Knowledge of food habits
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Table 3.
Percentage of sharks caught that had empty stomachs.

Species

% empty stomachs

Reference

Sharks caught using bait

Carcharhinus amblyrhynchos
Negaprion brevirostris
Carcharhinus leucas
Carcharhinus plumbeus
Carcharhinus galapagensis
C. amblyrhynchos

Isurus oxyrinchus
Prionace glauca

P. glauca

Galeorhinus galeus
Galeocerdo cuvier

P. glauca

Squalus acanthias
Triaenodon obesus
S. acanthias

N. brevirostris
Dalatias licha

P. glauca

Triakis semifasciata
C. plumbeus

Seyliorhinus canicula

Notorhynchus cepedianus 92
80
80

58
55
54
48
40
39
37
26
20

6

Sharks caught using net or other nonbait methods of capture

74
59
36
26
17
17
16
13

1

Herald and Ripley 1951
McKibben and Nelson 1986
Gruber 1984

Tuma 1976

Wass 1973

De Crosta et al. 1984
De Crosta et al. 1984
Stillwell and Kohler 1982
Stevens 1973

Clarke and Stevens 1974
Olsen 1954

De Crosta et al. 1984
Tricas 1979

Bowman 1986

Randall 1977

Jones and Geen 1977
Cortes and Gruber In press
Matallanas 1982

Le Brasseur 1964

Talent 1976

Medved et al. 1985

Lyle 1983

is vital in assessing the ecological requirements of a species
(Talent 1976), and information gathered on diet and feed-
ing habits adds insight into the biology and distribution
of a species (Stillwell and Kohler 1982). Two questions of
fundamental importance to understanding the interaction
between a predator and food resources are ‘‘How often and
how much does the predator consume?’’ (Hall 1987).

The feeding schedule of the lemon shark appears to be
characterized by short bouts, followed by longer periods
of digestion, with little or no feeding in the interim. This
pattern appears to hold for other species as well. For exam-
ple, individuals are often caught and found to have empty
stomachs. Cortes (1987) found that 26 % of lemon sharks
captured with gill nets had empty stomachs. This is low
in comparison to values reported for other species (Table
3). Springer (1960) wrote that a very large proportion of
sharks in commercial landings had empty stomachs. This
means that a large number of animals caught with bait had
gone a substantial period of time without eating. Yet some
individuals caught with bait have full stomachs, which rein-
forces the common perception that sharks are ‘‘gluttons’’
(Budker 1971). Lineaweaver and Backus (1969) reported
large catches of sharks with full stomachs, and on other
occasions poor catches characterized by a high percentage
with empty stomachs.

Many food items in the stomachs of sharks are well
digested. In the lemon shark, 28% of stomachs contain-

ing food had a single item in a late stage of digestion (Cortes
1987). The same was true for 21.5% of sandbar sharks that
had food in their stomachs (Medved et al. 1985). Thus,
nearly 50% of lemon and sandbar sharks had little or no
food in their stomachs when captured. Springer (1960)
noted that stomach contents of sandbar sharks were usually
not identifiable owing to an advanced state of digestion.
A high frequency of unidentified prey in late stages of diges-
tion is characteristic of the kitefin (Matallanas 1982) and
soupfin sharks (Olsen 1954). Stevens (1973) was able to
identify only 50% of prey in the stomachs of blue sharks,
because most items were in an advanced state of digestion.
It is apparent that the majority of sharks that were attracted
to bait were those which had relatively empty stomachs or
those which had recently eaten, but were still inclined to
consume additional food. Thus, these sharks feed for short
periods of time.

The number of food items in the stomachs of lemon
sharks caught in nets was low. Nearly 80% of stomachs
containing food had only one or two prey items (Cortes
1987). Medved et al. (1985) reported a similar finding for
the sandbar shark, where 60 % of stomachs with food con-
tained a single item and 90 % had three items or less. Most
blue shark and spiny dogfish stomachs also contained only
one or two food items (Stevens 1973; Jones and Geen
1977). Tricas (1979) found a low average number of prey
in the stomachs of blue sharks during most of the year.
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Figure 2.
Frequency distribution of stage-of-digestion values assigned to
food items (N = 110) consumed by young lemon sharks captured
off the Florida keys. (From Cortes 1987.)

The average number of food items in the stomachs of lesser
spotted dogfish was between four and six (Lyle 1983). In
each of these studies, multiple food items were usually in
a similar stage of digestion. Cortes (1987) and Medved
et al. (1985) assigned stage-of-digestion values, based on
rates of digestion in control studies, to food items found
in stomachs of lemon and sandbar sharks respectively. Ex-
amination of the values for multiple food items allowed
them to calculate feeding duration for these two species.
Feeding duration of the lemon shark was estimated as
10-11 hours and at 7-9 hours for the sandbar shark. Feed-
ing frequency of the lemon shark was estimated as 32 hours.
Thus, an average lemon shark would actively feed for
10-11 hours and then fast for the next 32 hours. Theoret-
ically, if these sharks had been feeding continuously, multi-
ple food items at various stages of digestion would be found
in their stomachs. Yet the opposite trend was observed.

Our findings indicate that frequency of feeding in the
lemon shark is dependent on factors which commonly in-
fluence rate of consumption in other aquatic vertebrates,
such as rate of digestion and energy content of food, rather
than their ability, or inability to capture prey. After a lemon
shark has consumed a meal or successive meals, feeding
appears to be reduced. Sharks very likely encounter prey
during this time, but they may not be attracted to a poten-

(dry g-kg™)
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Figure 3.
Diel variation in mean ratio of dry weight of stomach contents
to wet weight of shark (g/kg). Solid triangles are the means at
the mid-point of each 4 h time interval, starting at 2300 hours;
open triangles are the means at the mid-point of each 4 h time
interval, starting at 0100 hours. Vertical lines designate + 1 SD.
(From Cortes 1987.)

tial meal because their stomachs are relatively full. When
the stomach is nearly empty, feeding activity increases, and
prey may once again be actively sought.

Finally, a cyclical feeding pattern has been described for
the captive lemon shark. Peak consumption is followed by
a few days of reduced consumption, when appetite is re-
established (Graeber 1974; Longval et al. 1982). Casey
et al. (1985) noted a similar pattern for captive sandbar
sharks. All of these observations point to a short period
of active feeding, followed by a longer period of digestion
with reduced feeding activity. There is little evidence to
support the supposition that sharks feed continuously, and
abundant evidence that feeding motivation waxes and
wanes as in most other vertebrates.

Cortes (1987) found food in all stages of digestion in the
stomachs of lemon sharks sampled at hourly intervals
(Fig. 2). This suggested that lemon sharks feed asynchron-
ously, i.e., there is no particular time of day or night when
a greater number of sharks are feeding. Data from Med-
ved et al. (1985) and Matallanas (1982) supported these
findings for other shark species.

There is a widespread belief that sharks are more active
at night and feeding activity increases during this time
(McKenzie and Tibbo 1964). Both laboratory (Nelson and
Johnson 1970; Casterlin and Reynolds 1979; Nixon and
Gruber 1988) and field studies (McLaughlin and O’Gower
1971; Finstad and Nelson 1975) have shown that metabolic
rate or activity of some sharks, including the lemon shark,
increases at night. Yet Cortes (1987) found no temporal
difference in the amount of food in stomachs of lemon
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sharks (Fig. 3). Medved et al. (1985) also found no signifi-
cant day-night differences in stomach contents of sandbar
sharks. Actual increase in feeding activity by the lemon
and sandbar sharks may be masked by crepuscular feeding
habits, or by occasional opportunistic feeding throughout
the day or night. Olsen (1954) reported that tides may be
a factor in the feeding activity of soupfin sharks, but tidal
cycle did not influence feeding of sandbar or lemon sharks
(Medved et al. 1985; Cortes 1987). It appears then, for
at least the lemon and sandbar sharks, and presumably
others, feeding is intermittent, asynchronous, and does not
exhibit measurable patterns of periodicity.

Digestion

The digestive abilities of sharks are confusing and difficult
to characterize. Sharks may cease feeding for long periods
of time for no apparent reason, presumably relying on
energy stores in the liver during weeks and even months
of starvation (Lineaweaver and Backus 1969; Budker 1971;
D.R. Nelson, Department of Biology, California State
University, Long Beach, CA 90840, pers. comm., June
1987). Springer (1960) felt that larger prey species were
frequently of a less digestible type, and were taken by
sharks in desperation when no other food was available.
He also hypothesized that the digestive processes of sharks
were inhibited when they swallowed large quantities of
decomposing flesh of sharks and rays. The acidity of a
stomach would decrease due to

.. . the continuous liberation of ammonia through the
action of enzymes produced during the course of
ordinary putricative decomposition of the urea that
normally occurs in sharks.

Springer (1960) reported that stomachs of sharks which
contained large amounts of decomposing shark flesh had
a pH above 8.0, whereas those containing fish, turtles,
birds, or small amounts of shark flesh had a pH of 4.0 or
below.

Budker (1971) reported that the stomach of a shark may
retain food in a undigested state for long periods of time.
He describes an account of two dolphin fish, Coryphaena
hippurus, in a perfect state of preservation being recovered
from the stomach of a tiger shark that was held in captiv-
ity for a month. The shark appeared to have preserved the
dolphin, while ingesting and regurgitating horsemeat. This
was presumably accomplished by restriction of digestive
secretions, compartmentalization, or secretion of preser-
vative substances. Budker (1971) also reported that human
flesh had remained undigested in the stomach of a tiger
shark for days and even weeks.

The means by which sharks achieve these unusual feats
is not clear. Digestive enzymes which are produced in the

alimentary tracts of elasmobranchs are substances common
to teleosts and other vertebrates (Fange and Grove 1979).
Dobreff (in Barrington 1957) found that HCI production
continued in the stomach of elasmobranchs deprived of
food for 112 days. Acidity declined with the absence of
food, but HCI was still secreted in detectable quantities
until the animal died of starvation. Observation of feeding
behavior in captive sharks, such as prolonged unwillingness
to feed, or preservation of food, does not necessarily repre-
sent natural feeding or digestive characteristics. Stress
associated with captivity can lead to refusal of food and
unusual feeding behavior (Van de Elst et al. 1983). Studies
of the digestive physiology of elasmobranchs are needed
to explain these unusual phenomena.

Most absorption of nutrients takes place in the intestine,
and this is an early step in making useful energy available
for growth or metabolism (Fange and Grove 1979). The
rate of the passage of food through the digestive tract can
have important ramifications in the amount of nutrient ab-
sorbed across the gut wall. The longer a meal is in the
digestive tract, the longer it is subject to the processes of
enzymatic digestion and absorption, and the greater the
amount of nutrient that can be absorbed (Windell 1978).

Total retention time of a meal has been measured in the
lemon shark by an x-radiographic technique, where barium
sulfate was incorporated into food (Wetherbee et al. 1987).
A minimum of 68-82 hours was required for a meal to be
entirely eliminated from the digestive tract of the lemon
shark (Fig. 4). Budker (1971) reports that a period of 2-6
days is a typical residence time of a meal in the digestive
tracts of sharks, and gives a value of 18 days as the time
food remained in the digestive tract of dogfish. It is ap-
parent that food passes through the alimentary tract of
sharks at a relatively slow rate compared to most teleosts.
For example, the average time for a meal to be completely
emptied from the digestive tract of teleosts studied at
20-25°C is less than 50 hours (Lane and Jackson 1969;
Fange and Grove 1979).

Differences in digestive processes between elasmobranchs
and teleosts are not limited to the rate at which food passes
through the gastrointestinal tract. Most teleosts have a
tubular intestine, while elasmobranchs have a spiral valve
intestine, which increases surface area for absorption
without taking up additional space in the body cavity
(Budker 1971). This space conservation measure may be
correlated with the large elasmobranch liver required for
buoyancy, or with retention of developing embryos in uteri
(Moss 1984). The digestive and absorptive capabilities of
elasmobranchs had not been studied prior to Wetherbee
(1988). He found that the lemon shark is able to absorb
energy from a meal with an efficiency comparable to that
of most teleosts. Absorption efficiency of lemon sharks is
not unusually high or low, despite their having a spiral
valve intestine, a prolonged food retention time and an ex-
tended period of digestion.
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Figure 4.
Histogram showing the presence or absence of barium sulfate (BaSO,) in the digestive tract of lemon sharks. The first observation
in which BaSO, had been completely voided was at 71 hours, while the last occurrence of BaSO, was at 80 hours.

Consumption

The rate at which food energy passes through an indivi-
dual, sets a limit on the rate of production for an individual
or population (Hall 1987). Food consumed by sharks
represents the sole energy source for growth and metab-
olism, and estimates of consumption can be valuable in
assessing basic biological information, ecological relation-
ships, the extent of predation and competition, environ-
mental conditions for growth, impact on commercially
important fish or other stocks, and rational exploitation
of populations.

Two basic methods have been used to estimate consump-
tion for fishes. One method uses laboratory experiments
to derive parameters relating to growth, metabolism, ex-
cretion and digestion. The second method estimates con-
sumption based on the amount of food found in stomachs
sampled in the wild, in conjunction with measurement of
the rate of gastric evacuation (Windell 1978). Both methods
rely on experiments with captive animals, and for this
reason, there have been very few estimates of consump-
tion for elasmobranchs. The difficulty of keeping and
sampling sharks in captivity has limited laboratory studies
of many aspects of elasmobranch biology (Gruber and
Myrberg 1977; Martini 1978; Gruber and Keyes 1981).
Consumption cannot be estimated by using description of
prey items, weight, or volume alone. This is because the
amount of food found in a stomach is a function of the rate
of gastric evacuation, amount of food initially consumed,
and time (Windell 1978).

Gastric Evacuation

Two estimates of the time required for complete evacua-
tion of food from the stomachs of lemon sharks have been
derived. Schurdak and Gruber (1988) found that filets of
blue runner, Caranx chrysos, were completely evacuated in
approximately 24 hours, and the pattern of gastric empty-
ing was exponential. Cortes (1987) found that a larger meal
of a natural prey item was completely eliminated from
stomachs in 28-41 hours, and was best described by a linear
model. The difference in these two studies may be due to
the use of smaller more friable food by Schurdak and
Gruber, as well as temperature fluctuation in Cortes’ study.
Jobling (1986) reviews the influence of these factors on
gastric evacuation and the mathematical models that are
used to describe the rate of gastric evacuation in fish. He
concludes that smaller more easily digested food is rapidly
eliminated from stomachs in an exponential manner, while
larger items are evacuated in a linear manner.

Medved (1985) showed that time required for complete
gastric evacuation in the sandbar shark was 71-92 hours,
much longer than that of the lemon shark (Table 4). The
difference in time is greater than what might be expected
based on their similar distribution, life history, and close
phylogenetic relationship. It is likely that methodological
differences exaggerated actual differences in gastric evacu-
ation. Medved (1985) force fed sandbar sharks and used
a stomach lavage technique to remove stomach contents.
Force-feeding in teleosts has been shown to depress the
rate of gastric evacuation and increase variation between
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Table 4.
Estimates of time required for a meal to be completely evacuated from the stomachs
of sharks.
Hours for complete Temperature
Species gastric evacuation °C Reference
Squalus acanthias 124 10 Jones and Geen 1977
Carcharhinus plumbeus 71-92 25 Medved 1985
C. plumbeus 48 + — Wass 1973
Isurus oxyrinchus 36-48 — Stillwell and Kohler 1982
Negaprion brevirostris 28-41 20-29 Cortes 1987
N. brevirostris 24 25 Schurdak and Gruber 1988
Prionace glauca 24+ — Tricas 1979
individuals (Windell 1966; Swenson and Smith 1973). In 126

the Medved study, stomachs were lavaged prior to a feed-
ing trial; this treatment may have washed digestive en-
zymes from stomachs, delaying the onset of digestion and
perhaps prolonging gastric emptying time. Cortes (1987)
estimated time for complete evacuation of lemon shark
stomachs by extrapolation from a gastric evacuation curve
(Fig. 5). However, MacDonald et al. (1982) found that rate
of gastric evacuation may peak after a time, so that a linear
representation of evacuation rate, similar to Cortes’ may
be improper. Lemon sharks were also held at a slightly
higher temperature than sandbar sharks. Temperature
has been shown to hasten gastric emptying in teleosts (Job-
ling 1986). Considering the different techniques used by
Medved and Cortes, it is likely that the actual times re-
quired for complete gastric emptying in the lemon and
sandbar sharks are more similar than would appear from
the results.

Other estimates of gastric evacuation rates for sharks are
not well documented or are incomplete. Jones and Geen
(1977) force fed spiny dogfish extremely high rations and
estimated time for complete gastric emptying by fitting a
straight line to the data and extrapolating to zero food.
Stillwell and Kohler (1982) estimated time for complete
gastric emptying for the mako shark based on examina-
tion of stomach contents and use of information from other
species of sharks. Rate of gastric evacuation and time re-
quired for complete emptying were not actually measured
in either of these studies. Wass (1973) found that sandbar
sharks had food in their stomachs 48 hours after consump-
tion of a meal but did not determine time for complete
gastric evacuation. Tricas (1979) reported the presence of
undigested food in stomachs of blue sharks 24 hours after
consumption of a meal. Based on the few actual measure-
ments and partial measurements of gastric evacuation, it
is apparent that a substantially longer period of time is re-
quired for food to be completely eliminated from the
stomachs of sharks than the stomachs of teleosts. Although
gastric evacuation of several teleosts may require over 30
hours, the average time for complete gastric evacuation of

EXPERIMENT | (20-25°C)

120

PERCENTAGE OF FOOD REMAINING

80

401

TIME AFTER FEEDING (h)

Figure 5.
Mathematical models fitted to gastric evacuation data of young
lemon sharks fed snapper or white grunt, at three temperature
regimes: linear (—), exponential (———), and square root
(-=---). Percentage of food remaining in stomachs is expressed
as dry weight. (From Cortes 1987.)

a meal measured for teleosts at a temperature close to 25°C
is about 12 hours (Fange and Grove 1979).

Daily Ration

Although an individual may not consume the same amount
of food each day, or may not even feed daily, consump-
tion expressed on a daily basis (daily ration) provides a
useful means of comparison of ingestion rates for different
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Table 5.
Estimates of daily ration for sharks.

Species

Daily ration
% body weight/day

Reference

Isurus oxyrinchus 3.2

Stillwell and Kohler 1982

Negaprion brevirostris 1.5-2.1 Cortes 1987

Squalus acanthias 13 Jones and Geen 1977

Carcharhinus plumbeus 1.1 Medved et al. 1988

N. brevirostris 0.4-2.0 Clark 1963

S. acanthias 0.4 Brett and Blackburn 1978

Table 6.
Estimates of annual consumption for sharks.
Average Annual
Daily ration  body weight  consumption  Body weight®
Species % bw/d (kg) (kg) consumed Reference

Isurus oxyrinchus 3.1 69.0 781 11.3 Stillwell and Kohler 1982
Negaprion brevirostris 1.5-2.1 1.891 10.3-13.8 5.8-7.3 Cortes 1987
N. brevirostris 1.000 5:3-6.5 5.3-6.5 Bushnell et al. submitted
Squalus acanthias 0.107 0.51 4.7 Jones and Geen 1977
Carcharhinus plumbeus 1.1 1.882 7.6 4.0 Medved et al. 1988
S. acanthias 0.107 0.16 1.5 Brett and Blackburn 1978

“Body weight consumed = number of times an equivalent of body weight is consumed in a year.

organisms. Daily ration of the lemon shark has been esti-
mated at about 2% body weight per day (bw/d) (Cortes
and Gruber, In press). Clark (1963) stated that lemon
sharks held in captivity consumed between 0.4 and 2%
bw/d and assumed that daily ration in the field was higher
than in captivity because of the need for additional energy
to capture prey. Gruber and Stout (1983) showed that cap-
tive lemon sharks kept under optimal conditions grew ten
times faster than in the wild. The majority of additional
growth observed by Gruber and Stout can be attributed
to food intake levels, which were about 3% bw/d and well
above those of wild lemon sharks. Changes in metabolic
rate and stress would also influence growth rate in cap-
tivity sharks.

Table 5 lists estimates of daily ration for other species of
sharks. Medved et al. (1988) obtained a value of 1.1% bw/d
for daily ration of sandbar sharks. The lemon shark appears
to consume almost twice as much food as the sandbar shark,
but differing estimates of gastric evacuation rate may be
partly responsible for different estimates of consumption.
Another factor may be that lemon sharks grow more rapidly
and to a greater size than sandbar sharks (Casey et al. 1985;
Henningsen and Gruber, in prep.). If lemon sharks have a
higher metabolic rate than sandbar sharks, they would re-
quire an increased level of intake for metabolism, yet re-
ports of activity of these two species are somewhat conflict-
ing (Medved and Marshall 1983; Nixon and Gruber 1988).

Daily ration of the spiny dogfish has been calculated
to be 1.3% bw/d (Jones and Geen 1977) and 0.4% bw/d
(Brett and Blackburn 1978), the difference attributable
to methodology. Bowman (1986) cautioned that spiny
dogfish caught at depth frequently regurgitate stomach
contents when they are brought to the surface. This
would result in a bias in determination of daily ration
and the type of prey consumed; and the predatory impact
that spiny dogfish have on fish populations would be
underestimated.

Stillwell and Kohler (1982) estimated daily ration of the
mako shark at 3.1% bw/d. Although this estimate was not
based on measurement of the rate of gastric evacuation,
a high level of consumption relative to other shark species
might be expected. Mako sharks are fast swimming, highly
active sharks, capable of maintaining a body temperature
several degrees above that of ambient water (Carey and
Teal 1969). Digestion rate, rate of food passage, and con-
sequent ingestion rate may all be increased at higher am-
bient temperatures (Jobling and Davies 1979; Kaushik
1986). This may be especially true considering that the
spiral valve is the warmest visceral organ in the mako shark
(Carey et al. 1981). Mako sharks grow at a fairly rapid
rate in comparison to many sharks (Pratt and Casey 1983).
This also implies a high level of intake, assuming that
assimilation and growth efficiencies are similar to those of

cold bodied sharks.
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Table 7.
Estimates of annual growth in mass for individual sharks of the species listed.
Initial weight Final weight Weight gain % body
Species (kg) (kg) (kg) gain Reference
Negaprion brevirostris 1.118 2.664 1.546 138 Henningsen and Gruber, in prep.
Carcharhinus plumbeus 1.349 2.415 1.066 79 Medved et al. 1988
Squalus acanthias 0.092 0.122 0.031 33 Jones and Geen 1977
Table 8.
K values = slope of von Bertalanffy growth curve fitted to growth data
for sharks.
Species K value Reference
Rhizoprionodon terraenovae 0.35-0.50 Branstetter 1987
Carcharhinus limbatus 0.27 Branstetter 1987
Isurus oxyrinchus 0.20-0.27 Pratt and Casey 1983
Prionace glauca 0.22 Branstetter 1987
Carcharhinus brevipinna 0.21 Branstetter 1987
Galeorhinus galeus 0.16 Olsen 1984
Carcharhinus leucas 0.08 Branstetter and Stiles 1987
Squalus acanthias 0.05-0.07 Ketchen 1975
Negaprion brevirostris 0.06 Brown and Gruber 1988
Carcharhinus plumbeus 0.04-0.05 Casey et al. 1985

Despite problems encountered in determining consump-
tion rate, it is apparent that sharks consume less on a
percentage body weight basis than most teleosts. Many car-
nivorous teleosts consume 20-30% bw/d (Brett and Groves
1979), while the maximum ration voluntarily consumed
by lemon sharks (growing ten times faster than wild sharks)
is less than 3% bw/d (Gruber 1984).

Based on average body weights and estimates of daily
ration, annual rate of consumption can be calculated for
the lemon shark and several other species. When annual
consumption is expressed as the number of times an equiv-
alent of body weight is consumed, comparisons between
sharks of different sizes are possible (Table 6). Also in-
cluded in Table 6 are several estimates of annual consump-
tion based on the energetic requirements for metabolism.
The high level of annual consumption by mako sharks is
consistent with greater energy requirements of this species,
whereas the level of consumption by spiny dogfish, a cold
water species with a low metabolic rate, is low (Brett and

Blackburn 1978).

Production

Based on annual growth rates, annual production can
be estimated for young sharks of several species. Again,
for ease of comparison of species of different sizes, annual
production for an individual is expressed as percentage

increase of initial body weight (Table 7). Rates of pro-
duction of most teleosts, based on annual increases in body
weight, are higher than that for elasmobranchs listed in
Table 7. Many teleosts double their body weight in less
than a week, which represents a tremendous weight in-
crease on an annual basis (Brett and Groves 1979).

Other sharks appear to grow at faster rates than those
shown in Table 7. Branstetter (1987, 1990) proposed
that growth rates of sharks are correlated with the ecol-
ogy of each species. Growth rates of sharks (lemon, bull,
sandbar) that inhabit shallow bays and estuaries early
in life are relatively slow. Other species such as Atlantic
sharpnose, Rhizoprionodon terraenovae; spinner, Carcharhinus
brevipinna; blacktip, Carcharhinus limbatus; and blue shark,
have relatively rapid growth rates (Table 8). In these
species, parturition occurs in offshore waters, making
pups more susceptible to predation, thus favoring rapid
growth in these environments. These life history traits
may represent two different strategies for improving the
survival rate of young. Although consumption has not
been measured for fast-growing species, higher levels
of growth may be dependent on increased levels of
consumption.

Gross conversion efficiency (K ) represents the efficien-
cy of food conversion to growth (Brafield and Llewellyn
1982). Using values obtained for daily ration and growth,
we have calculated conversion efficiencies for several species
of sharks on an annual basis (Table 9).
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Table 9.
Estimates of gross conversion efficiency (K,), the efficiency of food conversion to growth,
for sharks on an annual basis.
Annual Annual
production consumption
Species (kg) (kg) K, Reference
Carcharhinus plumbeus 1.066 7.56 14.1 Medved et al. 1988
Negaprion brevirostris 1.546 10.35-13.80 11.2-14.9 Cortes 1987
Squalus acanthias 0.031 0.51 5.9 Jones and Geen 1977
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A. Growth rates for young lemon sharks at 25°C as a function of feeding rate. (From Cortes 1987.) B. Gross conversion efficiencies
for young lemon sharks at 25°C as a function cf feeding rate. Circles are experimental means, vertical bars designate +1 SD. The

best fitting curve was traced by eye. (From Cortes 1987.)

The considerable economic and biological importance
of fish are incentives for attempting to understand more
completely their rates of production (Gerking 1954). Since
food supply is the major factor controlling production of
most animals, understanding the relationship between food
supply and growth is a necessity. Cortes (1987) conducted
a series of experiments aimed at establishing the relation
between feeding level and production in the juvenile lemon
shark. Growth associated with various levels of energy in-
take were recorded and represented in terms of rate and
efficiency (Figure 6, A and B). Cortes found that increas-
ing intake and growth were directly correlated, but growth
rate leveled off at high rations.

According to Brett et al. (1969), measurement of food
conversion efficiency may well offer one of the greatest
sources of insight concerning what governs the success of
an animal. We have determined food conversion efficien-
cy of lemon sharks, and found that it continues to increase
with increased ration, eventually leveling off at high
rations. At intake levels above maintenance, K; of the
lemon shark is between 10 and 25, which is comparable
to values reported for teleosts (Brett and Groves 1979). At
the maximum ration voluntarily consumed, Cortes found
growth rate and K; continued to increase. In several
studies involving teleosts, K; peaks at an optimum feeding
rate and decreases at intake levels beyond the optimum
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(Paloheimo and Dickie 1966; Huisman 1976; Elliott 1982;
Borgmann and Ralph 1985). Food is not converted to growth
as efficiently at these high ration levels owing to factors
such as increased activity, decreased absorption efficiency
or increased metabolic costs of processing the additional
food (Warren and Davis 1967). However, we were unable
to induce young lemon sharks to voluntarily feed at intake
levels high enough to yield lower growth efficiencies.

Laboratory measurements of growth and conversion ef-
ficiency for the lemon shark compare well with informa-
tion obtained from the field. We were able to estimate the
level of consumption required to support rate of field
growth, as determined from tag and recapture data, from
the growth curve for captive lemon sharks (Figure 6A).
Daily ration in the field was estimated to be 1.5 to 2.0%
bw/d, which corresponded well with estimates of daily ra-
tion obtained by analysis of stomach contents and rate of
gastric evacuation (Table 4). Using the laboratory derived
K, curve in Figure 6B, the K| expected for lemon sharks
feeding at a rate comparable to the daily ration level was
calculated. The generated values of 10-12 agree well with
K, (11.2-14.9) calculated on an annual basis from field
estimates of growth and consumption (Table 9). Thus,
estimates of consumption and production in both the
laboratory and the field are in agreement.

Growth does not appear to be limited by the ability of
the lemon shark to absorb energy, or to convert consumed
energy to growth. Experiments conducted by Bushnell
(1982) showed that the lemon shark has a metabolic rate
comparable to active teleost predators, indicating that
metabolic costs were not unusually high. The major fac-
tor responsible for slow rates of growth observed in lemon
sharks (Gruber and Stout 1983; Henningsen and Gruber,
in prep.) is a relatively low level of consumption, which
may in turn be limited by a slow rate of digestion.

Applying values of individual consumption and produc-
tion to a population of lemon sharks in the field may be
valuable in assessing the impact of this species on a local
level. The population of juvenile lemon sharks inhabiting
the north lagoon of Bimini, Bahamas has been estimated
at approximately 87 individuals (Henningsen and Gruber,
in prep.). An ecosystems modelling study has shown that
this ecosystem can support about 250 juvenile lemon sharks
(Jacobsen 1987). If these estimates are realistic, then com-
petition between young lemon sharks may not be extreme
in this habitat, and food may not be limiting. On the other
hand, teleost and elasmobranch predators may compete
heavily for food with the lemon sharks, and this competi-
tion may lead in turn to intense intraspecific competition.

Conclusions

The lemon shark is a member of the most speciose family
of sharks (Carcharhinidae), and conclusions drawn about

many aspects of feeding, digestion, consumption, and pro-
duction in this species may be applicable to many other
species of sharks. Considering the number of species of
sharks, and the variety of habitats occupied by different
individuals, populations, and species, few generalizations
are likely to hold for all sharks under all circumstances.
Given the extreme variation in food types and prevailing
environmental conditions which are selected by sharks, ex-
ceptions to generalizations are even more likely. As the
number of species under investigation grows, and our
understanding of the ecology of these animals improves,
previous conclusions will be abandoned and new theories
will be accepted. There are, however, several generaliza-
tions with respect to feeding ecology that may be appro-
priate: 1) Sharks are generally opportunistic feeders, able
to use a variety of prey in a variety of habitats throughout
the year; 2) Sharks may feed most heavily upon the most
abundant prey item, opportunism and selectivity being
modified by the availability of prey; 3) Feeding occurs in
short bouts, followed by longer periods of digestion, when
feeding is reduced; 4) Feeding is asynchronous and feeding
periodicity has not been well established; 5) Time for com-
plete gastric evacuation and for elimination of a meal from
the digestive tracts of sharks is substantially longer than
those of most teleosts; 6) Estimates of daily ration for
sharks are lower than those for most teleosts; 7) Relative
annual consumption and production is lower for sharks
than for most teleosts; 8) The lemon shark (and presum-
ably other species) is capable of absorbing and converting
energy to growth with efficiencies comparable to those of
teleosts.
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ABSTRACT

Elasmobranchs and holocephalians possess several unique physiological characteristics. Four
characteristics are discussed in this review: 1) A fatty liver and high hepatosomatic index pres-
ent in all elasmobranchs examined; 2) A salt-excreting rectal gland which undergoes regression
when sharks and rays live in fresh water; 3) An interrenal gland which secretes a steroid hor-
mone and which is present as one or more compact masses between the kidneys separate from
the chromaffin tissue (the secreted corticosteroid 1a-hydroxycorticosterone is unique to elasmo-
branchs); 4) A high plasma concentration of urea (2,000-2,500 mg/100 mL). Elasmobranchs
are ureosmotic animals. In the elasmobranch kidney, almost all urea (90-95%) filtered from the
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renal glomerulus is reabsorbed in the renal tubules.

Introduction

In this brief review, I describe four physiological char-
acteristics which are unique to the elasmobranchs. These
include: 1) the fatty liver; 2) the rectal gland, a salt-
excretory organ; 3) the interrenal gland and its secretion;
and 4) the kidney structure as it relates to ureosmotic
vertebrates.

The Fatty Liver

Chondrichthyans have large fatty livers (Corner et al. 1969;
Lgvtrup 1977). Histologically, these livers more resemble
a mass of adipose cells than glandular tissue (Burger 1967;
Oguri 1978a). As a result, the hepatosomatic index (HSI),
expressed as a percentage ratio of liver weight to body
weight is usually high in cartilaginous fishes (Table 1; and
Baldridge 1970). For example, the HSI in four species of
sharks collected from the eastern Gulf of Mexico by
Baldridge (1970) was 10.15% for the bull shark, Carcha-
rhinus leucas, 12.41% for the sandbar shark, C. milberti;
9.08% for the lemon shark, Negaprion brevirosiris; and
10.42% for the tiger shark, Galeocerdo cuvieri. I calculated
these values using Baldridge’s data. HSI was also deter-
mined for five other species of Chondrichthyans (Oguri
1978a, 1978b, 1985) and was found to be variable accord-
ing to species (Table 1). Histological examination, how-

ever, reveals fatty livers in all species investigated. For ex-
ample, in one specimen of the South American freshwater
stingray, Potamotrygon species, the HSI is only 2.94%. Yet;
this liver is fatty and contains an abundance of fat droplets
stainable with Oil Red O (Oguri 1985).

Hydrocarbons, such as squalene, are a predominant
component of lipids stored in the fatty liver, especially in
deep sea chondrichthyans (Heller et al. 1957; Blumer 1967,
Corner et al. 1969; Gunstone et al. 1986). These stored
lipids have very low specific gravities (squalene, 861 kg
m ~3; Bone and Marshall 1982). Therefore, these low den-
sity materials may be used as sources of static lift (buoyancy
control) in Chondrichthyes which lack swim bladders (Bone
and Roberts 1969). In addition, the fatty liver may act as
a lipid nutrient reservoir for the adult fishes and develop-
ing embryos (Bone and Roberts 1969).

The Rectal Gland:
A Salt Excretory Organ

Sodium concentration in the blood plasma of marine elas-
mobranchs is lower than that of seawater, but higher than
that in the plasma of marine teleosts. For exampie, the
sodium concentration of seawater, the blood plasma of the
leopard shark, Triakis scyllia, and the saltwater eel, Anguilla
Japonica, are 482, 231, and 153 mM/L, respectively (Hirano
1978). To maintain plasma sodium levels lower than
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Table 1. _‘
Hepatosomatic indexes of some cartilaginous fishes

(Oguri 1978a, 1978b, 1985).

*Mean + S E.
“unpublished data.

—

Number Body Hepatosomatic

Species of fish weight (g) index (%)
Seyliorhinus canicula 10 512 + 55* 6.06 + 0.54*
Urolophus aurantiacus 8 355 + 29 4.60 + 0.30¢
Potamotrygon spp. 6 124 + 14 3.17 + 0.27
Chimaera monstrosa 13 1159 + 73 16.01 + 0.41
Hydrolagus collie: 14 883 + 90 16.96 + 0.66

seawater, these fishes must excrete salt. In marine bony
fishes, the gills carry out this function (Kirschner 1980).
In the marine chondrichthyans, the recta! gland excretes
salt (Burger and Hess 1960; Burger 1962, 1965; Hayslett
et al. 1974; Kirschner 1980). In the gills of bony fishes,
so-called ‘“chloride cells’’ are the site of sodium excretion
(Foskett and Scheffey 1982). Rectal glands and the chloride
cells of the gills are often termed ‘‘salt glands.”” The
presence of chloride cells in the elasmobranch gills has been
reported in the small-spotted catshark, Scyliorhinus canicula,
and the thornback ray, Raja clavata (Wright 1973; Laurent
and Dunel 1980). However, salt excretion from elasmo-
branch gills is not fully understood (Evans 1980).

Several other diverse groups of marine vertebrates also
possess salt glands. The nasal gland of marine birds, the
lachrymal gland in marine iguana and turtles, and the
posterior sublingual gland in sea snakes are examples
(Bonting et al. 1964; Hughes 1970; Schmidt-Nielsen and
Fange 1958; Dunson 1969; Peaker and Linzell 1975).
Respective salt gland weights of marine birds vary from
87 to 105 mg per 100 g of body weight (Bonting et al. 1964;
Hughes 1970). The values in marine reptiles range from
43 to 61 mg per 100 g of body weight (Schmidt-Nielsen
and Fange 1958; Dunson 1969; Peaker and Linzell 1975).
In contrast, the weights of elasmobranch rectal glands are
low, ranging from 6.7-27.3 mg per 100 g of body weight
(Oguri 1981, and Table 2).

Histologically, the rectal gland of elasmobranchs is a
compound tubular gland. Its cytological structure in
marine dwelling elasmobranchs suggests active salt excre-
tion, because the tubular cells are large and their cytoplasm
granules can be stained with acid dyes such as eosin and
phloxine (Oguri 1964). In comparative studies of the salt-
excreting function of the rectal gland, freshwater elasmo-
branchs are useful research animals because they live in
an environment of very low salt content. Examples include
the bull shark Carcharhinus leucas of Lake Nicaragua and
South American stingrays, Potamotrygon spp. The rectal
gland of bull sharks collected in Lake Nicaragua and Rio

San Juan (which connects the lake to the Caribbean Sea)
reveals regressive changes suggesting that the activity of
the gland decreases when the animal enters freshwater
(Oguri 1964; Gerzeli et al. 1969). Furthermore, Thorson
et al. in 1978 reported that the rectal gland of the South
American freshwater stingrays, P. spp., is in a degenerative
state. Mizue and Otake (1983) confirmed this observation.
Similar histological results were obtained using P. spp.
(Oguri, unpubl. data). Since the rectal gland functions to
eliminate excess sodium and chloride from the elasmo-
branch body tissues in seawater, it is conceivable that salt
excretion would stop and atrophy if the rectal gland
occurred in freshwater stingrays living exclusively in
freshwater.

The Interrenal Gland and
la-Hydroxycorticosterone as a Unique
Corticosteroid in Elasmobranchs

The physiological role of the interrenal gland in teleosts
has been studied in greatest detail in the eel, Anguilla spp.
(Sandor et al. 1966; Butler and Langford 1967; Hender-
son and Chester Jones 1967; Sandor et al. 1967; Hirano
and Utida 1968; Hirano 1969; Hirano and Utida 1971).
In eels, interrenalectomy is facilitated because of the
peculiar distribution of the interrenal gland. The gland is
located in the left and right postcardinal veins accom-
panying a small tissue mass of elongated head kidney
(Chester Jones et al. 1964; Butler and Langford 1967,
Butler et al. 1969). In other teleosts, the interrenal gland
is situated around the postcardinal veins, and branches
occur within the relatively large head kidney tissue. Extir-
pation of this portion of the cardinal vein, with the inter-
renal gland attached, is practical in the eels. Mayer et al.
(1967) performed an interrenalectomy on the European eel,
A. anguilla, and found that the glandless eels did not sur-
vive in seawater for more than about 48 hours. A remark-
able elevation of plasma concentrations of both sodium and
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Table 2.
Weight of rectal glands in some elasmobranchs (Oguri 1981).
Rectal gland
Body Length Weight Rectal gland wt. (mg)
Species weight (cm) (g) /100 g body wt.
Bullhead shark® 160 0.5 0.04 25.0
Heterodontus japonicus 430 0.65 0.06 14.0
Small-spotted catshark 255 0.9 0.05 19.6
Scyliorhinus canicula 349 0.9 0.09 25.8
400 1.1 0.05 12.5
406 1.2 0.10 24.6
439 0.9 0.11 25.1
483 1.4 0.10 20.7
618 1.6 0.13 21.0
685 1.5 0.15 21.9
709 1.1 0.11 15.5
780 1.1 0.13 16.7
Tiger shark 37,650 8.5 6.1 16.2
Galeocerdo cuvieri 41,730 10.8 8.2 19.7
273,060 15.8 30.8 11.3
Blacknose shark 8,390 5.4 o 13.1
Carcharhinus acronotus
Bull shark 195,950 9.8 15.9 8.1
Carcharhinus leucas
Blacktip shark 3,175 3.0 0.55 17.3
Carcharhinus limbatus 6,350 2.9 0.6 9.4
22,230 3.2 1.5 6.7
29,940 5.4 3.0 10.0
Spinner shark 3,290 3.1 0.5 15.2
Carcharhinus brevipinna 7,480 3.8 0.7 9.4
8,505 4.1 0.7 8.2
Lemon shark 7,820 3:3 0.7 9.0
Negaprion brevirostris 118,840 7.3 12.0 10.1
Bonnethead shark 650 2.1 0.15 23.1
Sphyrna tiburo 990 2.5 0.2 20.2
2,270 2.8 0.35 15.4
Leopard shark* 1,100 1.8 0.3 27.3
Triakis scyllia 1,700 1.9 0.3 17.6
“unpublished data.

chloride occurred, resulting in death. Cortisol (Fig. 1) is
known to be the main corticosteroid in teleosts (Idler and

Truscott 1972; Bentley 1982). Interrenalectomized eels sur- f
vived if injected with cortisol, which normalized the re- Teleosts Elasmobranchs
duced sodium turnover rate (Mayer et al. 1967). Cortisol CH,0H CH,OH
is apparently a sodium-excreting hormone in seawater eels. (|:0 ¢o
Interrenalectomy is performed more easily in chondrich- HO OH HO

thyans because the gland is close to, but separated from
the kidney (Chester Jones 1976). However, interrenal-
ectomy in elasmobranchs induces no statisticaily signifi-
cant changes in blood electrolyte concentrations (Hartman

et al. 1944; Idler and Szeplaki 1968). 1a-hydroxycorticos- Cortisol i

terone (Fig. 1) is the major corticosteroid in elasmobranchs
(Idler and Truscott 1966, 1967, 1972; Butler 1973; Bentley Figure 1.
1982). However, the physiological role of 1a-hydroxycor- Principal corticosteroid hormones in fishes (Bentley 1982).
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Figure 2.
A paraffin section (6 um) of kidney tissue of Potamotrygon sp., prepared with Helly’s fluid fixa-
tion, Mayer’s acid hemalum, and eosin stain. Gl: glomerulus.

ticosterone in elasmobranchs has not been elucidated.
Recently, Hazon and Henderson (1984) measured the
peripheral plasma concentrations, metabolic clearance rates
(MCR) and blood production rates (BPR) of 1a-hydroxy-
corticosterone of the catshark, Scyliorhinus canicula, in an
environment of reduced osmolarity (90, 80, 70, 60, and
50% seawater) and confirmed the increase in plasma con-
centrations, MCR, and BPR of this hormone, together
with the decline of plasma osmolarity, sodium, chloride,
and urea concentrations. These results suggest that this
unique vertebrate hormone perhaps governs the homeos-
tasis of plasma composition, particularly with respect to
urea.

The Kidney Structure
of Ureosmotic Vertebrates

It is weli known that the plasma osmolarity of marine
elasmobranchs is a little higher than that of seawater (Pang
et al. 1977). This is in remarkable contrast to marine
teleosts where plasma osmolarity is about 370 mOsm/kg
(Pang et al. 1977). The urea concentration in the blood
plasma of marine elasmobranchs is about 2,000 to 2,500
mg/100 mL (Smith 1951), and this high concentration con-
tributes to the elevation of plasma osmolarity in elasmo-
branchs. The high blood-urea concentration is in part due
to high urea production in the elasmobranch liver. The ac-
tivities of enzymes of the urea cycle are at high production

levels when compared to teleosts which are ammonotelic
animals (Huggins et al. 1969). Furthermore, the elasmo-
branch gill shows a very low permeability to urea in con-
trast to the teleostean gill (Smith 1951; Boylan 1967; Pang
et al. 1977).

The elasmobranch kidney actively reabsorbs urea (Smith
1951; Kempton 1953; Boylan 1972). This is unique. The
kidneys of most other vertebrates excrete urea instead of
retaining it (Smith 1951). In conjunction with this physio-
logical characteristic, the kidney structure of elasmobranchs
is very complicated (Fig. 2). This complexity of the
elasmobranch nephron has been reported in the greater cat
shark, Seyliorhinus stellaris (Borghese 1966), and in the little
skate, Raja erinacea (Deetjen and Antkowiak 1970; Stolte
et al. 1977; Lacy et al. 1985; Hentschel et al. 1986). In
contrast, the kidney structure of teleosts is rather simple
(Hickman and Trump 1969) and nephron components
such as neck, both proximally convoluted and distally con-
voluted segments, are easily distinguishable under light
microscopy. In elasmobranchs, the nephron architecture
is very intricate and further detailed investigations are
needed.

Acknowledgments

I thank Eugenie Clark, former Director of the Cape Haze
Marine Laboratory, and T. B. Thorson, University of
Nebraska, for their support of my study on the elasmo-
branch rectal gland.



BIOLOGY: Life History

53

Citations

BALDRIDGE, H. D., Jr.

1970. Sinking factors and average densities of Florida
sharks as functions of liver buoyancy. Copeia 1970:
744-754.

BENTLEY, P. J.

1982. Comparative vertebrate endocrinology, 2nd Ed.

Cambridge Univ. Press, Cambridge, 485 p.
BLUMER, M.

1967. Hydrocarbons in digestive tract and liver of a bask-

ing shark. Science 156:390-391.
BONE, Q., and N. B. MARSHALL.

1982. Biology of fishes. Blackie, Glasgow and London,
253 p.

BONE, Q., and B. L. ROBERTS.

1969. The density of elasmobranchs.  J. Mar. Biol. Assoc.
U.K. 49:913-937.

BONTING, S. L., L. L. CARAVAGGIO, M. R. CANADY,
and N. M. HAWKINS.

1964. Studies on sodium-potassium-activated adenosinetri-
phosphatase. XI. The salt gland of the herring gull.
Arch. Biochem. Biophys. 106:49-56.

BORGHESE, E.

1966. Studies on the nephron of an elasmobranch fish
Scyliorhinus stellaris (L.). Z. Zellforsch. Mikrosk, Anat.
72:88-99.

BOYLAN, J. W.

1967. Gill permeability in Squalus acanthias. In Sharks,
skates, and rays (P. W. Gilbert, R. F. Mathewson, and
D. P. Rall, eds.), p. 197-206. Johns Hopkins Press,
Baltimore.

1972. A model for passive urea reabsorption in the elas-
mobranch kidney. Comp. Biochem. Physiol. 42A:
27-30.

BURGER, J. W.

1962. Further studies on the function of the rectal gland
in the spiny dogfish. Physiol. Zool. 35:205-217.

1965. Roles of the rectal gland and the kidneys in salt and
water excretion in the spiny dogfish. Physiol. Zool.
38:191-196.

1967. Some aspects of liver function in the spiny dogfish,
Squalus acanthias. In Sharks, skates, and rays (P. W.
Gilbert, R. F. Mathewson, and D. P. Rall, eds.), p.
293-298. Johns Hopkins Press, Baltimore.

BURGER, J. W., and W. N. HESS.

1960. Function of the rectal gland in the spiny dogfish.

Science 131:670-671.
BUTLER, D. G.

1973.  Structure and function of the adrenal gland of fishes.
Amer. Zool. 13:839-879.

BUTLER, D. G.,, W. C. CLARKE, E. M. DONALDSON, and
R. W. LANGFORD.

1969. Surgical adrenalectomy of a teleost fish (Anguilla
rostrata LeSueur): effect on plasma cortisol and tissue elec-
trolyte and carbohydrate concentrations. Gen. Comp.
Endocrinol. 12:503-514.

BUTLER, D. G., and R. W. LANGFORD.

1967. Tissue electrolyte composition of the freshwater eel

(Anguilla rostrata) fcllowing partial surgical adrenalectomy.

Comp. Biochem. Physiol. 22:309-312.
CHESTER JONES, I.

1976. Evolutionary aspects of the adrenal cortex and its
homologues. J. Endocrinol. 71:3P-31P.

CHESTER JONES, I., I. W. HENDERSON, and W. MOSLEY.

1964. Methods for the adrenalectomy on the European
eel (Anguilla anguilla L.). J. Endocrinol. 30:155-
156.

CORNER, E. D. S., E. J. DENTON, and G. R. FORSTER.

1969. On the buoyancy of some deep-sea sharks. Proc.
R. Soc. Lond. B. Biol. Sci. 171:415-429.

DEET]JEN, P., and D. ANTKOWIAK.

1970. The nephron of the skate, Raja erinacea. Bull. Mt.

Desert Isl. Biol. Lab. 10:5-7.
DUNSON, W. A.

1969. Electrolyte excretion by the salt gland of the
Galapagos marine iguana. Amer. J. Physiol. 216:
995-1002.

EVANS, D. H.

1980. Kinetic studies of ion transport by fish gill epithe-

lium. Amer. J. Physiol. 238:R224-R230.
FOSKETT, J. K., and C. SCHEFFEY.

1982. The chloride cell: definitive identification as the salt-
secretory cell in teleosts. Science 215:164-166.
GERZELI, G., M. V. GERVASQO, and G. F. DE STEFANO.

1969. Aspetti della ghiandola rettale e della regolazione
osmotica in Selaci marini e d’acqua dolce. Boll. Zool.
36:399-400.

GUNSTONE, F. D., J. L. HARWOOD, and F. B. PADLEY.

1986. The lipid handbook. Chapman and Hall, London
and New York, 571 p.

HARTMAN, F. A., L. A. LEWIS, K. A. BROWNELL,
C. A. ANGERER, and F. F. SHELDEN.

1944. Effect of interrenalectomy on some blood constituents

in the skate. Physiol. Zool. 17:228-238.
HAYSLETT, J. P., D. A. SCHON, M. EPSTEIN, and
C. A. M. HOGBEN.

1974. In vitro perfusion of the dogfish rectal gland. Amer.

J. Physiol. 226:1188-1192.
HAZON, N., and I. W. HENDERSON.

1984. Secretory dynamics of 1a-hydroxycorticosterone in
the elasmobranch fish, Seyliorhinus canicula.  J. Endocrinol.
103:205-211.

HELLER, J. H.,, M. S. HELLER, S. SPRINGER, and
E. CLARK.

1957. Squalene content of various shark livers. Nature
179:919-920.

HENDERSON, I. W., and I. CHESTER JONES.

1967. Endocrine influences on the net extrarenal fluxes of
sodium and potassium in the European eel (Anguilla anguilla
L.). J. Endocrinol. 37:319-325.

HENTSCHEL, H., M. ELGER, and B. SCHMIDT-
NIELSEN.

1986. Chemical and morphological differences in the
kidney zones of the elasmobranch, Raja erinacea Mitch.
Comp. Biochem. Physiol. 84A:553-557.

HICKMAN, C. P., Jr., and B. F. TRUMP.

1969. The kidney. In Fish physiology, Vol. 1 (W. S. Hoar
and D_J. Randall, eds.), p. 91-239. Acad. Press, New
York and London.



54

ELASMOBRANCHS AS LIVING RESOURCES:

HIRANO, T.

1969. Effects of hypophysectomy and salinity changes on
plasma cortisol concentration in the Japanese eel, Anguilla
Japonica. Endocrinol. Jpn. 16:557-560.

1978.  On the osmoregulation of elasmobranchs (in Japa-
nese). Marine Sciences Monthly 10:158-164.

HIRANO, T., and S. UTIDA.

1968. Effects of ACTH and cortisol on water movement
in isolated intestine of the eel, Anguilla japonica. Gen.
Comp. Endocrinol. 11:373-380.

1971. Plasma cortisol concentration and the rate of intes-
tinal water absorption in the eel, Anguilla japonica. En-
docrinol. Jpn. 18:47-52.

HUGGINS, A. K., G. SKUTSCH, and E. BALDWIN.

1969. Ornithine-urea cycle enzymes in teleostean fish.
Comp. Biochem. Physiol. 28:587-602.

HUGHES, M. R.

1970. Some observations on ion and water balance
in the puffin, Fratercula arctica. Can. J. Zool. 48:479-
482.

IDLER, D. R., and B. J. SZEPLAKI.

1968. Interrenalectomy and stress in relation to some blood
components of an elasmobranch (Ragja radiata). J. Fish.
Res. Board Can. 25:2549-60.

IDLER, D. R., and B. TRUSCOTT.

1966. 1la-hydroxycorticosterone from cartilaginous fish: a
new adrenal steroid in blood. J. Fish. Res. Board Can.
23:615-619.

1967. la-hydroxycorticosterone: synthesis in vitro and prop-
erties of an interrenal steroid in the blood of cartilaginous
fish (Genus Raja). Steroids 9:457-477.

1972. Corticosteroids in fish. /n Steroids in nonmam-
malian vertebrates (D. R. Idler, ed.), p. 126-252. Acad.
Press, New York and London.

KEMPTON, R. T.

1953. Studies on the elasmobranch kidney. II.  Reabsorp-
tion of urea by the smooth dogfish, Mustelus canis. Biol.
Bull. (Woods Hole) 104:45-56.

KIRSCHNER, L. B.

1980. Comparison of vertebrate salt-excretory organs.
Amer. J. Physiol. 238:R219-R223.

LACY, E. R., E. REALE, D. S. SCHLUSSELBERG, W. K.
SMITH, and D. J. WOODWARD.

1985. A renal countercurrent system in marine elasmo-
branch fish: a computer-assisted reconstruction. Science
227:1351-1354.

LAURENT, P., and S. DUNEL.

1980. Morphology of gill epithelia in fish. Am. J. Physiol.

238:R147-R159.
L@VTRUP, S.

1977. The phylogeny of vertebrata. John Wiley & Sons,

London, 330 p.

MAYER, N., J. MAETZ, D. K. O. CHAN, M. FORSTER,
and I. CHESTER JONES.
1967. Cortisol, a sodium excreting factor in the eel (Anguilla
anguilla L..) adapted to sea water. Nature 214: 1118-1120.
MIZUE, K., and T. OTAKE.
1983. Abstracts of the autumn meeting of the Japanese
Society of Scientific Fisheries, 59 p.
OGURI, M.
1964. Rectal glands of marine and fresh-water sharks: com-
parative histology. Science 144:1151-1152.
1978a. On the hepatosomatic index of holocephalian fish.
Bull. Jpn. Soc. Sci. Fish. 44:131-134.
1978b. Histochemical observations on the interrenal gland
and liver of European spotted dogfish. Bull. Jpn. Soc.
Sci. Fish. 44:703-707.
1981. On the rectal gland weight of some elasmobranchs.
Bull. Jpn. Soc. Sci. Fish. 47:1019-1021.
1985. On the liver tissue of freshwater stingrays and
balloonfish. Bull. Jpn. Soc. Sci. Fish. 51:717-720.
PANG, P. K. T., R. W. GRIFFITH, and J. W. ATZ.
1977. Osmoregulation in elasmobranchs. Am. Zool.
17:365-377.
PEAKER, K., and J. L. LINZELL.
1975. Salt glands in birds and reptiles. Cambridge Univ.
Press, Cambridge, 307 p.
SANDOR, T., G. P. VINSON, I. CHESTER JONES, I. W.
HENDERSON, and B. J. WHITEHOUSE.

1966. Biogenesis of corticosteroids in the European eel
Anguilla anguilla 1.. J. Endocrinol. 34:105-115.
SANDOR, T., A. LANTHIER, I. W. HENDERSON, and I.

CHESTER JONES.
1967. Steroidogenesis in vitro by homogenates of adrenocor-
tical tissue of the European eel (Anguilla anguilla L.).
Endocrinology 81:904-912.
SCHMIDT-NIELSEN, K., and R. FANGE.
1958. Salt glands in marine reptiles. Nature 182:783-785.
SMITH, H. W.
1951. The kidney: Structure and function in health and
disease. Oxford Univ. Press, New York, 1049 p.
STOLTE, H., R. G. GALASKE, G. M. EISENBACH, C.
LECHENE, B. SCHMIDT-NIELSEN, and J. W. BOYLAN.
1977. Renal tubule ion transport and collecting duct func-
tion in the elasmobranch little skate, Raja erinacea.  J. Exp.
Zool. 199:403-410.
THORSON, T. B., R. M. WOTTON, and T. A. GEORGI.
1978. Rectal gland of freshwater stingrays Potamotrygon spp.
(Chondrichthyes: Potamotrygonidae). Biol. Bull.
(Woods Hole) 154:508-516.
WRIGHT, D. E.
1973. The structure of the gills of the elasmobranch, Scylior-
hinus canicula (L.). Z. Zellforsch. Mikrosk. Anat. 144:
489-509.



BIOLOGY

Ecology of Bacteria in Shark Tissue

BRENDA YOUNGREN-GRIMES

Department of Microbiology
Spaulding Life Science Building
University of New Hampshire
Durham, NH 03824

ABSTRACT

Healthy, free-ranging sharks captured and sampled for bacteria at Bimini, Bahamas, have
been shown to contain, as autochthonous biota, primarily Vibrio spp. and Clostridium spp. The
majority of the shark isolates from these two genera were proteolytic, owing, most likely, to the
low carbohydrate content of the tissues and organs as well as the dietary intake of the shark hosts.
Because sharks have a high tissue urea level, the isolates from both genera were checked for urease;
the Vibrio spp. were 60% positive for urease. Subsequently, a study of liver homogenates from
two carcharhinid sharks demonstrated that bacteria in the tissues were responsible for mineralization
of 1*C-labeled urea, supporting the hypothesis that ureolytic bacteria in sharks decompose urea
in situ. Commensally, Clostridium spp. could lend their amino acid fermentation end products
to the Vibrio spp. as usable nutrients for assimilation or, in the case of gaseous H,, as reducing
power, thereby removing clostridial toxic wastes. Cohabitation of bacteria with their shark hosts
is a unique system and further study will lead to a much better understanding of this unusual

Life History

relationship and shark physiology.

An episode of dying sharks at the National Aquarium in
Baltimore, MD, and the subsequent isolation of two poten-
tially pathogenic Vibrio strains, has led to a major study
of the bacterial biota of healthy, free-ranging neritic sharks
(Grimes et al. 1984). Tissues and organs in the healthy
sharks, areas considered sterile in other vertebrates, have
been found to contain from 10% to 103 bacteria per gram
(Grimes 1989). Several bacterial genera have been rep-
resented, with Vibrio spp. as the predominant gram-
negative, facultative organisms and Clostridium spp. as the
predominant anaerobes. These bacterial strains cohabit
healthy sharks in a balanced or steady state until the shark
becomes compromised. The opportunistic pathogenic
bacteria, normally held in check, can flourish, create a
disease condition, and eventually cause death.

It is obvious that a unique habitat exists in shark tissues
and organs; a habitat that includes the coexistence of
bacteria with these tissues without apparent detriments.
What relationship bacteria have with sharks, or what
benefits sharks may accrue from autochthonous bacteria,
have yet to be determined. I will use the following review
and recent data to address these questions.

Review

Infectivity

Bacteria considered to be potential or opportunistic
pathogens may associate with or colonize (infect) eucaryotic
cells without causing a disease state. The pathogenicity of
these organisms does not become apparent until the right
conditions exist. Also, the autochthonous biota of a
eucaryotic system maintains a steady state, keeping poten-
tial pathogens in check and preventing these pathogens
from overgrowth and from invading surrounding cells
and/or tissues, which could ultimately lead to disease.
Although the autochthonous biota may contain oppor-
tunistic pathogens, other potential pathogens could be
introduced into the host at any time. Depending on the
circumstances of infection, these newly introduced patho-
gens may cause disease, or they may be removed by the
host’s defense system, or the autochthonous biota may keep
these bacteria in check. Therefore, isolating potential
pathogenic bacteria from a host does not prove patho-
genesis; it is only suggestive.
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In order to show an organism’s pathogenicity, one must
introduce the pathogen into a susceptible host and that host
must develop clinically observable disease. Two potentially
pathogenic bacterial strains, isolated from a diseased sand-
bar shark, Carcharhinus plumbeus (Nardo), which had died
in captivity, were tested for pathogenicity by this method
(Grimes et al. 1984).

Results of the study were surprising (Grimes et al.
1985a). The potential pathogens, Vibrio carchariae and Vibrio
damsela, inoculated into healthy lemon sharks, Negaprion
brevirostris (Poey), were not lethal for these sharks as sus-
pected. The shark became infected but recovered. Repeat-
ing the experiment on a physiologically compromised
lemon shark proved lethal. It was concluded that healthy
lemon sharks are susceptible to infection with Vibrio car-
chariae, but do not succumb to clinical disease or death
unless compromised (e.g., stressed).

Culture, Isolation, and Characterization

The next phase of study involved culturing healthy, free-
ranging neritic sharks. Tissue and organ samples from
more than 50 neritic sharks, comprising eight species
(Table 1), were examined (Fig. 1). Duplicate samples were
prepared and cultured for anaerobic bacterial isolation
(Fig. 2).

Results from preliminary isolation and characterization
demonstrated another unexpected phenomenon. All tissues
and organs, excepting blood, contained bacteria, both
facultative and anaerobic (Table 2).

SPECIMEN
(Kidney and/or Specimens of Interest)

ENRICHMENT : GRAM STAIN
1/8 BHI broth __

(1.5% total salt;;\\\\
T

1/2 BHI AGAR
(1.5% total salt)

|

Gram stain and restreak isolated colonies onto BHI agar

Gram stain isolated colonies and prepare

stock cultures (1/2 BHI broth plus 0.3% agar)

Minimal differential media and tests:

OF Glucose

Oxidase (filter paper)
Motility (wet mount)
Flagellation (stain wet mount)

Table 1.
List of sharks sampled for microbiological evaluation.

Common name Scientific name

Blacktip shark Carcharhinus limbatus
(Valenciennes) 1841
Carcharhinus plumbeus
(Nardo) 1827
Galeocerdo cuvieri (Lesueur) 1822
Ginglymostoma cirratum
(Bonnaterre) 1788
Hexanchus griseus
(Bonnaterre) 1788
Negaprion brevirostris (Poey) 1868
Rhizoprionodon porosus
(Poey) 1861
Squalus acanthias

(Smith and Radcliffe) 1912

Sandbar shark

Tiger shark
Nurse shark

Sixgill shark

Lemon shark
Caribbean sharpnose shark

Spiny dogfish

The presence of bacteria in tissues and organs normally
considered sterile surprised Grimes and his colleagues
(Grimes et al. 1985b). Subsequent samplings of neritic
sharks proceeded with utmost care in aseptic handling and
collection. Particular care was taken to sample only unin-
jured sharks captured live, and aseptic sampling of sacri-
ficed specimens was completed within 30 minutes of
boating the shark. These precautions were taken to insure
that the bacteria cultured were truly autochthonous flora
and not contaminants.

Figure 1.
Sampling protocol for isolating gram-negative, facultative
anaerobic bacteria from shark specimens (Baumann et al.
1984; West and Colwell 1984). BHI = brain heart infusion

medium; OF = oxidation/fermentation medium.
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SPECIMENS
(Kidney and/or Specimens of Interest)

PRAS CHOPPED MEAT

GLC-

Phase Gram Stain GIL.Co

Phase Gram Stain

Cullture

v J

Anaerobic BAP CO, BAP
(repeat)
GLC Minimal differential

media and tests:

Aerobic BAP

Figure 2.
Sampling protocol for isolating anaerobic bacteria from
shark specimens (Cato et al. 1986; Holdeman et al. 1977).
BAP = blood Agar Plates; GLC = Gas-Liquid Chroma-
tography; PRAS = prereduced anaerobically sterilized.

Culture and isolation techniques were the same as those
described previously (Figs. 1 and 2). Bacteria, again, were
isolated from all tissues and organs sampled (Grimes et al.
1985b; Youngren-Grimes, unpubl. data). It was deter-
mined that Vibrio (59 out of 78 purified strains) and
anaerobic Clostridium (29 out of 31 purified strains) were
the predominant genera isolated. Characterized strains in
these two genera tended to be proteolytic.

Numerical Taxonomy Studies

Using phenotypic characterization of bacterial strains
isolated from sharks, 107 of these strains were identified
to genus level and 48 to species level (Grimes et al. 1985a;
Youngren-Grimes, unpubl. data). However, there were
greater than 150 gram-negative, oxidase-positive isolates
that could not be conclusively characterized to a genus.
In Grimes’ next study, the results of phenotypic character-
ization of 197 isolates were analyzed by means of both
clustering and ordination, e.g., numerical taxonomy (NT).
A second NT analysis was performed on the Clostridium
isolates (29) in order to identify these bacteria to species
level.

The NT approach used was to calculate similarities with
the Jaccard equation. This approach was followed by
clustering the operational taxonomic units (OTU) with the
unweighted pair group mathematical averaging method as
described by Sneath and Sokal (1973). Materials and
methods used for phenotypic characterization of each OTU
have been described elsewhere (West and Colwell 1984;
West et al. 1986; Holdeman et al. 1977). Although this
approach portrays only 50 to 60% of the relatedness be-
tween OTU, it was expected that there would be signifi-

Table 2.
Distribution of bacteria in specific shark samples.

Mouth/Teeth
Clostridium spp.
Photobacterium spp.

Spiral valve Liver
Aeromonas spp.
Clostridium spp.

Vibrio carchariae
Vibrio harvey

Fusobacterium sp.
Vibrio damsela

Aeromonas spp.

Closridium spp.

Vibrio furnissii Vibrio alginolyticus
Vibrio spp. Vibrio spp.
Spleen Rectum/Anus/Cloaca

Fusobacterium sp.
Vibrio harveyi

Aeromonas spp.
Vibrio harveyi

Vibrio spp. Vibrio spp.
Gill slit Eye
Vibrio furnissii Vibrio alginolyticus
Vibrio harveyi Vibrio spp.
Vibrio spp.

Proteus spp. Escherichia coli Vibrio spp.
Vibrio alginolyticus  Pleisiomonas shigelloides
Vibrio carchariae Vibrio damsela
Vibrio furnissii Vibrio harveyi
Vibrio spp. Vibrio spp.
Kidney Stomach/Duodenum  Pancreas

Clostridium spp.
Vibrio harveyi
Vibrio spp.

Esophagus
Aeromonas spp.
Clostridium spp.
Vibrio spp.

Gallbladder

Vibrio damsela

cant clustering, especially among the reference strains used.
What Grimes and Youngren-Grimes (unpubl. data) found
was that very few isolates clustered with reference strains
(7). A significant number (189 out of 197) of unknown
bacteria could not be identified by this technique (Table
3). This phenomenon was repeated in the anaerobic cluster-
ing analysis. Only five of the unknown strains clustered
with a known reference strain (Table 3). At first these
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Table 3.
Summary of numerical taxonomic analysis of gram-negative, faculative, anaerobic bacteria
isolated from sharks.

Total Reference Unknown
strains strains strains

Identified Not
strains Clusters

Unidentified

clustered

Gram-negative, facultative anaerobes
236 39 197

Anaerobes

43 14 29

Phenon 1

V. alginolyticus (17)
Phenon 5

V. parahaemolyticus (6)
Phenon 8

V. harveyi (2)
Phenon 9

V. carchariae (11)
Phenon 18°

V. cholerae (6)
Phenon 19

V. tubiashii (3)
Phenon 20

V. fluvialis (2)

Phenon 2
C. sporogenes (5)

“The 6 strains clustered were all V. cholerae reference strains, no unknowns.

28 Phena (108) 81

3 Phena (6) 18

results seemed quite surprising. However, the uniqueness
of near homogeneous bacterial colonization of sharks offers
some explanation. When colonizing a host, bacteria will
adapt to the substrates available from that host with respect
to their carbon and energy needs and other necessary
growth factors. If the substrates are unusable or the com-
petition is too great, bacteria will either be eliminated or
remain in a nongrowth state until conditions improve (Kjel-
leberg et al. 1987; Barnes and Mead 1986; Davis and Robb
1985; Fletcher and Floodgate 1985; Amy and Morita 1983).
Adaptation to the substrates available in the host is expressed
as phenotypic traits. The environmental isolates may be
closely related genetically to reference strains, but depend-
ing on the habitats of each, may be phenotypically very
different. In the present case, the reference strains were
not of shark origin and simply may be expressing pheno-
typic characteristics associated with their environmental
origin. It would, therefore, be more significant to apply
ordination analysis to ribosomal sequences of the shark
isolates and the reference strains (MacDonell et al. 1986).

Recent Data

Urea Hydrolysis

During characterization testing, Grimes et al. (1985b)
found that 60 % of the Vibrio spp. isolated from shark tissues
were urease positive. This high incidence of urea hydrolysis

is unusual, when compared to the finding of West et al.
(1986) who reported less than 12% of the genus Vibrio to
be urease positive. The ability to hydrolyze urea to CO,
and NH; was hypothesized as a possible mechanism for
controlling shark tissue storage and flux of urea. Knight
et al. (1988), in a study using radio-labeled urea, deter-
mined that bacterial hydrolysis occurs in tissues of free-
ranging neritic sharks.

In essence, as reported by Knight et al. (1988), blood
homogenates from two carcharhinid sharks, Galeocedo cuvieri
and Negaprion brevirostris, showed no significant difference
between saline (control), 0/129 (a bacteriostatic agent), or
antibiotic treatments (Figs. 3 and 4). Liver homogenates
did, however, demonstrate a significant difference (P <
0.05) between saline and 0/129 or antibiotic treatments.
The saline treated liver homogenates, from each shark, in-
creased to the same level of 1*C-labeled mineralization at
the end of 48 hours, i.e., 1.3 logs higher than samples
treated with antibiotic.

Mineralization of *C-labeled urea to CO, in the liver
homogenates, but not in the blood, indicates that ureolytic
bacteria are present and active in the liver but not in the
sterile circulatory system. This ureolytic activity in shark
liver provides evidence that autochthonous bacterial biota
in shark tissue may play a significant role in shark urea
homeostasis. In addition, the hydrolytic CO, may act as
a buffer in the tissues, maintaining a slightly alkaline
environment.
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NaOH vs. time of incubation of lemon shark (a) liver
8 and (b) blood homogenates with *C-labeled urea.
Homogenates were treated with saline (—), 0/129
(- - -), and ampicillin (— - —). Reproduced from
Knight et al. (1988), with permission.

Physiology and Commensalism

Because of the carnivorous nature of elasmobranchs, it was
not surprising to find that the majority of the isolated Vibrio
and Clostridium spp. secreted proteolytic enzymes capable
of degrading or hydrolyzing proteins into small peptides
or into amino acids. These catabolites were then used as
necessary nutrients for biomass production or as necessary
growth factors.

Proteolytic clostridia, when present in a carbohydrate-
free environment, are capable of fermenting amino acids,
purines, pyrimidines, and other nitrogenous organic com-
pounds by a unique pathway, the Stickland reaction, in-
volving deamination (Barnes and Mead 1986). During the
Stickland reaction one amino acid serves as an electron
donor (oxidized by nicotinamide adenine dinucleotide) and
a second amino acid serves as an electron accepter (reduced
by dihydrogen nicotinamide adenine dinucleotide formed

during the oxidation step). The end products of this reac-
tion, e.g., acetic acid, may also be used as substrates for
other energy-yielding catabolic pathways. Other examples
of fermentation end products include short chain fatty
acids, NHj3, alcohols, and gases (H;, CO,).

It is possible that Vibrio spp. may benefit from clostridial
fermentation while ultimately improving the environment
of the shark for Clostridium spp. Vibrios would preferen-
tially use any available carbohydrate in the gut or tissues
of sharks, scrubbing oxygen in the process. This would
lower the oxidation-reduction potential (Eh) of the environ-
ment, creating a more anaerobic setting for the clostridia.
Without carbohydrates, clostridial amino acid fermenta-
tion would proceed, supplying many fermentation products
which could be used by the vibrios as alternative carbon
and energy sources, thereby removing clostridial wastes
from the shark tissues. In another mutual advantage,
vibrios could scavenge excess reducing power of clostridia,
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NaOH vs. time of incubation of tiger shark (a) liver
and (b) blood homogenates with '’C-labeled urea.
Homogenates were treated with saline (—), 0/129
(- - -), and ampicillin (— - —). Reproduced from
Knight et al. (1988), with permission.

as gaseous Hy. The Hj then could be employed by vibrios
as the primary electron donor in their anaerobic respiration.

Although the genus Vibrio is not known to ferment amino
acids (Baumann et al. 1984), many Vibrio strains isolated
in sharks have secreted proteolytic enzymes capable of pro-
tein degradation; the peptides and amino acids of degrada-
tion could, most likely, be used as growth factors for these
bacteria.

Besides proteolytic enzymes, shark isolates from both
genera secrete or produce other enzymes capable of hydrol-
ysis or degradation of substrates provided by the shark,
e.g., muscle. To the ecologist or clinician, many of these
enzymes are regarded as virulence factors or as mechanisms
for invasion and dissemination (Grimes et al. 1989). To
the bacteria, these enzymes offer a means of degrading
substrates for sources of carbon, free energy, nitrogen
(usually in the form of NHj3), and growth factors, there-
by providing nutrients for assimilation.

Ammonia, whether from catabolism or other sources,
is a very versatile and necessary nitrogenous compound
in the bacterial world. It serves as a nitrogen source, as
a substrate, as an amine group to be incorporated into
bacterial metabolites and other synthesized organic com-
pounds, or as an end product of metabolism, to name a
few examples.

Both vibrios and clostridia readily use NHj as a source
of nitrogen or as an amine group in biosynthesis. They also
produce NH; as an end product (urea hydrolysis and
amino acid deamination). Possibly the NHj released by
bacteria into shark tissues could aid in maintaining the
slightly alkaline conditions found in the shark tissues,
benefiting both the bacteria and homeostasis in the shark.
Clostridial deaminases are produced optimally at alkaline
pH values (Barnes and Mead 1986). For Vibrio spp., the
released NHj could create an alkaline microenvironment
(~v pH 8.0-8.5) that would allow the bacteria to shift into
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a more efficient respiratory-linked Na*-motive pump that
could drive Na*-dependent flagellar motion and ATP
synthesis (Dimroth 1987).

Concluding Remarks

Recovering bacteria from shark tissues and organs is un-
usual. One would expect to find bacteria in the gut, not
in tissues and organs. Isolating these potential pathogens
without evidence of clinical disease suggests a commensal
cohabitation with sharks.

The two prominent genera Vibrio and Clostridium, cul-
tured as autochthonous flora of neritic sharks, are ideally
suited for survival in unusual and varied nutrient environ-
ments (Kjelleberg 1987; Barnes and Mead 1986; Cato
et al. 1986). The shark, too, appears adapted for keeping
its bacterial residents in a balanced or steady state. Know-
ing more about the bacterial-host relationship of sharks
could also lead to a better understanding of the general
physiology of sharks.
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ABSTRACT

Bacteria belonging to the genus Vibrio were demonstrated as etiologic agents of disease in captive
sharks, following their isolation from a dead sandbar shark, Carcharhinus plumbeus, and from ex-
perimentally infected lemon sharks, Negaprion brevirostris. Studies were expanded to healthy, free-
ranging sharks captured and sampled for bacteria at Bimini, Bahamas. The bacterial flora of
28 neritic sharks, comprising five species, were examined. All 28 sharks were colonized with bac-
teria, primarily the genus Vibrio. All tissues and organs sampled contained Vibrio spp., including
liver, spleen, kidney, eye, mouth, skin, pancreas, intestine, stomach, gall bladder, gill slits, and
fetuses (from a pregnant sharpnose). The conclusion, based on over 300 bacterial isolates from
over 50 healthy sharks, is that sharks contain an autochthonous flora in most tissues and organs.
The bacteria typically number between 10? and 103 bacteria per gram of tissue except blood,
which is free from both aerobic and anaerobic bacteria. Human pathogens among the isolates
included V. alginolyticus, V. parahaemolyticus, Listonella damsela, and Clostridium spp. While their
ecological niche remains an enigma, it is clear that bacteria in healthy sharks can derive nutrients
from elasmobranchs and, under conditions of stress to the host, cause death. Equally clear is the
fact that when used as food, shark meat must be thoroughly cooked to destroy potential pathogens.
If not properly cooked, pathogens such as V. parahaemolyticus could initiate gastroenteritis.

Introduction

In 1982, the National Aquarium in Baltimore experienced
unusually high morbidity and mortality among their dis-
play sharks and provided the author samples from a dead
sandbar shark, Carcharhinus plumbeus. Two vibrios were iso-
lated (Fig. 1), Vibrio carchariae from kidney and Vibrio damsela
from liver samples (Grimes et al. 1984a). It was subse-
quently demonstrated that each isolate was capable of in-
fecting and causing disease in healthy lemon sharks, Nega-
prion brevirostris (Grimes et al. 1985a). In subsequent studies,
V. carchariae was found to have a unique 5S ribosomal RNA
sequence (MacDonell and Colwell 1985a), confirming the
original description (Grimes et al. 1984a) of it as a new
species. V. damsela was subsequently placed into a new
genus, Listonella (MacDonell and Colwell 1985b).
Examination of apparently healthy, control lemon sharks
that had been inoculated intraperitoneally with sterile saline
during reinfectivity studies (Grimes et al. 1985a) revealed

!Contribution No. 225 from the Jackson Estuarine Laboratory.

the presence of potentially pathogenic Vibrio species. Con-
sequently, additional healthy, free-ranging sharks were ex-
amined, and Vibrio species, as well as other pathogenic
bacteria, were found to reside in shark tissue (Grimes et al.
1985b). This unusual finding suggests that sharks are a
potential health risk to humans, and this review will discuss
the risk in context with other marine animals known to
harbor human pathogens. In addition, the ecology of
elasmobranch-borne pathogens will be discussed.

Human Pathogens
in Marine Animals

Shellfish frequently become colonized with human patho-
gens (Table 1). In past years, typhoid fever, caused by
Salmonella typhi, was the major disease associated with con-
sumption of contaminated bivalve molluscs. In recent
years, however, S. typhi has been virtually eliminated as
a shellfish contamination problem, in part due to effective
bacteriological monitoring of shellfish and shellfish waters
and beds. Today, viruses are the major problem associated
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Figure 1.
Scanning electron micrographs of (A) Vibrio
carchariae ( x 22,000) and (B) Listonella damsela
(% 21,000) grown in MSWC broth (see Grimes
et al. 1984a).

Table 1.

with shellfish, and disease incidence derived from consump-
Human pathogens frequently associated with shellfish.

tion of virus-contaminated shellfish is on the increase.

Norwalk virus Salmonella spp Table 2, adapted and updated from Goyal (1984), lists the
Picornaviruses Vibrio cholerae more recent outbreaks of shellfish-borne disease. Clearly,
Aeromonas hydrophila Vibrio parahaemolyticus most cases have been caused by viruses.

Camipylobate il Pkt akintcat Bony fish also carry microorganisms which are poten-
Clostridium spp. Gonyaulax spp. . ;

Escherichia coli Piychadisous buoks tially pathogenic for humans. However, when human
Plesiomonas shigelloides Pyrodinium monilatum pathogens are detected in bony fish, they are usually tran-

sients, present on the skin or in the gut; very seldom are
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“Adapted from Goyal (1984).

“Represents 103 different outbreaks.

Table 2.
Recent outbreaks of disease derived from shellfish®

Shellfish Agent’ Location No. of cases Citation
Oysters Norwalk Australia 2,000 Murphy et al. 1979
Oysters Norwalk Australia 150 Grohman et al. 1981
Mussels HAV England 41 Bostock et al. 1979
Shrimp Vp Louisiana 600 CDC 1972
Crabs Ve Louisiana 10 CDC 1978
Oysters HAV Alabama and Georgia 10 CDC 1979
Oysters Norwalk Florida 6 Gunn et al. 1982
Clams Norwalk? New York 150¢ CDC 1982
Clams Cj New Jersey 18 Blaser et al. 1982
Clams Cj Japan 101 Itoh et al. 1982
Oysters Vv United States 24 Blake et al. 1979

Norwalk New York 1,017¢ Morse et al. 1986

*HAV = Hepatitis A virus, Vp = V. parahaemolyticus, Vc = V. cholerae, Cj = C. jejuni, Vv = V. vulnificus.
‘Represents 14 different outbreaks including cases of hepatitis.

human pathogens found within deep tissues of bony
fish and when they are detected the fish usually exhibit
pathology.

Table 3 lists some of the human pathogens that are fre-
quently encountered in bony fish specimens. It should be
noted that most microorganisms on this list have a broad
host range, in that they are not only pathogenic for humans
and fish but also for other mammals, birds, and amphi-
bians. The incidence of human morbidity caused by Crypto-
sporidium is becoming more frequent (Stibbs and Ongerth
1986). This protozoan appears to be widespread in nature,
being present in fish (Dykova and Lom 1983; Pavlasek
1983). The resulting diarrhoeal disease is most common
among immunodeficient persons (Stibbs and Ongerth
1986).

Marine mammals also carry human pathogens (Buck
and Spotte 1986; Smith et al. 1978), some of which can
cause serious disease in man and other terrestrial animals.
Table 4 lists microorganisms frequently isolated from ceta-
ceans and pinnipeds. Of the species listed, coagulase-
positive staphylococci and Vibrio spp. are also ubiquitous
in seawater, comprising over 1% and 60 %, respectively,
of randomly picked colonies isolated from seawater on
marine agar (Grimes et al. 1984b). It is well documented
that Vibrio spp. are autochthonous to marine and estuarine
environments (Grimes et al. 1984b) and it appears that
staphylococci are as well (Gunn and Colwell 1983). A 1987
outbreak of disease among marine mammals involved the
deaths of over 300 bottlenose dolphins, Tursiops truncatus,
from the northern Atlantic coast of the United States.
Results of necropsies on several specimens demonstrated
a secondary Vibrio involvement and findings that parallel
our studies in sharks, e.g., skin lesions and septicemia.

Table 3.
Human pathogens frequently associated with bony fish.
Aeromonas spp. V. fluvialis
Clostridium botulinum V. furnissii

Erysipelothrix rhusiopathiae
Mpycobacterium marinum
Plesiomonas shigelloides

V. parahaemolyticus
Listonella damsela
Clonorchis sinensis
Heterophyes heterophyes
Diphyllobothrium latum

Pseudomonas aeruginosa
Salmonella spp.

Vibrio cholerae Cryptosporidium
V. alginolyticus
Table 4.
Human pathogens frequently associated with cetaceans and
pinnipeds.

Actinomyces malle Neisseria mucosa
Caliciviruses

Coagulase + staphylococci
Clostridium chauvoei
Clostridium perfringens
Klebsiella pneumoniae
Leptospira interrogans

Nocardia spp.
Pasteurella multocida
Pseudomonas aeruginosa
Streptococcus pyogenes
Vibrio spp.

Risk of Contracting Human Disease
from Marine Animals

Factors necessary for initiation of infectious disease in
humans are listed in Table 5. Mode of transmission is,
perhaps, the most critical factor, since all other factors are
usually present in a given situation. It is for this reason
that shellfish, primarily bivalve molluscs, constitute the
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Table 5.
Key factors of infectious disease.

. Infectious disease agent

. Reservoir or habitat

. Mode of transmission to host

. Ability of agent to survive transmission
. Portals of entry and exit

. Susceptible host

DD G LN

most important source of water-borne disease in the United
States today. Humans consume raw bivalves and, conse-
quently, contract diseases. Transmission of pathogens from
bottom sediment or seaweed surfaces to humans is not
highly probable, and, hence, there are few reports of
diseases deriving from such sources. However, as consump-
tion of raw fish, seaweed, ‘‘seasalt’’, and other emerging
marine foodstuffs increases, transmission of disease will
become more frequent.

ELASMOBRANCHS AS LIVING RESOURCES:

Human Pathogens in Sharks

The hypothesis that elasmobranchs carry an autochthonous
bacterial flora throughout their various tissues was first
proposed by Grimes et al. (1985b). This hypothesis is now
based on a sampling regime that has included over 50
healthy, free-ranging neritic sharks collected from relatively
pristine waters off the island of Bimini, Bahamas. Buck
(1984) arrived at a similar conclusion after bacteriological
examinations of skin, teeth, and gill surfaces and intestinal
contents from 12 elasmobranchs taken from the Gulf of
Mexico off Sarasota, Florida. Table 6 lists the shark species
sampled to date, and Table 7 lists the tissue types examined
and average bacterial concentrations in the various tissues.
In general, blood is free from detectable bacteria, unless
the shark has been severely compromised (e.g., stressed
during capture) or is in a frank state of disease (Grimes
et al. 1985b). Potential human pathogens isolated from
various tissues and organs are listed in Table 8. Data
presented in this table are a composite of all sharks sam-
pled to date. The significance of Clostridium spp. present in

Table 6.
Sharks sampled for autochthonous bacteria.

Common name

Scientific name

Capture site

Blacktip shark
Sandbar shark
Tiger shark
Nurse shark
Lemon shark
Sharpnose shark
Spiny dogfish
Sixgill shark

Carcharhinus limbatus
Carcharhinus plumbeus
Galeocerdo cuvieri
Ginglymostoma cirratum
Negaprion brevirostris
Rhizoprionodon porosus
Squalus acanthias

Hexanchus griseus

Bimini, Bahamas

National Aquarium, Baltimore

Bimini, Bahamas
Bimini, Bahamas
Bimini, Bahamas
Bimini, Bahamas
Gulf of Maine

Bermuda

Table 7.

Densities of bacteria in selected shark tissues and organs”.

Lemon shark

Organ/tissue A B c Average
Blood 0 0 0 0

Muscle 0 <10° <10° <7 x 10*
Stomach 7 x 107 2 x 107 6 x 10° 2.3 x 10°
Intestine 2 x 10 >10° >10° 7 x 10°
Spiral valve ND* 1 x 10* >108 >5 x 10°
Kidney 1 x 10° 1 x 10° 3 x 10? 4 x 10°
Spleen ND 2 8 x 10? 4 x 107
Liver 7 x 10* 0 0 2 x 10*

“Heterotrophic spread-plate colony count per gram of tissue on Marine Agar 2216 (Difco).

%0 values represent no developed colonies after spread-plating 1.0 mL blood or 0.1 mL of a 1:5
dilution of muscle or liver, with extended (>21 d) incubation.

‘ND = Not determined.
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Table 8.
Human pathogens isolated from healthy sharks.

Listonella damsela
Plesiomonas shigelloides

Aeromonas hydrophila
Clostridium botulinum

Clostridium perfringens Proteus spp.
Clostridium sordellii Vibrio alginolyticus
Clostridium tetani Vibrio furnissii
Escherichia coli Vibrio parahaemolyticus

Fusobacterium sp.

shark tissue samples is discussed by Youngren-Grimes
(1990). In progress, and not included in Table 8, is a
numerical taxonomic study of 236 gram-negative, oxidase-
positive strains of bacteria isolated from sharks captured
in the coastal waters of Bimini (5 lemon, 1 blacktip, 1 six-
gill, 4 nurse, and 4 tiger; see Table 6). The various phena
are still being evaluated, but one interesting identification
was that of a strain of V. parahaemolyticus isolated from a
forearm shark bite wound sustained by one of the scien-
tists while assisting with blood collection from a lemon
shark (Grimes et al., in prep.). Such an infection was
predictable, based on the findings of Buck et al. (1984).
Other potentially pathogenic species identified in this
numerical study were V. alginolyticus, V. fluvialis, V. vulni-
ficus, and L. damsela.

In addition to direct isolations, substantial serological
evidence of human pathogens in elasmobranchs has also
been accumulated. Microagglutination experiments per-
formed with heat-inactivated serum collected from healthy,
free-ranging sharks and with members of the Vibrionaceae
and Aeromonadaceae provided preliminary evidence of high
antibody titers to several strains of pathogenic Vibrio spp.
Pooled sera from six nurse sharks were then purified by
DEAE (cellulose N, N-diethylaminoethyl ether) separation,
followed by size exclusion with Sephadex G-200. The
resulting purified protein had a molecular weight of
>200,000, lost all agglutination activity upon treatment
with 2-mercaptoethanol, and migrated through 10% poly-
acrylamide in a manner similar to human immunoglobulin
M (IgM). These results strongly suggest that nurse sharks
produce IgM in response to autochthonous pathogens such
as Vibrio carchariae (Brayton et al., in prep.). Perhaps of
greatest ecological significance was the observation that
nurse sharks consistently possessed the highest antibody
titers of all sharks (~v1:1024), and that these high titers were
frequently against V. cholerae, the classic agent of human
cholera. Nurse sharks are bottom feeders, living on crusta-
ceans and molluscs; both of these benthic invertebrates are
natural habitats for V. cholerae (Hood et al. 1981; Huq et al.
1986).

It is now quite clear that elasmobranch tissues and
organs, unlike those of bony fish, contain autochthonous
bacteria, including potential human pathogens. Both direct

isolation and serology support this hypothesis. Portals of
entry have been previously discussed (Grimes et al. 1985b),
and both the serological and direct isolation data support
the hypothesis that sharks are continuously exposed to a
variety of marine bacteria. These primitive fish have
evolved an ability to co-exist with most of the potential
pathogens, including the human pathogens. Only when
sharks are compromised does this co-existence break down,
and the sharks succumb to clinically evident disease.
Past studies with *C-labelled urea and anti- Vibrio anti-
biotics suggested that shark tissues are incapable of hydro-
lyzing urea. Instead, data revealed that the resident bac-
teria hydrolyzed urea, thereby benefiting their shark hosts
by maintaining a relatively stable tissue urea concentra-
tion (Knight et al. 1988). Also of interest is a study of the
ability of V. carchariae to decompose common shark bio-
polymers, especially connective tissue constituents (Grimes
et al. 1989). The data collected showed that V. carchariae
strains were capable of hydrolyzing chondroitin sulfate,
hyaluronic acid, gelatin, and collagen and were also capable
of using squalene as a pure carbon source. Obviously, such
a hydrolytic repertoire would be of great benefit to V. car-
chariae as a colonizer and scavenger of shark tissue.

Conclusions

In conclusion, potential human pathogens are ubiquitous
in marine animals, including elasmobranchs. These patho-
gens do not often cause disease in man, presumably
because they lack a mode of transmission. However, in-
creased reliance on the sea for food and recreation, com-
bined with a concomitant increase in the disposal of
anthropogenic wastes in the sea, increases the probability
for human disease to occur, especially when one considers
that fish are often consumed in a raw state, e.g., sushi,
sashimi, and raw oysters. Obviously, consumption of raw
fish, including raw shark meat, with an infective dose of
a human pathogen (Table 8) could lead to gastroenteritis.
Supportive of this statement are recent reports describing
an increase in shellfish-borne diseases derived from the sea
(Goyal 1984; Table 2). Clearly, continued introduction of
human pathogens into the oceans of the world, along with
nutrients to support growth of both introduced (alloch-
thonous) and autochthonous microorganisms, will increase
the probability of transmission (Grimes et al. 1986). Less
clear is the role that these pathogens play after colonizing
marine animals. Allochthonous human pathogens are
probably transient, having little positive or negative effect
on their temporary host. There are exceptions to this
generalization of course, for example the calicivirus diseases
of swine and marine mammals (Smith et al. 1978).
Autochthonous bacteria capable of causing human diseases,
on the other hand, fill a true niche in the marine environ-
ment. While the identity of this niche is not always clear,
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in some cases it appears to involve degradation, e.g.,
degradation of invertebrate chitin (Huq et al. 1986; Wort-
man et al. 1986) or shark tissue urea (Grimes et al. 1985b;
Knight et al. 1988) by Vibrio species.
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ABSTRACT

The biology of the four most frequently encountered metazoan phyla of elasmobranch parasites,
including the Annelida, Nematoda, Platyhelminthes, and Arthropoda, is summarized. Specific
examples of the major subgroups of parasites in each phylum are figured, and a generalized life
cycle showing the involvement of the elasmobranch is presented for each. In addition, the phylum
Acanthocephala and the phylum Mollusca are briefly discussed as only a few species parasitizing
elasmobranchs are known from each. The use of parasites as indicators of the following six aspects
of the biology of their elasmobranch hosts is treated: 1) movement and migrations, 2) feeding
biology, both in general and with respect to size related changes in diet, 3) predators, 4) iden-
tification, 5) phylogeny, using A: direct inference from host specificity data, B: phylogenetic
analysis of parasite presence/absence data, and C: phylogenetic analysis of parasite presence/
absence data combined with phylogenetic analysis of the parasites; and 6) origins and ancient
distributions. For each of these aspects attributes of parasites that are necessary for providing
the information are discussed, and parasite groups possessing these attributes are identified. One

or more examples is given in each case.

Introduction

Elasmobranch fishes host a variety of metazoan parasites
including groups that are ectoparasitic (external parasites)
such as the Monogenea, Annelida, Arthropoda, and Mol-
lusca and groups that are endoparasitic (internal parasites)
such as the Aspidocotylea, Digenea, Eucestoda, Nematoda,
and Acanthocephala. The complex life histories of many
of these parasite groups, as well as, in many cases, their
tight host specificity and conspicuousness, endow them with
the potential to be extremely informative as indicators of
a number of aspects of the biology of their elasmobranch
hosts. Discussions regarding the use of parasites as bio-
logical indicators for their hosts are frequently encountered
in the literature (Kabata 1963; Kabata and Ho 1981;
Manter 1966; Margolis 1965; Metcalf 1929; Sinderman
1957). Unfortunately, elasmobranchs are rarely the hosts
featured in such discussions. It is therefore my primary ob-
jective in the present study to specifically address parasites
of elasmobranchs and their use in inferring information
about the biology of their elasmobranch hosts. I will begin
by listing the various aspects of the biology of parasites
about which it is important to have some knowledge,
because the types of host information that can be inferred
from parasites depend directly upon the biology of the

parasites themselves. This will be followed by a discussion
of the various groups of metazoan organisms that parasitize
elasmobranchs along with some of the pertinent details of
their biology. I will then elaborate on six features of
elasmobranch biology about which parasites have the
potential to supply information. For each of these six
features I will indicate the parasite groups appropriate for
obtaining this information and I will provide at least one
example of each. Because of the relative infrequency with
which acanthocephalans and molluscs occur as parasites
of elasmobranchs, these two phyla will be excluded from
consideration as parasite groups appropriate for obtaining
host information.

Parasite Biology

In order for a parasite species to be maximally informative
about its elasmobranch host, eight aspects of the parasite’s
biology should be considered including 1) Is the parasite
ectoparasitic (external) or endoparasitic (internal)? 2) Does
it possess only a single host species in its life cycle (monox-
enous) or does it pass through a number of different host
species during the course of its life cycle (polyxenous)? 3) If
the parasite is polyxenous, is the elasmobranch the inter-
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mediate host (host in which larval development occurs) or
the definitive host (host in which the parasite reaches sex-
ual maturity)? 4) Does the parasite normally prefer a
marine or a freshwater environment? 5) How does the
parasite enter/find the elasmobranch host? For parasite
species that pass through one or more hosts previous to
the elasmobranch, this question is closely associated with
the question: How does the parasite leave the host previous
to the elasmobranch? 6) How host specific is the parasite?
7) What is the geographic distribution of the parasite? and
8) How much time does the parasite spend in the elasmo-
branch host, i.e., what is the duration of infection?

As will be seen below, the answers to some of these
questions, such as whether a parasite is ectoparasitic or
endoparasitic, can usually be generalized for any particular
parasite group at the order or class level. However, the
answers to other questions, such as distribution and host
specificity, may differ significantly between congeneric
parasite species. If information on all eight questions about
the biology of a particular parasite species is not available,
it merely limits the usefulness of the parasite as a biological
indicator. In many instances partial parasite data may still
be used to generate information on a subset of the six
aspects of elasmobranch biology discussed below. For ex-
ample, if the life history of a particular parasite species is
not known, its use with respect to inferences about the
feeding biology of its host is limited, but it can still be in-
cluded in an analysis for inferring the phylogeny of its host.

Metazoan Parasites of Elasmobranchs

Reviews or summaries are currently available for several
groups of elasmobranch parasites. For example, Benz (in
press) discussed the copepod parasites of sharks, and
Moreira and Sadowsky (1978) dealt with the isopod para-
sites of Chondrichthyes. In his paper discussing parasit-
ism in the deep sea, Campbell (1983) provided an excellent
summary of a number of aspects of the parasites of chon-
drichthyan fishes, and the histopathology associated with
elasmobranch parasites was reviewed by Campbell (in
press). To my knowledge, however, no comprehensive
survey of the metazoan parasites of elasmobranchs exists.

Owing to time and space limitations, I will not present
a comprehensive list of all parasite species ever recorded
from an elasmobranch, rather I have confined myself to
a discussion of each of the higher parasite taxa that are
known to possess members that have been reported from
elasmobranchs. I have included all groups regardless of
whether hundreds of species in the group have been
reported as elasmobranch parasites, for example the
subclass Eucestoda, or only a single species in the group
has been reported from elasmobranchs, for example the
subclass Cirripedia. Investigators interested in the parasites
associated with a particular elasmobranch species are re-
ferred to Part 7 (host index) of the Index-Catalogue of

Figure 1.
Representatives of subfamilies of piscicolid leeches
parasitic on elasmobranchs. A. Branchinellinae—Bran-
chellion ravenellii (Girard 1850), ventral view. B. Ichthy-
obdellinae—Stibarobdella macrothela (Schmarda 1861),
dorsal view. Both redrawn from Sawyer et al. (1975).

Medical and Veterinary Zoology (U.S. Dept. Agriculture).
Of the 20 metazoan phyla that are known to possess
parasitic members, only four have representatives that are
frequently reported from elasmobranchs. These include the
following phyla: Annelida, Nematoda, Platyhelminthes,
and Arthropoda. On very rare occasions members of two
additional phyla, the Acanthocephala and the Mollusca,
have been reported as parasites of elasmobranchs. Each
of these six groups is discussed separately below with em-
phasis on the four more frequently encountered phyla.

Phylum Annelida

Of the three currently recognized classes of Annelids, only
the leeches (class Hirudinea) possess members that para-
sitize elasmobranchs. These species appear to be restricted
to the family Piscicolidae Johnston 1863, a group of monox-
enous ectoparasites. Not all species of piscicolids are
elasmobranch parasites. Representatives of the Bran-
chinellinae and the Ichthyobdellinae, the two subfamilies
of piscicolids known from elasmobranchs, are illustrated
in Figure 1.

The typical piscicolid life cycle (Fig. 2) involves only a
single host on which the adult is found. The adult leech
lays a cocoon containing a small number of eggs either
directly on the elasmobranch or on the substrate. The
juvenile leech hatches from the cocoon and attaches to the
elasmobranch. Most piscicolids seem to prefer the marine
environment, but a few have been reported from hosts in
brackish waters. Piscicolid leeches have been found on a



BIOLOGY: Life History

73

HOST 1

3 ADULT '

COCOON
WITH
JUVENILE EGG
Figure 2.
Generalized leech life cycle showing involvement of elasmobranch
host.

number of external sites on their elasmobranch hosts in-
cluding the tail, between the eyes, on the tongue, and in
the gill slits. These parasites do not appear to be extreme-
ly host specific. Several species have been reported to
parasitize an extensive range of elasmobranch species as
well as several teleost species (Sawyer et al. 1975).

Phylum Nematoda

Of the six currently recognized orders of nematode para-
sites of vertebrates (Willmott and Chabaud 1974), one in
the subclass Adenophorea, the Enoplida, and three in the
subclass Secernentea including the Ascaridida, Spirurida,
and Strongylida possess members recorded as parasites of
elasmobranchs. However none of these orders is exclusively
parasitic in elasmobranchs. One family in the order Eno-
plida, the Trichuridae, has been reported from elasmo-
branchs. Records of this group consist of adult worms
in some cases (Read 1948) and solely of eggs in others
(MacCallum 1925). Three families of ascarids including
the Anisakidae (Railliet and Henry 1912), the Acantho-
cheilidae Wiilker 1929, and the Kathlaniidae (Lane 1914)
possess species reported as parasites of elasmobranchs
(Hartwich 1974). Baker (1987) suggested that the kathla-
niid records may be cases of accidental parasitism. The
acanthocheilids are currently known only from elasmo-
branchs. Five families of spirurids, including the Physalop-
teridae (Railliet 1893), Cystidicolidae (Skrjabin 1946),

Philometridae Baylis and Daubny 1926, Cucullanidae
Cobbold 1864 and the Gnathostomatidae Railliet 1895
(Chabaud 1975a, b, 1978) are known from elasmobranchs,
but none of these families consists exclusively of elasmo-
branch parasites. A representative of the family Tricho-
strongylidae in the order Strongylida has been reported
from an elasmobranch (Mawson 1954). As these worms
were described from museum specimens of dubious host
origin, the record is a tentative one. Representatives of
these eight nematode families are illustrated in Figure 3.

The life cycles of elasmobranch nematodes are poorly
known, thus generalization is difficult. It appears that some
species are monoxenous whereas others have life cycles in-
volving at least two different host species. A two-host life
cycle is illustrated in Figure 4. The elasmobranch appears
to play the role of intermediate host for some nematodes,
for example, larval philometrids have been found in
elasmobranchs (Benz et al. 1987). Elasmobranchs are also
known to play the role of definitive host, for example, adults
of Acanthocheilus quadridentatus Molin 1858 have been
reported from a number of elasmobranch species (Diaz
1972). Nematodes of elasmobranchs, whether parasitic as
larvae or adults, are generally internal parasites. The sites
of larval nematodes range from the uterus (Benz et al. 1987)
and ovaries (Rosa-Molinar et al. 1983) to superficial body
tissues (de Ruyck and Chabaud 1960). Adult nematodes
have been reported from the stomach (Diaz 1972), spiral
valve (McVicar 1977), and pancreatic duct (McVicar and
Gibson 1975) as well as from ulcer-like lesions in the ex-
ternal surfaces of their elasmobranch hosts (Adamson et al.
1987).

Phylum Platyhelminthes

Four classes of platyhelminths contain species reported as
parasites of elasmobranchs: 1) the Trematoda, among
which two subclasses the Aspidocotylea and the Digenea
are represented, 2) the Monogenea, 3) the Turbellaria,
and 4) the Cestoidea, of which only the subclass Eucestoda
is represented in elasmobranchs. Because of the tremen-
dous differences in morphology and biology between these
groups each is discussed separately below.

Class Trematoda

Subclass Aspidocotylea—Species belonging to two
families of aspidocotyleans, the Stichocotylidae Faust and
Tang 1936, and Aspidogasteridae Poche 1907, have been
reported from elasmobranchs. Examples of each are illus-
trated in Figure 5. The former is a monotypic group. The
sole species, Stichocotyle nephropis Cunningham 1884, is
parasitic as an adult in the bile ducts and gall bladder of
rays (Schell 1985). In the latter group at least one species
of Multicalyx (Faust and Tang 1936) is parasitic as an adult
in the bile ducts and gall bladder of elasmobranchs (Thoney
and Burreson 1987).
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Figure 3.
Representatives of families of Nematoda parasitic in elasmobranchs. a-h = order
Ascaridida; i-r = order Spirurida; s, t = order Strongylida; u-w = order

Enoplida. a-b = Anisakidae— Terranova ginglymostomae Olsen 1952, a—anterior
extremity dorsal view, b—posterior extremity of male ventral view, spicule omitted
(a and b redrawn from Olsen 1952). c-e = Acanthocheilidae—Pseudanisakis rotun-
data (Rud. 1819), c—anterior extremity apical view, d—anterior extremity lateral
view, e—posterior extremity of male ventral view (c and d redrawn from Williams
and Richards 1968; e redrawn from Yamaguti 1961). f-h = Kathlaniidae—
Tonaudia chiloscylii (Thwaite 1927), f—anterior extremity apical view, g—anterior
extremity lateral view, h—posterior extremity of male lateral view (f and g redrawn
from Inglis 1957). i-j = GCucullanidae—Cucullanus heterodonti Johnston and
Mawson 1943, i—anterior extremity lateral view, j—posterior extremity of male
lateral view (i and j redrawn from Johnston and Mawson 1943). k, 1 =
Physalopteridae— Proleptus obtusus Duj. 1845, k—anterior extremity lateral view,
l—posterior extremity of male lateral view (k and 1 redrawn from Yorke and
Maplestone 1926). m, n = Cystidicolidae—Parascarophis sphyrnae Campana-
Rouget 1955, m—anterior extremity apical view, n—anterior extremity lateral
view (m and n redrawn from Yamaguti 1961). o = Philometridae—
Phlyctainophora lamnae Steiner 1921, o—lateral view of adult female (redrawn from
Yorke and Maplestone 1926). p-r = Gnathostomatidae— Echinocephalus overstreeti
Deardorff and Ko 1983, p—anterior extremity apical view, q—anterior extremity
lateral view, r—posterior extremity of male lateral view (all redrawn from Dear-
dorff and Ko 1983). s, t = Trichostrongylidae—Ichthyostrongylus clelandi Mawson
1954, s—anterior extremity lateral view, t—posterior extremity of male ventral
view (s and t redrawn from Mawson 1954). u-w = Trichuridae—Capillaria
hathaway: Read 1948, u—posterior extremity of female, v—egg (both redrawn
from Read 1948), w—Capillaria carcharhini MacCallum 1925, portion of skin of
shark with eggs of the parasite between dentacles (redrawn from MacCallum 1925).
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HOST 1

Possible generalized two-host nematode life cycle illustrating
involvement of elasmobranchs as hosts. Parentheses around
elasmobranch silouette indicate larvae are infrequently found
in elasmobranchs. (Note: the second to last and the last larval
stage in the nematode life cycle are referred to as the L3 and
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Figure 5.
Representatives of families of Aspidocotylea parasitic in elasmo-
branchs. A. Stichocotylidae—Stichocotyle nephropis Cunningham
1884, ventral view, modified from Schell (1985). B. Aspidogas-
teridae—Multicalyx cristata (Faust and Tang 1936), lateral view,
modified from Manter (1954).

The typical aspidocotylean life cycle involves a free-
swimming larval form, or cotylocidium, and perhaps two
hosts (Fig. 6). The adult worm lays eggs that pass to the
outside via the digestive system of the host and then hatch

ELASMOBRANCHS AS LIVING RESOURCES:

to release the free-swimming cotylocidium. These larvae
search for the intermediate host, enter, and encyst. Here
they develop into preadults. Preadults of S. nephropis have
been found encysted in the rectum of lobsters (Schell 1985).
When the intermediate host is eaten by the elasmobranch,
the preadults escape from the cyst, travel to the bile ducts,
and develop into adults. Thoney and Burreson (1986) pre-
sented evidence which suggested that after establishment
in the first intermediate host Multicalyx cristata may enter
a teleost host in which no development of the parasite oc-
curs, but which serves to bridge a food chain gap, thus
facilitating transfer to the elasmobranch final host.

Subclass Digenea—Of the 71 recognized families of
Digenea parasitizing vertebrates (Yamaguti 1971), seven
possess members known to parasitize elasmobranchs.
Representatives of each of these groups are illustrated in
Figure 7. Sites of preference within the elasmobranch
reported by Yamaguti (1971) for each family are as follows:
The Azygiidae Odhner 1911, Aphanhysteridae Yamaguti
1958, and Ptychogonimidae Dollfus 1937 have been
reported from the digestive tract; the Gorgoderidae Looss
1901 are known from various regions of the body cavity;
the Syncoeliidae (Looss 1899) have been reported from the
branchial cavity and skin; the Didymozoidae Poche 1907
from the walls of the gill chambers; and the Sanguinicolidae
Graff 1907 have been reported from the various blood
vessels associated with the heart. Only the Aphanhysteridae
appear to be restricted in distribution to elasmobranchs.

Unfortunately, complete life-history data are not avail-
able for a single species of digenean that parasitizes elas-
mobranchs. Based on the life histories of digeneans from
other fishes (for example Schmidt and Roberts 1985), the
following life cycle is probable. A free-swimming miraci-
dium hatches from the egg, finds the first host, which is
a mollusc of some kind, develops into a sporocyst and/or
then a redia that in turn produces a number of free-swim-
ming cercariae. The cercariae encyst in or on a second in-
termediate host and develop into metacercariae. When this
host is eaten by the elasmobranch, the adult form develops.
This life-history scenario is summarized in Figure 8. The
adult is the only digenean stage that has been reported from
elasmobranchs, thus elasmobranchs appear to serve only
as definitive hosts for these parasites.

Class Monogenea—Both orders of Monogenea possess
species reported as parasites of elasmobranchs (Fig. 9)
(Yamaguti 1963a). In the order Polyopisthocotylea, the
Hexabothriidae Price 1942 is the only family known from
elasmobranchs, and the group appears to be restricted in
distribution to these fishes. Seven families in the order
Monopisthocotylea have been recorded from elasmobranchs
including the Dactylogyridae Bychowsky 1933, Capsallidae
Baird 1853, Monocotylidae Taschenberg 1878, Udonelli-
dae Taschenberg 1879, Acanthocotylidae Price 1936,
Loimoidae Bychowsky 1957, and Microbothriidae Price



BIOLOGY: Life History

7.7

HOST 2

ENCYSTED
PRE-ADULT

COTYLOCIDIUM

Figure 6.
Possible generalized aspidocotylean life cycle involving elasmo-

branch host.

1936. The latter three families appear to be restricted in
host distribution to elasmobranchs. Many of the udonellids
are actually hyperparasites of copepods that parasitize
elasmobranchs. With the exception of some of the Mono-
cotylidae, the remaining monogeneans are ectoparasites
associated with various regions of the skin, mouth, bran-
chial chamber, or rectum of their elasmobranch hosts. A
number of species of Monocotylidae are unusual for
monogeneans in that, rather than being ectoparasitic, they
are endoparasitic within the coelom, rectal gland, or ovi-
ducts of their hosts (Yamaguti 1963a).

The typical monogenean life cycle (Fig. 10) is relatively
simple, involving only a single host. The adult worm lays
eggs that either float freely in the water column or occa-
sionally are attached to a substrate. A ciliated free-
swimming oncomiracidium hatches from the egg, searches
for the host, and matures into the adult form. Only adult
Monogenea are known from elasmobranchs.

Class Cestoidea

Subclass Eucestoda—Of the 13 orders of tapeworms
recognized in the subclass Eucestoda (Schmidt 1986), six
have members known to parasitize elasmobranchs.
These include the Tetraphyllidea, Trypanorhyncha,
Lecanicephalidea, Diphyllidea, Litobothridea, and Dioeco-
taeniidea. Representatives of each of these orders are

illustrated in Figure 11. The eucestodes are somewhat
unusual in that, as adults, all of the species in all six of
the above orders are exclusively parasitic in elasmobranchs.
Thus, tapeworms are not only one of the most diverse
groups of elasmobranch parasites, but also one of the most
frequently encountered.

In general, the life histories of elasmobranch tapeworms
are very poorly known. These data are available for only
a few species (for example, Overstreet 1978). It appears
that the successful completion of a life cycle may involve
anywhere from two to perhaps five hosts, depending on
the parasite species. A generalized life cycle is illustrated
in Figure 12. The adult tapeworm releases eggs, from
which free-swimming coracidium larvae hatch. These lar-
vae are eaten by the first intermediate host, often copepods,
in which the coracidium develops into the second larval
form called a procercoid. When this first host is eaten by
the second host, often a teleost or mollusc, the tapeworm
develops further into the third larval form called a plerocer-
coid. When this second intermediate host is consumed by
the third host, often an elasmobranch, the tapeworm
matures into the adult form. In most instances elasmo-
branchs are parasitized by adult tapeworms and therefore
play the role of definitive host. The plerocercoids of a
number of tapeworm species have been found in elasmo-
branchs, thus elasmobranchs may also play the role of
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Figure 7.

Representatives of families of Digenea parasitic in elasmo-
branchs. A. Sanguinicolidae—Selachohemecus olsoni Short
1954. B. Azygiidae— Otodistomum veliporum (Creplin 1837).
C. Aphanhysteridae—Aphanhystera monacensis Guiart 1938.
D. Gorgoderidae— Probolitrema richardii (Lopez 1888). E.
Didymozoidae— Tricharrhen okenii (Koelliker 1847). F. Syn-
coeliidae— Paronatrema vaginicola Dollfus 1937. G. Ptychogo-
nimidae— Ptychogonimus megastomus (Rud. 1819). C, E, modi-
fied from Yamaguti (1971); A, B, D, F, G, redrawn from
Yamaguti (1971); A-F ventral views, G dorsal view.
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Possible generalized digenean life cycle involving elasmobranch
host.

intermediate host. Adult tapeworms are usually found
associated with the spiral valve. Plerocercoids inhabit a
broader range of sites including the liver, body cavity, and
mesentaries.

Class Turbellaria—Although the majority of the turbel-
larians are free-living, adults of a single species, Micro-
pharynx parasitica (Jagerskiold 1896), have been reported as
parasites of elasmobranchs (see Fig. 15) (Ball and Khan
1976). Little is known about the life history of M. parasitica.
Ball and Khan (1976) suggested that this species is similar
to other marine planarians because a pelagic stage is lack-
ing from the life cycle. Transfer of worms from host to host
may occur during the copulation of elasmobranchs.
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Figure 9.

Representatives of families of Monogenea parasitic on elasmo-
branchs. A. Hexabothriidae—Erpocotyle catenulata Guberlet
1933. B. Dactylogyridae—Amphibdelloides maccallumi (John-
ston and Tiegs 1922). C. Acanthocotylidae— Pseudacantho-
cotyla pacifica (Bonham and Guberlet 1938). D.
Capsallidae— Pseudoentobdella  pacifica (Guberlet 1936). E.
Loimoidae— Lotmos scoliodoni (Manter 1938). F. Microboth-
riidae— Pseudocotyle squatinae van Beneden and Hesse 1865. G.
Monocotylidae—ectoparasite, Monocotyle myliobatis Taschen-
berg 1878. H. Monocotylidae—endoparasite, Gymnocalicotyle
inermis (Woolcock 1936). 1. Udonellidae—Calinella craneola
Monticelli 1910.  A-I, redrawn from Yamaguti (1963a); A-D
and F-I ventral views; E, dorsal view.
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Figure 10.
Generalized monognean life cycle involving elasmobranch host.

Phylum Arthropoda

The arthropod parasites of elasmobranchs are restricted
to three classes within the subphylum Crustacea. These
include 1) three subclasses within the class Maxillopoda:
the Copepoda, the Cirripedia, and the Branchiura; 2) the
class Malacostraca including two orders in the subclass
Eumalacostraca, the Isopoda and the Amphipoda; and 3)
the class Ostracoda. Because of the diverse morphology and
biology of the various crustacean subgroups, each will be
discussed separately below following the classification
scheme of Bowman and Abele (1982).

Class Maxillipoda
Subclass Copepoda—Members of two of the eight
orders of copepods have been reported as parasites of
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Representatives of orders of Eucestoda parasitic in elasmo-
branchs. A. Tetraphyllidea— Phoreiobothrium lasium Linton
1889, from Caira (1985). B. Trypanorhyncha—Mecistoboth-
rium brevispine (Linton, 1897), redrawn from Campbell and
Carvajal (1975). C. Lecanicephalidea— Disculiceps galapagoen-
sts Nock and Caira 1988, from Nock and Caira (1988) D.
Diphyllidea— Echinobothrium bonasum Williams and Campbell
1980, redrawn from Williams and Campbell (1980). E. Lito-
bothridea— Litobothrium coniformis Dailey 1969, redrawn from
Dailey (1969). F. Dioecotaeniidea— Dioecotaenia cancellata
(Linton 1890), redrawn from Schmidt (1969). A-F dorsal
or ventral views of scolices.

elasmobranchs. These orders include the Poecilostomatoida
and the Siphonostomatoida. Within the former order only
two families, the Taeniacanthidae Wilson 1911, and the
Chondracanthidae Milne-Edwards 1840, include species
that parasitize elasmobranchs, but neither is restricted in
distribution to this host group. Representatives of 11 of
the 44 families of siphonostome copepods have been re-
ported from elasmobranchs (Kabata 1979). These include
the Pandaridae Milne-Edwards 1840, Sphyriidae Wilson
1919, Caligidae Burmeister 1835, Dichelesthiidae Dana
1853, Eudactylinidae Yamaguti 1963, Lernaeopodidae
Olsson 1869, Dissonidae Yamaguti 1963, Trebiidae Wilson
1932, Euyphoridae Wilson 1905, Kroyeriidae Kabata
1979, and Cecropidae Dana 1852. Representatives of each
family are illustrated in Figure 13. Only the Kroyeriidae
is restricted in distribution to elasmobranchs. All members
of both orders that parasitize elasmobranchs are essential-
ly ectoparasitic. Attachment sites range from the fins,
claspers, and nares to the buccal and branchial regions of
the host. The copepod parasites of elasmobranchs are
second only to the tapeworms with respect to their abun-
dance and species diversity.

The life histories of elasmobranch copepods are poorly
known. A probable life cycle is illustrated in Figure 14.
In general, copepods of elasmobranchs pass through only
one or two naupliar stages both of which are free-swim-
ming in nature (Benz, in press). The nauplius molts to the
copepodid stage and finds the elasmobranch host. The
copepodid may molt to a filamented chalimus stage, which
subsequently molts to the preadult stage. The preadult
usually molts two additional times until it ultimately
develops into the adult.

Subclass Cirripedia—A single species of parasitic bar-
nacle, Anelasma squalicola Loven, has been reported from
elasmobranchs. Adults of this species have been found par-
tially embedded (Fig. 16) near the dorsal spine or around
the pectoral and pelvic fins of their hosts. This species
develops from a free-living nauplius stage to a free-living
cypris stage, which is infective and matures into the adult
form on elasmobranchs (Kabata 1970).
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Figure 12.
Generalized three-host cestode life cycle illustrating involve-
ment of elasmobranchs as hosts. Parentheses indicate
plerocercoids are infrequently found in elasmobranchs.
Plerocercoid redrawn from Cake (1976).

Subclass Branchiura—Of the four genera of branchi-
urans recognized by Cressey (1983), only a few of the 100
species in the genus Argulus Mueller 1785 (Fig. 17) have
been reported to parasitize elasmobranchs (for example,
Pearse 1953). Branchiurans deposit eggs on the bottom.
Simnura (1981) described the development of a species of
Argulus in detail. He found that a copepodid form hatches
from the egg, finds a host and matures through nine lar-
val stages separated by molts into the adult form. All species
are ectoparasitic and appear to feed through the skin of
their hosts.

Class Malacostraca

Order Isopoda—The isopod parasites of elasmobranchs
can be divided into two groups: those parasitic as larvae,
including some of the members of the family Gnathiidae
Harger 1880 in the suborder Gnathiidea, and those para-
sitic as adults, including some of the members of the
families Cirolanidae Dana 1853, Excorallanidae Stebbing
1904, Aegidae Leach 1815, and Cymothoidae Dana 1852,
in the suborder Flabellifera (Moreira and Sadowsky 1978).
Representatives of both suborders are illustrated in Figure
18. Both groups are ectoparasitic. Neither is restricted in
distribution to elasmobranchs.

The life cycles of parasitic isopods are not well known.
Some species may be polyxenous utilizing intermediate
hosts (Overstreet 1978). In the Gnathiidea, newly hatched
larvae pass through a brief swimming phase and metamor-
phose into the ‘‘pranzia’’ stage that attaches to the elasmo-
branch, usually on the gills, mouth, or skin and feeds on
blood (Kabata 1970). This stage eventually leaves the host
and matures into a free-swimming adult. In the Flabelli-
fera, young forms attach to the elasmobranch, often in the
region of the gills, and mature to the adult form. In some
species of Cymothoidae, individuals attach to the gill
chamber as males, and then transform into females and
move to the mouth region (Schmidt and Roberts 1985).

Order Amphipoda—Only a small number of amphi-
pods appear to be parasites of fishes, and only a very small
subset of these parasitize elasmobranchs. For example,
adults of Laphysticus sturionis Kroyer 1842 (Fig. 19) are ecto-
parasitic on protected regions, such as under the pectoral
fins, of skates (Kabata 1970).

Class Ostracoda—Although ostracods are rarely para-
sitic, adults (Fig. 20) of several species have been reported
to parasitize the gills and nostrils of elasmobranchs (Kabata
1984). Little is known about the life history of these para-
sitic species.
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Figure 13.
Representatives of families of Copepoda parasitic on elasmo-
branchs. A, B = order Poecilostomatoida, C-M = order

Siphonostomatoida. A. Taeniacanthidae— Taentacanthus wilsoni
Scott 1929. B. Chondracanthidae—Acanthochondrites annulatus
(Olsson 1869). C. Pandaridae—Pandarus bicolor Leach 1816.
D. Sphyriidae—Paeon vaissierei Delamere-Deboutteville and
Nunes-Ruivo 1953.  E. Caligidae—Calsgus elongatus Nordmann
1832. F. Dichelesthiidae—Anthosoma crassum (Abildgaard 1794).
G. Eudactylinidae— Eudactylina similis Scott 1902. H. Lernae-
opodidae—Schistobrachia ramosa (Kroyer 1863). I. Dissonidae—
Dissonus spinifer Wilson 1906. J. Trebiidae— Trebius caudatus
Kroyer 1838. K. Euryphoridae—Alebion carchariae Kroyer 1863.
L. Kroyeriidae—Kroyeria lineata van Beneden 1853. M. Cecro-
pidae— Entepherus laminipes Bere, 1936. A-G, [-M, dorsal views
of females; H, lateral view of female; A-C, E-H, J, and L
redrawn from Kataba (1979); D, redrawn from Lewis (1966);
I, redrawn from Wilson (1907); K, redrawn from Cressey (1972);
M, redrawn from Benz and Deets (1988).

Phylum Acanthocephala

Records of acanthocephalans from elasmobranchs are rare.
It has been suggested by Williams et al. (1970) that this
is the result of these organisms’ inability to tolerate the high
levels of urea in elasmobranchs. To date, all records of
acanthocephalans from elasmobranchs are of adults (Fig.
21) from the spiral valves of their hosts. For example,
Golvan et al. (1964) found adults of Megapriapus ungriai
(Gracia-Rodrigo 1960) in the spiral valve of Potamotrygon
hystrix. No information is currently available on the life
histories of elasmobranch acanthocephalans. The species
in other marine fishes generally develop into three larval
stages, the acanthor, acanthella, and cysticanth, prior to
the adult. Most require one or two host species prior to
the fish host. Owing to the infrequency with which acan-
thocephalans parasitize elasmobranchs (I know of only
seven records) they are of limited use as biological in-
dicators and will not be discussed further. Individuals in-
terested in reading about this group in more depth are
referred to Crompton and Nickol (1985).

Phylum Mollusca

To my knowledge there exists a single record of a member
of the phylum Mollusca parasitic on an elasmobranch.
O’Sullivan et al. (1987) reported the snail Cancellaria cooperi
Gabb (the cooper’s nutmeg) (Fig. 22) from the dorsal sur-
face of Torpedo californica Ayres. As this is the sole record
of this phyllum from elasmobranchs, the phylum will not
be considered further.

HOST 1

ADULT

NAUPLIUS

COPEPODID

Figure 14.
Generalized one-host copepod life cycle involving elasmobranch
host. Nauplius, copepodid, and adult redrawn from Benz (in
press). ’

Metazoan Parasites as Biological
Indicators for Elasmobranchs

1. Geographic Movements and Migrations

Kabata (1963) listed five conditions regarding the use of
parasites as biological tags for monitoring the movements
of marine fishes. These conditions are 1) Among popula-
tions of the host species, the parasite should be common
in one population and rare or absent in another; 2) It is
preferable that the life cycle of the parasite include only
the host species that is the object of the study, i.e., the
parasite should be monoxenous and host specific; 3) In-
fections with the parasite should be of reasonably long dura-
tion; 4) The incidence of the parasite must remain rela-
tively stable, both within an annual cycle and from year
to year; 5) Environmental conditions throughout the area
studied should be within the physiological range of the
parasite intended as a tag.

Not all of these conditions need be met in order for a
parasite to be useful as a tag. In many cases parasites that
have single-host life cycles, for example some isopods, also
have relatively short associations with their hosts. On the
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Figure 15-22.
Minor groups parasitic on elasmobranchs.

Figure 15—Ectoparasitic turbellarian, Micropharynx parasitica (Jagerskiold 1896), from elasmobranch;
dorsal view; redrawn from Ball and Khan (1976).

Figure 16—Species from subclass Cirripedia parasitic on elasmobranchs—Anelasma squalicola, adult
embedded in host tissue, redrawn from Baer (1951).

Figure 17—A representative species from subclass Branchiura parasitic on elasmobrahcns—Argulus
laticauda Smith 1872, ventral view, redrawn from Wilson (1903).

Figure 18—Representatives of suborders of Isopoda parasitic on elasmobranchs. A. Suborder
Gnathiidea—Gnathia sp. pranzia larva, ventral view, redrawn from Kabata (1970). B. Suborder
Flabellifera—Aega crenulata (Lutken), adult, dorsal view, redrawn from Schultz (1969).

Figure 19—A representative species from order Amphipoda parasitic on elasmobranchs— Laphystius
sturionis Kroyer 1842: A. dorsal view, B. lateral view, both redrawn from Kabata (1970).

Figure 20—Representative of class Ostracoda parasitic on elasmobranchs—Cipridina parasitica (Wilson
1913), lateral view of male, redrawn from Wilson (1913).

Figure 21—A representative species from phylum Acanthocephala parasitic in elasmobranchs—
Serrasentis longus Tripathi 1959, males, redrawn from Yamaguti (1963b).

Figure 22—The only species of the phylum Mollusca currently known from elasmobranchs—Cancellaria
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cooperi Gabb, redrawn from Morris (1966).

other hand, many of the host-specific internal parasites,
such as the tapeworms, are associated with their hosts for
extended periods of time, but possess two or more hosts
in their life cycles. These short host associations and poly-
xenous life cycles invoke additional considerations, but they
do not preclude these parasites from use. Members of any
of the four major phyla of elasmobranch parasites can sup-
ply information about elasmobranch migrations, but, each
of the above conditions should be taken into consideration
when determining the suitability of any particular para-
site species for this purpose.

Example: For some time the possibility of marine migra-
tions of Carcharhinus leucas (Valenciennes 1839) and Pristis
perotteti Miller and Henle 1841 between Lake Nicaragua
and the Caribbean Sea via the Rio San Juan has been a
topic of discussion. Marine migrations of the bull shark
were finally confirmed by Thorson (1971) after the recovery
of sharks in Lake Nicaragua that had been tagged on the
east coast of Costa Rica. Although this phenomenon was
established with tagging, Watson and Thorson (1976) ex-
amined the parasite fauna in this system and provided
parasite evidence sufficient to confirm the migrations in
both the bull shark and the sawfish. Between the two species
of elasmobranchs they discovered five species of monoge-
neans and 14 species of cestodes. Their results provide the
following four pieces of evidence that support the marine
migrations of both elasmobranch species: 1) Ten of the 11
species of monogeneans and tapeworms found, which were
not new to science, have been reported previously from
marine environments only; 2) All other known species
in the three genera to which the seven newly described
species belong have been reported previously from marine
environments only; 3) One hundred and seventy-nine

freshwater teleosts, representing seven families, examined
from Lake Nicaragua did not harbour larvae of the tape-
worms found as adults in the elasmobranchs. This strong-
ly implicates marine teleosts as the source of the tapeworm
infections in the elasmobranchs; 4) Overall, the abundance
of parasites dropped, and the condition of remaining para-
sites degenerated, in hosts collected farther and farther
upstream from the Caribbean Sea.

2. Feeding Biology

Parasites that are informative as indicators of the feeding
biology of their hosts should satisfy the following condi-
tions: 1) They must be polyxenous, requiring more than
the elasmobranch host species within their life cycles; 2)
The larval form found in the host that precedes the elasmo-
branch must be taxonomically identifiable. In general, the
more exact the identification of the larval form, the greater
the amount of information that can be obtained from it; 3)
The larval parasite must exhibit specificity for the host that
precedes the elasmobranch in its life cycle. As a rule, the
amount of information conveyed is directly proportional
to the degree of specificity the parasite exhibits for the host
preceding the elasmobranch.

Because of the requirement of a polyxenous life cycle,
only the following parasite groups have the potential to be
informative with respect to host feeding biology: Aspidoco-
tylea, Digenea, and Eucestoda (tapeworms), and those
members of the phylum Nematoda that possess one or more
hosts in addition to the elasmobranch in their life cycles.
Their high prevalence in elasmobranchs, along with the
distinct morphology of their plerocercoids, makes tape-
worms one of the best parasite groups for indicating feed-
ing biology. Unfortunately their usefulness is extremely
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limited by our current lack of knowledge regarding com-
plete tapeworm life cycles.

Examples: As part of a faunistic survey of France and
its surrounding waters Joyeux and Baer (1936) investi-
gated the cestodes. Their study is particularly useful
because the survey involved examination of a wide range
of hosts, including both invertebrates and vertebrates,
and therefore resulted in some of the most complete infor-
mation on cestode life cycles available for any single
geographic area. All of the examples about the diet of
elasmobranchs discussed below are drawn from this
survey.

The trypanorhynch tapeworm Sphyriocephalus tergestinus
Pintner 1913 was found as an adult in Alopias vulpinus
(Bonnaterre 1788) (Table 1). Despite the hundreds of
organisms examined, the last larval form, or plerocercoid,
of §. tergestinus was found only in the teleost Lepidopus
argenteus Bonnaterre 1788. Thus, it can be concluded that
individuals of A. wulpinus parasitized by adults of S.
tergestinus have been eating the final intermediate host for
this tapeworm, L. argenteus.

As a second, comparatively less informative example,
the dibothridean tapeworm Echinobothrium typus van Bene-
den 1849 was found as an adult in a number of skate species
(Table 1). The plerocercoids of this tapeworm were found
only in the following three crustacean taxa: Gammarus
locusta, Oediceros longimanus, and a species of Crangon Weber
1795. Thus, it can be concluded that skates parasitized by
E. typus have been eating one or more of these crustaceans.
Note that the specificity of the adult tapeworm is not
important.

In both of the above instances the fairly tight host spe-
cificity of the plerocercoids results in the presence of the
adult tapeworm being a reasonably exact indicator of at
least some of the food consumed by the elasmobranch.
However, in parasite systems lacking host specificity this
is not the case. The following is an example of a parasite
that, owing to the nonspecificity of the plerocercoid, is
relatively uninformative. Adults of the trypanorhynch tape-
worm Nybelinia lingualis (Cuvier 1817) were found in a
number of elasmobranch species. The plerocercoids of this
tapeworm were found in five cephalopod and no fewer than
18 teleost species (Table 1). Thus, discovery of N. lingualis
in the elasmobranch indicates only that the individual has
been eating one or more of the five cephalopods and/or
one or more of the 18 teleost species.

In addition to providing information on the general
feeding biology of elasmobranchs, parasites may also be
useful as indicators of size-related changes in elasmobranch
feeding habits. In this case it is useful if a number of differ-
ent polyxenous parasites can be considered simultaneous-
ly, and it is particularly helpful if details of the life cycles
(especially the final pre-elasmobranch host) are known for
as many of these parasite species as possible.

ELASMOBRANCHS AS LIVING RESOURCES:

Table 1.

Host records for selected elasmobranch tapeworms from
coastal France (from Joyeux and Baer 1936).

Final
Parasite Definitive host intermediate-host
Sphyriocephalus Alopras vulpinus Lepidopus argenteus
tergestinus
Echinobothrium Raja fullonica Gammarus locusta
typus R. clavata Oediceros longimanus
R. asterias Crangon sp.
R. punctata
Trygon pastinaca
Nybelinia lingualis Moustelus asterias Sepia fillioux:

Galeorhinus galeus
Seyliorhinus stellaris
Isurus oxyrinchus
Squalus acanthias
Raja oxyrhyncha

S. officinalis
Ommatostrephes sp.
Loligo loligo
Octopus vulgaris
Conger vulgaris

R. batis Soleo vulgaris

R. rubis Rhombus maximum
R. fullonica Mullus barbatus
R. clavata Scomber scombrus
R. punctata Pelamys sarda

Echneis remora
Zeus faber

Caranx trachurus

| Naucrates ductor
Uranoscopus scaber
Merlangus virens
Lota molra

Trigea lucerna

T. gurnardus
Serranus cabrilla
Xiphias gladius
Lepidopus lingualis

The following example was provided by Dr. T. Mattis
(1843 Ebenezer Rd., Knoxville, TN 37922, pers. commun.,
Dec. 1987) (Table 2). Two species of tapeworms have been
found in individuals of Dasyatis americana Hildebrand and
Schroeder 1928 with disk diameters of less than nine inches.
These include Acanthobothrium lineatum Campbell 1969 and
Rhinebothrium lintoni Campbell 1970. The final intermediate-
hosts for the former species are thought to include a number
of amphipod species. The final intermediate-host for the
latter species is unknown. Individuals of D. americana with
disk diameters of nine to 18 inches are parasitized by the
following tapeworm species: Rhinebothrium corymbum Camp-
bell 1975; Rhodobothrium pulvinatum Linton 1889; Acantho-
bothrium brevissime Linton 1908; Onchobothrium uncinatum
(Rud. 1819); and Prochristianella hispida (Linton 1890). Un-
fortunately, the final intermediate-hosts are not known for
any but the last species which has been found in penaeid
shrimps (Overstreet 1978). Finally, individuals with disk
diameters of 19-52 inches have been found infected with
the following species of tapeworms: Phyllobothrium centrurum
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Table 2.
Tapeworms as indicators of size-related changes in the
feeding biology of Dasyatis americana (from T. Mattis, per-
sonal communication).

Size
(disk diameter Final
in inches) Parasites intermediate-host
<9 Rhinebothrium lintoni Amphipod
Acanthobothrium lineatum ?

9-18 Rhinebothrium corymbum ?
Rhodobothrium pulvinat Mollusc
Acanthobothrium brevissime ?
Onchobothrium uncinatum ?
Prochristianella hispida Penaeid shrimp

19-52 Phyllobothrium centrurum ?
Rhinebothrium maccallumi Pelecypod
Acanthobothrium americanum 2
A. paulum ?

Parachristianella monomegacantha Teleost

(Southwell 1925); Rhinebothrium maccallum: (Linton 1924);
Acanthobothrium americanum Campbell 1969; A. paulum Lin-
ton 1890); and Parachristianella monomegacantha Kruse 1859.
Rhinebothrium maccallumi is known to use pelecypods as the
final intermediate-host. The final larval forms of Para-
christianella monomegacantha have been found in teleosts.
The final intermediate-hosts of the other species are not
known. Thus, although the life-cycle data are sketchy, a
general trend in the diet of Dasyatis americana from amphi-
pods to penaeid shrimps and finally to molluscs and teleosts
can be inferred from these parasite data.

As a second example, Thoney and Burreson (1986)
found that only those individuals of the bullnose ray Mpylio-
batis freminville: Lesueur with disc diameters greater than
68 cm were infected with the aspidocotylean Multicalyx
cristata. From this parasite evidence these authors suggested
that the rays do not feed on the mollusc intermediate hosts
or teleost paratenic hosts until they reach a minimum size.

3. Predators

Some parasites may be informative about predators of
elasmobranches (usually other large elasmobranchs). Such
parasites must satisfy the following conditions: 1) They
must be polyxenous, requiring at least one other host in
addition to the prey elasmobranch species; 2) The prey
elasmobranch must be a required host in the parasite life
cycle, making it the only possible source of infection for
the predator (otherwise, the presence of a larval parasite
in a prey elasmobranch may only indicate what the elas-
mobranch eats, rather than what eats it); 3) The prey
elasmobranch must play the role of an intermediate host,
i.e., it must not represent the final host in the parasite life

cycle or the parasite cannot be informative with respect
to predators of the elasmobranch; 4) The final larval form
of the parasite in the elasmobranch must be identifiable
(preferrably to species); 5) The parasite must be specific
for the definitive (final) host for the amount of informa-
tion conveyed is directly related to the degree of specifi-
city the parasite exhibits for the definitive host.

As with the previous section the requirement of a poly-
xenous life cycle results in only the following parasite
groups being potentially informative with respect to the
predators of elasmobranchs: Aspidocotylea, Digenea,
Eucestoda, and those members of the phylum Nematoda
that possess one or more hosts in addition to the elasmo-
branch in their life cycles. As the members of a number
of these groups occur only as adults in elasmobranchs, they
are inappropriate as indicators in this instance and can be
eliminated. For example, this appears to be true for both
the Digenea and the Aspidocotylea. However, larval nema-
todes and larval cestodes have been found parasitizing
elasmobranchs, establishing both of these groups as poten-
tial indicators of the predators of elasmobranchs.

Example: This example is also drawn from the work of
Joyeux and Baer (1936). Plerocercoids of the trypano-
rhynch tapeworm Dibothriorhynchus megacephala (= Hepa-
toxylon squali Martiniére 1797) were found parasitizing the
following elasmobranch species: Heptranchias perlo (Bonna-
terre 1788); Hexanchus griseus (Bonnaterre 1788); Scyliorhinus
canicula (L. 1758); S. stellaris (L. 1758); Galeus melastomus
Rafinesque 1810; Mustelus mustelus (L. 1758); Galeorhinus
galeus (L. 1758); Prionace glauca (L. 1758); and Torpedo mar-
morata Risso 1810. Plerocercoids were also recovered from
the teleosts Merlangus virens Cloquet 1824 and Xiphias gladius
L. 1758. Adults of D. megacephala were recovered from Car-
charodon carcharias (L. 1758). According to this information
there is a strong possibility that one or more of these inter-
mediate host elasmobranch species is eaten by the definitive
host C. carcharias, thus completing the tapeworm life cycle.
Unfortunately, because we lack sufficient information as
to whether or not these prey elasmobranchs are required
in the parasite life cycle (condition 2 above), the possibility
that one of the teleosts, such as Xiphias gladias, is the usual
and perhaps even sole appropriate final-intermediate host
for the parasite cannot be eliminated. If this is the case,
the presence of plerocercoids in the elasmobranch species
tells us nothing about their predators. It simply reflects the
similarity of their feeding habits to those of the teleosts,
indicating that both groups eat the intermediate host species
in which the larval form preceding the plerocercoid
develops.

4. Identification

Parasites with the potential to assist with the identification
of elasmobranchs must satisfy only a single criterion. They
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Table 3.
Host specificity in some microbothriid parasites of
elasmobranchs.
Microbothriid Elasmobranch
species host species Reference
Dermopthirius Carcharhinus leucas Watson and Thorson
maccallumi 1976
D. migrellii Negaprion brevirostris ~ Cheung and Ruggieri
1983
D. carcharhini Carcharhinus altimus Benz 1987
C. obscurus Benz 1987
C. galapagoensis Benz 1987
C. limbatus Benz 1987
C. brevipinna Benz 1987
D. penneri Carcharhinus Benz 1987
brevipinna
C. limbatus Benz 1987
Dermophthirioides  Pristis pectinata Cheung and Nigrelli
pristidis 1983
Neodermophtherius  Negaprion brevirostris ~ Price 1963
harkemai

must exhibit specificity for the elasmobranch host. In
general the amount of information conveyed is directly pro-
portional to the degree of specificity the parasite exhibits
for the elasmobranch host.

Because host specificity is the only criterion, members
of any of the four major phyla may be useful with respect
to the identification of their elasmobranch host species. For
purposes of quick identification, large, ectoparasitic groups
such as some of the Arthropoda and the Mongenea are
most appropriate. Unfortunately, generalizations regard-
ing the usefulness of subgroups within the four major
parasite phyla are limited by our extreme lack of knowl-
edge regarding host specificity in the majority of the
elasmobranch parasite groups.

Examples: A number of species belonging to the mono-
genean family Microbothriidae appear to be sufficiently
host-specific (Table 3) to aid with the identification of their
elasmobranch hosts. For example, according to Price
(1963), Neodermoptherius harkemai Price 1963 has only been
reported from Negaprion brevirostris (Poey 1886). If host
specificity in this species is actually as tight as current
records indicate, discovery and identification of this para-
site will allow corroborative identification of the host.

This kind of indirect identification can be helpful in
situations where, for example, parasites were collected and
elasmobranch identification data were lost or incomplete.
In some instances, parasite inferred host identifications can
save effort. For example, Benz (University of British Co-
lumbia, 6270 Univ. Blvd., Vancouver, B.C. V6T 2A9,
pers. commun., Dec. 1987) has used the pattern of ecto-
parasitic copepods to identify elasmobranchs caught by
hook and line, while they were still in the water. In such

cases effort need not be wasted landing undesirable elas-
mobranch species.

5. Phylogeny

The assumption inherent in any methodology that uses
parasites as indicators of elasmobranch phylogeny is that
at least some coevolution has occurred between the para-
sites and their elasmobranch hosts. Three methodologies
of varying degrees of complexity and perhaps dependability
have been outlined in the literature. The first is direct in-
ference from host specificity data. The second is genera-
tion of host phylogenies or branching diagrams using
cladistic analysis of parasite presence/absence data. The
third is generation of host phylogenies using cladistically
generated parasite phylogenies in combination with para-
site presence/absence data. The only requirement for the
parasites is that they exhibit a certain degree of host
specificity, thus members of all four major phyla parasitic
on elasmobranchs are potential sources of information.

A. Direct Inference from Host-Specificity Data—This
is the simpliest, most frequently used, and probably the
least dependable of the three techniques. This technique
depends essentially on the assumption that the host specif-
icity of the parasite is a direct indicator of the relationships
of the hosts. For example, the monogenean Dermopthirius
penneri Benz 1987 is currently known to parasitize only two
species of host: Carcharhinus brevipinna (Miiller and Henle
1839) and C. limbatus (Valenciennes 1839) (Benz 1987).
This parasite therefore supports the hypothesis that these
two elasmobranch species are closely related, potentially
sister-groups (each other’s closest relatives).

This technique is more convincing when two or more
different parasite groups are used to make inferences about
the same elasmobranch host group. For example, the four
tapeworm species currently recognized in the genus Phore:-
obothrium Linton 1889 have only ever been reported from
elasmobranch species belonging to the families Carcharhi-
nidae Jordan and Evermann 1896 and Sphyrnidae Gill
1872 (see Caira 1985). In addition, all thirteen species in
the copepod genus Kroyeria van Beneden 1853 have only
been reported from species belonging to the families Car-
charhinidae, Sphyrnidae, and occasionally Triakidae Gray
1851 (see Deets 1987). Thus, both parasite groups in-
dependently support the hypothesis that the Carcharhin-
idae and the Sphyrnidae are closely related. The host
records of the copepod genus suggest that the Triakidae
may also be closely related to these two families.

Caution should be exercised however in making these
kinds of inferences because it is apparent that not all
parasite groups are host specific and therefore may not be
equally informative about host relationships. For exam-
ple, the leech Stibarobdella macrothela (Schmard 1861) has
been reported from at least the following host species:
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Carcharhinus falciformis (Bibron 1839); C. leucas; C. limbatus;
C. obscurus (LeSueur 1818); C. springeri (Bigelow and
Schroeder 1944); C. longimanus (Poey 1861); Sphyrna tudes
(Valenciennes 1822); Ginglymostoma cirratum (Bonnaterre
1788); and Paralichthys dentatus (L.) (Sawyer et al. 1975).
From these records, using the same logic as above, this
parasite supports the hypothesis that these eight elasmo-
branch species and one teleost species are closely related!

B. Phylogenetic Analysis of Parasite Presence/Absence
Data—This method is more involved than simply infer-
ring host relationships from parasite host-specificity data.
It is a more rigorous technique that uses data from a num-
ber of different parasite species to generate explicit hypothe-
ses of host relationships. It does, however, have a few short-
comings. Under certain circumstances, this technique will
not generate the correct tree of host relationships even
where there has been strict cospeciation (Brooks 1981).

For the ingroup, or group of elasmobranches whose rela-
tionships are to be studied, a matrix is constructed that
summarizes which parasite species are found in which of
the elasmobranch species under consideration. These para-
site presence/absence data are polarized with data on the
presence or absence of the same parasites in one or more
“‘outgroup’’ elasmobranch taxa. Although any elasmo-
branch species not included in the ingroup would be appro-
priate, members of groups closely related to the elasmo-
branch group being analyzed make the best outgroup
species. For example, if one is examining relationships
within a family of sharks, it would be best to use members
of several other families of sharks (preferably families
thought to be closely related to the ingroup family) as
members of the outgroup, rather than several ray or skate
species. Elasmobranch species that potentially belong to
the family under consideration are inappropriate as
members of the outgroup. In general, parasites present in
the outgroup elasmobranch taxa are considered to be
plesiomorphic and the presence/absence matrix is polarized
or evaluated with this in mind. The matrix of polarized
parasite presence/absence data is then subjected to a
cladistic analysis. The result is an explicit hypothesis of the
phylogenetic relationships of the elasmobranch hosts. Step
by step instructions for performing a cladistic analysis were
presented by Brooks et al. (1984). In addition, a number
of computer packages are available for performing cladistic
analyses (e.g., P.A.U.P., by D. Swofford, Illinois Natural
History Survey). An excellent discussion of the theory and
practice of phylogenetic systematics was presented by Wiley
(1981).

Example: In order to demonstrate this method, I will
draw on a subset of the data presented by Brooks (1981)
with respect to the relationships among four species of
freshwater stingrays in the genus Potamotrygon Garman 1877
including P. magdalenae Dumeril 1865, P. yepezi Castex

and Castello 1970, P. circularis Garman, and P. motoro
(Miller and Henle 1841). The outgroup to be considered
is a species of stingray outside of the genus Potamotrygon,
Elipesurus spinicaudata. The presence/absence matrix for
eight species of parasites in the four ingroup and one out-
group elasmobranch host species is shown in Figure 23A.
In this matrix a plus sign indicates the presence of a
parasite, and a minus sign indicates the absence of a para-
site in each elasmobranch species. The results of polariz-
ing the presence/absence matrix using data on the parasites
of E. spinicaudata are given in the matrix in Figure 23B.
Note that regardless of whether a parasite was present or
absent in an elasmobranch of the ingroup, the state found
in the outgroup is coded with a zero and the alternate state
is coded with a one. The phylogenetic tree of hypothesized
relationships among the four species of Potamotrygon result-
ing from a cladistic analysis of the matrix in Figure 23B
is given in Figure 23C. Numbers correspond to the
parasites. Thus, for example, based on these parasite data,
P. magdalenae and P. yepezi are more closely related than
either is to the other two species of Potamotrygon considered
in this analysis.

C. Phylogenetic Analysis of Parasite Presence/Absence
Data in Combination with Parasite Phylogenies—This
method, entitled ‘‘Hennig’s Parasitological Method’’ by
its developer Brooks (1981), is even more involved than
the previous one. In addition to parasite presence/absence
data, data on the phylogenetic relationships among the
parasites are incorporated into the analysis. This is the new-
est technique for using parasite data to generate hypotheses
of host relationships, but important improvements continue
to be suggested (see O’Grady and Deets 1987). Since its
development, this technique has been used to generate
parasite-derived cladograms for several elasmobranch
groups (for example, Deets 1987; Deets and Ho 1988;
Dojiri and Deets 1988).

This technique is similar to the method outlined in sec-
tion B above, up to the generation of the host-parasite
presence/absence matrix. In addition to this matrix,
cladograms, or phylogenetic hypotheses, for each of the
parasite groups are necessary. These parasite cladograms
are translated into data matrices using any one of several
methods designed to retain nodal information (O’Grady
and Deets 1987). Additive binary coding (Farris et al. 1970)
will be demonstrated here. The topology of any cladogram
can be completely recovered from an additive binary
matrix. The host-parasite presence/absence matrix is then
expanded by substituting the additive binary coding from
the appropriate additive binary matrix for each parasite
species. This expanded host-parasite binary matrix is then
polarized as above using the outgroup elasmobranch
species, and is cladistically analyzed. The result once again
is a hypothesis of the phylogenetic relationships of the
elasmobranchs under consideration.



90

ELASMOBRANCHS AS LIVING RESOURCES:

PARASITES
123456738
E. spinicaudata |==|d |m= == o | o) m| -
P. magdalenae |mm|mm|mm| |- -
P. yepezi | e | | | | e |
P. circularis | | || ||
P. motoro | o | o || | | |
A
PARASITES
12345678
E. spinicaudata (0({0|0|0|0/0(0|0
P. magdalenae [p!1(0/1(1]/1/0|1
P. yepezi 1/1|of0][1]1[1]0
P. circularis 1/0(1({0/1/0(0]1
P. motoro olo(1/0]/1/0|0]|0
B

C

Figure 23.

Steps in cladistic analysis of Potamotrygon parasite
presence/absence matrix to generate hypothesis of host
relationships. A. Host-parasite presence/absence
matrix, + indicates presence and — indicates absence
of parasite species, modified from Brooks (1981). B.
Binary presence/absence matrix polarized using
parasites in outgroup host species Elipesurus spinicaudata.
C. Hypothesis of relationships among four species of
Potamotrygon resulting from cladistic analysis of matrix
in B. Numbers correspond to parasites in A: 1—Echino-
cephalus daileyi, 2— Rhinebothrium paratrygoni, 3— Eutetra-
rhynchus araya, 4— Acanthobothrium quinonesi, 5—A. terezaz,
6— Rhinebothroides scorzai, 7— Potamotrygonocestus amazonen-
sis, 8— Terranova edcaballeroi. P = Potamotrygon, E =
Elipesurus.

Example: In order to demonstrate this method, I will
draw from a different subset of the data presented by
Brooks (1981) with respect to the relationships among four
species of stingrays in the genus Potamotrygon. Once again
the outgroup to be considered will be Elipesurus spinicaudata.
The parasites on which the analysis will be based in this
example include six species of tapeworms in the genera
Potamotrygonocestus Brooks and Thorson 1976, Acanthoboth-
rium van Beneden 1849, and Eutetrarhynchus Pintner 1913,
I have chosen these particular groups primarily because
hypotheses of relationships have already been published
for these three genera (Brooks et al. 1981).

The presence/absence matrix for the distribution of these
six species of parasites in the four ingroup and one out-
group elasmobranch species is shown in Figure 24A. Par-
tial cladograms and their corresponding additive binary
matrices, for each of the three parasite genera, are given
in Figures 25-27. The expanded host-parasite presence/
absence matrix with substituted additive binary coding is
given in Figure 24B. An example of this substitution is as
follows. According to the original presence/absence matrix
(Fig. 24A) Potamotrygon circularis is parasitized by Potamo-
trygonocestus amazonensis Mayes, Brooks and Thorson 1981,
and Acanthobothrium amazonensis Mayes, Brooks and Thor-
son 1978, but not by any species of Eutetrarhynchus. There-
fore the row for this host species (row 4 in Fig. 24B), is
coded for P. amazonensis with the sequence ‘01100’ corre-
sponding to this species in the additive binary matrix for
Potamotrygonocestus (Fig. 25B), and is coded for A. amazonensis
with the sequence ‘‘0110100’’ corresponding to this species
in the additive binary matrix for Acanthobothrium (Fig. 26B).
As P. circularis is not parasitized by FEutetrarhynchus araya
(Woodland 1934) it is coded with the sequence ‘00000’’
for Eutetrarhynchus. The hypothesis of phylogenetic rela-
tionships among the four ingroup stingray species, result-
ing from a cladistic analysis of the expanded matrix given
in Figure 24B after consideration of the outgroup states,
is shown in Figure 24C.

At this point I would like to emphasize that each of these
techniques for using parasite data to establish hypotheses
of relationship among their elasmobranch hosts should be
used with caution. None of the techniques is foolproof. All
contain subjective components and it is important that as
much parasite data as possible be incorporated into the
analysis. To emphasize this point, in my examples I
deliberately chose subsets of the parasite data of Brooks
(1981) that result in different elasmobranch cladograms.
In the future, in order for the parasite-implied relation-
ships among these four species of Potamotrygon to be thor-
oughly investigated, all of the available parasite data should
be carefully evaluated. In addition, consideration should
be given to further collections of parasites from these
elasmobranchs in view of the preliminary state of our
current knowledge of the parasite assemblage in these
species.
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'5& ) Q& Steps in cladistic analysis using parasite relation-
@}b O Sé 0@,\ ,00 ships in combination with Potamotrygon parasite
,\'Q\c’ 0-9 & R Qb presence/absence matrix. A. Host-parasite pres-
K & Q.O Q (‘Q ence/absence matrix, + indicates presence and —
“ < < indicates absence of a parasite species. B. Ex-
panded matrix after substitution of appropriate
additive binary coding from Figures 21-23 for
presence of each parasite species, modified from
Brooks et al. (1981). C. Hypothesis of relation-
ships among four species of Potamotrygon resulting
from cladistic analysis of matrix in B. Elasmo-
branchs: E = Elipesurus, P = Potamotrygon. Para-
C sites: P = Potamotrygonocestus, A = Acanthobothrium,

E = Eutetrarhynchus.

6. Origins and Ancient Distributions

Until recently, discussions on the origins and ancient
distributions of hosts based on their parasites have been
very subjective. The literature contains a number of
generalized rules that have been suggested in an attempt
to assist with the unravelling of questions about ancient
conditions. For example, Manter (1966) dealt with the use
of parasites as indicators of ancient times and proposed
that: 1) a host will have a greater variety of parasites in
the region where it has lived the longest, usually its place

of origin; and 2) if a host was once broadly distributed for
a long period of time, it might be expected to retain similar
populations of parasites following isolation or disruption
of its distribution. However, rules such as these depend
upon assumptions that may not necessarily be true, such
as the suggestion that parasites generally speciate more
slowly than their hosts.

Recently, the trend has been towards developing more
rigorous techniques with which to investigate questions of
host origins and ancient distributions. Several studies have
consisted of the use of cladistic analysis of parasite taxa
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Figure 25.
A. Hypothesis of relationships among three species of tape-
worms in Acanthobothrium, modified from Brooks et al.
(1981). B. Matrix of additive binary coding representing
cladogram in A.
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in view of specific hypotheses about the corresponding host
taxa. The only requirement of this kind of procedure is
that the parasites exhibit a certain degree of host specif-
icity, thus, all four of the major phyla of elasmobranch
parasites are potentially informative about elasmobranch
origins and ancient distributions.

With respect to elasmobranchs, I am aware of only a
single study where this procedure has been attempted.
Brooks et al. (1981) ambitiously endeavored to answer five
questions dealing with the origins and ancient distributions
of the freshwater stingrays in the genus Potamotrygon. Their
questions included 1) Is the genus monophyletic or poly-
phyletic? 2) Does it have its origin in fresh or marine
waters? 3) If it is marine in origin, is it from the Atlantic
or the Pacific? 4) What is the sister-group of the genus;
and 5) Can the distribution be explained with dispersal or
vicariance? In other words, did these stingrays (or their
ancestors) actively move into the areas that they currently
inhabit, or is the current distribution of these species the
result of a physical splitting of a previous distribution with
vicariant events such as Andean orogeny. In order to
answer these questions about the stingrays, Brooks et al.
(1981) performed a cladistic analysis on each of the para-
site groups found in these rays along with some of the
closest relatives of these parasites. They also tabulated the
hosts and geographic distributions of the parasites and their
closest relatives. All of these data were considered in light
of assertions extending from hypotheses consisting of
combinations of their five questions. They concluded that
the potamotrygonids represent a monophyletic group
whose ancestor was a nondasyatid marine stingray from
the Pacific which was trapped in South America by An-
dean orogeny.

Unfortunately, careful examination of the data presented
by Brooks et al. (1981) causes one to question their con-
clusions. The parasite distributions were far from unam-
biguous, and it is unclear as to exactly how they knew they
were making decisions based on the closest relatives of
parasites of the potamotrygonids when, in most cases, only
some of the species in each of the parasite genera were in-
cluded in each cladistic analysis. In addition, by combin-
ing expectations about the five questions into four com-
plex hypotheses, numerous assumptions were introduced,
none of which was thoroughly dealt with. I suggest that
this particular system should be reevaluated before the con-
clusions of Brooks et al. (1981) are generally accepted.

Conclusions

Elasmobranch parasites can be useful in inferring infor-
mation about the following features of the biology of their
hosts: Geographic movements and migrations, feeding
biology, predators, identification, phylogenetic relation-
ships, and origins and ancient distributions. Not all para-
site species are appropriate as indicators of all six of these

aspects. In choosing appropriate parasite indicators, the
biology of each parasite group should be taken into con-
sideration. Because of the current dearth of information
on the parasites of elasmobranchs in general, the poten-
tial of these organisms as biological indicators is certainly
far from being realized. The situation can only improve
as research on elasmobranch parasites and their implica-
tions for elasmobranch biology continues.
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ABSTRACT

An historical examination of shark fisheries characterizes them as ‘‘boom and bust’’ enter-
prises. The reproductive strategies of elasmobranchs—e.g., a small number (2-135) of large young
(100-1000 mm) are born after a gestation period of 0.5 to 2.0 years, and first maturity follows
at a late age—require a long time for stocks to recover from the effects of directed fisheries. The
rational exploitation of shark populations can be accomplished only through careful management.
A review of the reproductive and growth parameters of shark species is undertaken which can
be used to indicate species vulnerability to directed fisheries. A comparison of historical predic-
tions of K values with recent empirically derived K values indicate that past methods cannot be
applied universally and may not work at all. Future research to assess the potential of elasmobranch
fisheries should address early life-history requirements, minimum reproductive biomass, and should

examine the adaptations (if any) of elasmobranch fecundity and natural mortality to fluctuations

in stock abundance and food supply.

Introduction

Sharks have always been of interest to man, and shark fish-
ing has had a long and varied history. The fisheries have
typically been small and even more inconstant in nature
than teleost fisheries. Regard for sharks as food has varied
from culture to culture, but as the flesh is wholesome,
boneless, and mild in taste, directed fisheries for food occur
from time to time. Sharks have also been harvested for their
fins, skin, teeth, liver oil, cartilage and medicinal products.
Historically, directed fisheries for sharks have been char-
acterized as ‘‘boom and bust’’ enterprises, because popula-
tions have been rapidly reduced to levels that will not sup-
port the fishery. Populations impacted by shark fisheries
are slow to recover, sometimes requiring decades to reach
their former levels. Holden (1974, 1977) provides excellent
overviews of the problems with elasmobranch fisheries and
offers as examples the earlier fisheries for the spiny dogfish,
Squalus acanthias; the California soupfin, Galeorhinus galeus;
and skates and rays in British waters. More recently, Bed-
ford (1987) describes problems of contemporary U.S.
fisheries for the common thresher shark, Alopias vulpinus,
and the shortfin mako shark, Isurus oxyrinchus.

The world interest in using sharks continues and man-
kind’s increasing demand for marine resources and grow-
ing efficiency at harvesting the sea underscores the need
for development of new shark fisheries and better manage-
ment of existing fisheries based on scientific knowledge of
sharks, their life histories, and the effects fisheries are likely
to have on the populations. We propose to review the
reproductive limitations of shark populations as they relate
to fisheries, to examine critically Holden’s (1974) work and
to investigate factors which contribute to overexploitation
in shark fisheries.

Reproductive Strategies
of Selachians

The principle reason that shark fisheries are short-lived,
or of low production, is that elasmobranchs exhibit several
conservative reproductive strategies often seen in combina-
tion. Consequently, most stocks do not respond well to
fishing techniques that are dependent on burgeoning year
classes. Because of these elasmobranch strategies, there is
a close relationship between the number of adults (stock)
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and the number of young produced (recruitment) in most
elasmobranchs (Holden 1974). Stock and recruitment of
teleost year classes are less directly linked owing to the high
fecundity of most adult female bony fishes.

Most sharks produce large young (up to 30% of the
parent’s maximum length) which have a superior chance
to survive individually relative to the progeny of teleosts.
The less plesiomorphic sharks retain their yvoung for many
months and nourish them in their uteri. Many sharks in
temperate to subtropical seas have a gestation period of
11 to 12 months. The known range is 70 to 80 days in
Chiloscyllium griseum (Dral 1981) to 22 months in Squalus
acanthias (Holden 1974). Parker and Stott (1965) hypothe-
sized 43 months of gestation for Cetorhinus maximus based
on the observation of prebirth vertebral rings from free
living sharks. No direct evidence is available yet for
Cetorhinus. Actual gestation for all species is influenced by
environmental and physiological conditions. Gestation in
warmer seas is, perhaps, a month shorter than in more
temperate seas for a particular species.

The litter size of most sharks commonly encountered in
fisheries averages between 2 and 16 embryos or ‘‘pups”
with an upper range of over 100. The more fecund species
are Prionace glauca (82-135 pups) (Gubanov and Grevor’yev
1975; Pratt 1979); Hexanchus griseus (108 pups) (Ebert
1986a); Galeocerdo cuvier (55 pups) (Castro 1983); and
Galeorhinus galeus (52 pups) (Castro 1983). There are trends
in some species of sharks for larger females to bear more
young (Prionace glauca) or the same number of larger young
(Alopias) (Gilmore 1983; Stevens 1983) or perhaps both
more and larger young. There seems to be no obvious
senescence in the reproductive ability of female sharks. The
largest, therefore, are apparently the most fecund. These
concepts, however, need corroboration, species by species.

Size at birth ranges to well over 1 meter. Alopias vulpinus
has embryos recorded at 151 cm total length, but its long
tail accounts for nearly half this length. The birth size of
Cetorhinus maximus was reported to be 167 cm (Aasen
1966a), but the account is inexact. The birth size of Car-
charodon carcharias is also questionable. Uchida (1987)
reported embryos with an estimated length of 100-110 cm.
The smallest free-swimming white shark recorded by Casey
et al. (1985) was 122 cm. This shark possessed several
characteristics of a young of the year shark including basal
tooth cusps, translucent trailing edges on the fins and a
short groove on the midline between the pectorals. This
groove is probably a mark left by the yolk sac which is
absorbed prior to the oophagous period.

Typically species of large sharks mature at approximately
2 m and bear 4 to 16 young, which are 30 to 50 cm long
at birth. Information on those that have been aged sug-
gests they mature relatively late in life. Apparently, natural
mortality rates are low enough in sharks (versus telostean
fishes) to allow adequate population maintenance with late
maturation.

ELASMOBRANCHS AS LIVING RESOURCES:

Several different modes or patterns of embryonic devel-
opment have arisen in elasmobranchs. Older literature has
referred to these as oviparity, ovoviparity, and viviparity.
Budker (1958) pointed out that the difference between
ovoviparity and viviparity was a matter of degree and was
somewhat artificial. He and other researchers, following
his observation, have consequently dropped the term
“‘ovoviparity’’. More useful categories have been proposed
by Wourms (1977) and Otake (1990). Otake’s analysis uses
morphological differences of uterine compartment forma-
tion, whereas Wourm’s uses functional descriptors. Other
specialized reproductive structures and life cycles of elas-
mobranchs are discussed by Wourms (1977, 1981); Tani-
uchi (1978); Pratt (1979, 1988), and Gilmore (1983, 1985).

Growth Rates and the
Calculation of ‘K’

The calculations of growth rates and population age struc-
ture are central elements in understanding a fish popula-
tion’s ability to withstand exploitation by a fishery. Growth
data are very difficult to obtain for most elasmobranchs.
Most contemporary studies of fish age and growth use or
at least include the von Bertalanffy Growth Function
(VBGF) as a descriptor of growth. The VBGF’s decaying
exponential curve seems to model the growth of many fish
species closely and some of its parameters are applicable
to other models. The coefficient K from this equation is
a unitless quantity similar to slope and rate of growth:

Io= L, {1 - exp - K(t- )}, (1)
where 1, = length at time ¢
L, = the asymptotic length;
K = a constant; and
ty = age at zero length.

The empirical length-at-age data needed to calculate K
with accuracy are available for only a limited number of
elasmobranchs. In an attempt to overcome this problem,
Holden (1974) modified the VBGF to solve for K using
a hypothetical ¢. This was a perspicacious and logical
step because some of the VBGF parameters may be in-
dependently estimated. This method takes advantage of
elasmobranch reproductive strategies using gestation time
t and length at birth (1,, 7). The assumption is made that
embryonic growth is a model for postpartum growth.
Reproductive strategies are involved because the gestation
time, {y, and the length at birth (1,, 7) both enter into the
calculations. His first equation became:

Lo = 1= (Lo = 1)1 = exp(=KT), (2

where 1,,7 = length at time (t + 7).



BIOLOGY: Reproduction

99

He further modified this to take advantage of assumed
elasmobranch gestation times:

L7/l = 1 - exp(~KT), 3)
where 1, = length at conception—0 at zero time;
= length of gestation or hatching period;
1,, 7 = length at birth; and
L, = maximum observed length, or L,,,.

Holden (1974) used data from Bigelow and Schroeder
(1948); Olsen (1954); Parker and Stott (1965); Daiber
(1960); Richards et al. (1963); and his own work (Holden
1972, Holden and Meadows 1962) as the basis for his Table
4. Holden concluded that K values were confined to the
range 0.1 to 0.2 for selachians and 0.2 to 0.3 for batoids
(Holden 1974, table 3). As most gestation periods were not
yet known, Holden manipulated K7 so that K values for
several shark species fell between 0.1 and 0.2, changing
gestation times accordingly.

Problems with the Method

If Holden’s method is valid, it would be of great value as
a quick way to provide (VBGF) parameters where little
data has been gathered, as at the beginning of most shark
fisheries. However, the accuracy of parameters produced
by this method should be examined. Francis (1981) applied
the Holden method to Mustelus canis and concluded that
‘““Holden’s assumption that all sharks have growth con-
straints [K values] in the range 0.10-0.20 is invalid, and
his method for estimating K should only be used when the
gestation period has been independently determined.”’

There are two possible sources of error in Holden’s
estimates, intrinsic and extrinsic. Intrinsic problems are
associated with the peculiarities and bias of the VBGF and
its derivative equations. Equation (3) is very sensitive to
changes in L_,, and size at birth. Table 1 illustrates
ranges of K produced by different literature values for
L.« at a gestation time of one year. It is becoming ap-
parent to investigators that the VBGF does not fit all shark
data well.

Values of ¢, for a slow-growing species such as Carchar-
hinus plumbeus range from —4.5to — 4.9 years (Casey et al.
1985). These are absurd predictions if validity is given to
the assumption that intrauterine growth is the same as
postpartum growth. In the analysis of Casey et al. (1985)
the VBGF is reduced to almost a straight line in C. plum-
beus. In contrast, the faster growing Isurus oxyrinchus (Pratt
and Casey 1983) displays the more typical decaying
exponential curve with more reasonable VBGF, ¢, values
of — 1 for both sexes. The applicability of asymtotic growth
models and the universality of the VBGF relative to the
growth of fishes has been seriously questioned (Knight

Table 1.
Calculated K values with variable L, and birth size in
total length (cm).

Carcharodon carcharias

Size at birth (cm)

L. 100 110 122
594 0.184 0.205 0.230
640 0.167 0.187 0.211
823 0.130 0.143 0.160
1113 0.094 0.104 0.116

Isurus oxyrinchus

Size at birth (cm)

L. 80 81
364 0.248 0.252
610 0.141 0.143

1968; Roff 1980). A linear function is probably a better
predictive model for some slow growing sharks.

The assumption that intrauterine growth is similar to
free living growth is, in most cases, an unsupported one.
Embryos of the family Lamnidae are very robust with large
yolk stomachs and well nourished bodies. Most other
species, even carcharhinids nourished by a placenta, tend
to bear full-term embryos that are slender and even ‘‘tad-
pole shaped’’ with underdeveloped bodies. Long, slender
embryos facilitate uterine ‘‘packing’’ and give the newborn
those advantages conferred by length—higher speed and
a competitive size—but growth of these embryos is often
of a different order from that of adult growth. Growth
curves of intrauterine embryos are rare. Parsons (1983)
shows a curve (figure 14) for Rhizoprionodon terraenovae em-
bryos that exhibits differential, almost asymptotic growth
> R. terraenovae pups grow first in length, then
in bulk, similar to free-living sharks. Projecting Parson’s
intrauterine growth data past birth gives unrealistic results.
Springer (1960) provides estimates of embryonic growth
in C. plumbeus. Based on these and his own observations,
Casey et al. (1985) suggested that the embryonic growth
of C. plumbeus exhibited a different growth stanza (Ricker
1979) from adult growth.

The extrinsic problems with the Holden estimates are
due to limitations in the quantity, veracity, and accuracy
of the life history parameters recorded in the literature.
Gestation period is a typical example because it is difficult
to determine in free-living species. A number of gravid
females are needed from different times of the year to pro-
vide embryo measurements and enough data to establish
the limits of the cycle and its annual periodicity. Gesta-
tion time is probably always a range, dependent on water
temperature and other environmental parameters.

‘‘in utero.
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Size at birth is often reported inaccurately. In species
of large sharks and rays, the capture of a gravid female
is often a rare event. Because embryos acquire most species
characteristics by the middle of the gestation period, many
are erroneously reported as full-term. Premature embryos
aborted on deck during capture have been mistakenly
judged to be full-term owing to the female’s ability to
release them, their fully formed appearance, and the lack
of other embryos for comparison. These circumstances
result in low values for size-at-birth estimates, especially
where a small range of pregnant females have been exam-
ined. Maximum embryo size should be verified with the
minimum free-living size.

In a similar circumstance, the number of young born
in each pregnancy can easily be mistaken. Many females
abort at least some of their young during capture. The
number of embryos is consequently underreported. A thor-
ough examination of the uteri can sometimes reveal whether
the full complement of embryos is present. Approximate-
ly equal numbers of embryos usually occur in each turgid
uterus. A partially collapsed uterus with broken uterine
compartments and disorganized contents can indicate that
birth, or premature parturition, has occurred. In placental
species, the number of placentae, or placental remnants,
can be counted on the dorsal wall of an inverted uterus
to verify the number of embryos in that particular litter.

Accurate data on adult maximum size is difficult to ob-
tain for even common deepwater sharks and pelagic sharks
and rays. The problem is compounded by measurement
error in both weight and length for very large fish. As would
be expected, some maximum reported sizes are gradually
increasing as more specimens are observed. A few, notably
Carcharodon carcharias, are decreasing in size as authors such
as Randall (1973, 1987) work at refining the published
records. This is because the size of large sharks tends to
be exaggerated by observers. The reported total length of
C. carcharias, for example, has been reduced by Randall
from 11.1 m to 5.9 m.

Size at maturity is difficult to determine. If a female is
gravid, her maturity is obvious, but most species are not
gravid when observed, and the minimum size at maturity
can be difficult to establish unless many pregnant females
are examined. Flaccid uteri and large ovarian eggs are a
clue but do not, of themselves, constitute sexual maturity.
Empirically derived age-at-maturity data are available for
only a small percentage of species.

Ultimately, the above parameters can be confused by
misidentification. Some families of sharks (e.g., Carcha-
rhinidae) comprise similar species that can be difficult for
even taxonomists to separate. Observations by an inex-
perienced worker can obfuscate the literature.

Updating the Life History Parameters

The Holden method has been used frequently by contem-
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porary workers studying age and growth in sharks. With
alittle data, a few assumptions, and a calculator, a growth
curve can be constructed. The biggest assumption is the
veracity of the method. In the past, lack of precision in
recording life-history parameters has made accurate predic-
tions of growth parameters by any method uncertain. In
the fifteen years since Holden’s work was published, the
gestation period, maximum length, length at birth and
number of young of many species of sharks has been
observed or determined with accuracy. We have con-
structed a new summary table (Table 2) with updated
species information. This includes Holden’s original K
values, an updated K value using Equation (3), empirically
derived K values from our work and the literature, and
other statistics of importance to fisheries workers. We then
updated Holden’s K value using these more recent values.
For simplicity and convenience of calculation, we have
reported modal values where ranges occur in the literature.
Holden varied his gestation period estimate to produce a
K between 0.1 and 0.2. We have used only known gesta-
tion times. Species have been grouped by gestation period,
when known, and by family. We have confined this list
to species that represent current or historical commercial
fisheries interest or, like the white shark, are of special in-
terest to man.

Comparison of Holden’s Data and
Contemporary Calulations for Sharks

Holden’s method assumes a relationship between size at
birth, maximum size, gestation period, and K that per-
mits the prediction of K (Equation (3)). We have used con-
temporary values from Table 2 to compare these data in
Figure 1. The value of X is permitted to range outside of
Holden’s limits of 0.1 to 0.2. Equation (3) (Holden’s
Method) is used to generate Figure 1a. As would be ex-
pected, the plot is a straight line—minor deviations are the
result of decimal point rounding. However, when literature
derived (independent) K values are plotted in Figure 1b,
a pattern of points appears that demonstrates little or no
trend. If K is a function of this ratio, then the empirical
plot should have a similar trend line to the one shown in
Figure 1a. That it does not, may be due to the lack of preci-
sion with which the K values have been determined. The
parameter K is easily derived from a Walford (1946) plot
and several computer programs (Fabens 1965; Allen 1966).
Results of these programs vary when the same data sets
are run, and there is no standard technique for using them.
Data sets are often so limited in range or sample size that
an accurate K may not have been obtained for some spe-
cies. This qualification not withstanding , Figure 1b could
also indicate that the method does not work for all sharks.

We further examined this predictive relationship, by
comparing updated parameters derived from Equation (3)



Table 2.
Shark life-history parameters.

Calculated X

Maximum Female Female Maximum
Gestation Maximum  size at  Birth length at age at number Holden
time length birth size maturity maturity of young Holden updated Updated Empirical Age and growth
Species (months) TL (em) TL (cm) ratio TL (cm) (years)  inlitter  (1974) (1987) reference source K reference
T = 0.5 Year
Galeorhinus australis 6 174 30 17 135 10 28 0.095 0.095 Grant et al. (1979) 0.164 Grant et al. (1979)
Olsen (1954)
T = 1 Year
Lamniformes
Alopias superciliosus — 450 105 23 350 — 2 0.163  0.266 Gilmore (1983)
A. vulpinus 9 491 151 31 415 7 4 0.147 0.367 Bedford, pers. comm. 1 0.108 Cailliet et al. (1983)
Carcharodon — 594 110 18 457 12 7 0.113  0.205 Authors data 0.058 Cailliet et al. (1985)
carcharias Randall (1987)
Cetorhinus maximus 18 980 150 15 500 5 6 0.143 0.166  Parker and Stott (1965) 0.110 Parker and Stott (1965)
Aasen (1966b) Cailliet, pers. comm. 4
Isurus oxyrinchus 12 364 80 22 258 7 16 0.143  0.248 Stevens (1983) 0.234 Pratt and Casey (1983)
Castro (1983)
Lamna nasus 8 365 72 20 225 7.5 4 0.112 0.220 Aasen (1963) 0.116 Aasen (1963)
Thornson and Lacy (1982)
Eugomphodus taurus 10.5 318 100 31 237 — 2 0.193  0.378 Gilmore et al. (1983)
Carcharhiniformes
Carcharhinus 12 176 50 40 113 8 6 0.392  0.440 Schwartz (1984) 0.140 Schwartz (1984)
acronotus
C. amblyrhynchos 12 255 60 23 137 7.5 6 — 0.268 Compagno (1984) 0.294 De Crosta (1984)
C. brevipinna = 12 196 75 27 180 7 12 0.314  0.314 Branstetter (1987c) 0.212 Branstetter (1987c)
maculipinnis
C. falciformis 12 305 70 23 225 9 13 — 0.260  Springer (1960) 0.153 Branstetter (1987a)
Branstetter (1987a) 0.048 Hoenig (1979)
C. isodon 12 189 48 25 139 5 6 0.293  0.293 Branstetter and Shipp (1980)  0.220 Branstetter, pers. comm. 5
Branstetter, pers. comm. 2
C. leucas 11 300 75 25 225 18 13 0.125  0.288 Thorson and Lacy (1982) 0.039 Hoenig (1979)
Branstetter and Stiles (1987)  0.076 Branstetter and Stiles 1987
C. limbatus 11 180 60 24 155 7 10 0.139  0.278 Clark and von Schmidt (1965) 0.200 Killam (1987)
Branstetter (1987c) 0.274 Branstetter (1987c)
C. longimanus 12 270 75 28 175 — 15 0.186  0.325 Bass et al. (1973) 0.040 Saika and Yoshimuna (1985)
Castro (1983) Branstetter pers. comm. 1
C. obscurus 12 365 100 27 280 — 14 0.171 0.320  Springer (1960) 0.034 Hoenig (1979)
Clark and von Schmidt (1965) 0.014 Lawler (1976)
C. plumbeus = 12 239 56 23 183 13 13 0.133  0.267  Springer (1960) 0.057 Casey et al. (1985)
malberti 0.057 Lawler (1976)
Galeocerdo cuvieri 12 550 85 15 320 10 55 0.106  0.168 Branstetter et al. (1987) 0.184 Branstetter et al. (1987)
0.107 De Crosta (1984)
Galeorhinus japonicus 10 116 25 19 93 5 22 - 0.242 Tanaka et al. (1978) 0.200 Tanaka et al. (1978)
G. zyopterus 12 200 35 17 170 = 52 0.1  040.192 Castro (1983)

uoyonposdoy X 901014

10T



Table 2. (continued)

Calculated X

Maximum Female Female Maximum
Gestation Maximum  size at  Birth length at age at number Holden
time length birth size maturity maturity of young Holden updated Updated Empirical Age and growth
Species (months) TL (cm) TL (cm) ratio TL (cm) (years)  in litter  (1974) (1987) reference source K reference
T = 1 Year (continued)
Carcharhiniformes (continued)
Mustelus californicus 12 163 30 18 70 3 16 — 0.203 Compagno (1984) 0.218 Yudin (1987)
Yudin (1987)
M. canis 10 152 39 26 97 2 20 0.149  0.296 Francis (1981) 0.360 Francis (1981)
M. henle 12 100 28 28 57 3 10 — 0.328 Compagno (1984) 0.225 Yudin (1987)
Yudin (1987)
M. manazo 10 96 30 30 13 25 14 — 0.375 Teshima et al. (1971) 0.420 Francis (1981)
Tanaka and Mizue (1977) 0.379 Tanaka and Mizue (1979)
Negaprion brevirostris 12 320 60 18 243 13 19 0.132  0.208 Brown and Gruber (1988) 0.540 Hoenig (1979)
Prionace glauca 12 383 50 13 218 5 135 0.110  0.140  Pratt (1979) 0.110 Stevens (1975)
0.160 Skomal (1987)
Rhizoprionodon 11 107 32 30 85 4 7 0.281 0.355 Parsons (1981, 1983) 0.359 Branstetter (1987b)
terraenovae
Sphyrna lewini = 12 309 45 15 250 15 30 0.150  0.160 Branstetter (1987b) 0.054 Hoenig (1979)
diplana 0.073 Branstetter (1987a)
S. mokarran = 12 560 70 11 300 — 40 0.133  0.133 Castro (1983)
Holden’s tudes
Other orders
Squatina californica 10 152 26 17 95 = 11 = 0.188 Natanson (1986)
Triakis semifasciata 12 198 20 — 100 10 18 0.150  0.106  Smith (1984) 0.072 Cailliet, pers. comm. 6
T = 2 Years
Squalus acanthias 22 128 26 20 93 25 14 — 0.023  Jones and Geen (1977) 0.037 Jones and Geen (1977)
Beamish and McFarlane (1985)
T = Unknown
C. galapagensis — 370 80 22 235 = 16 — 0.244 Compagno (1984) 0.172 De Crosta (1984)
C. oxyrhynchus — 152 39 26 — - 4 0.296  0.296 Holden (1974)
Centroscymnus — 120 30 25 — — 16 0.230  0.288 Castro (1983)
coelolepis
Etmopterus hillianus — 32 9 28 = — 5 0.330  0.330 Holden (1974)
E. spinax — 52 13 25 36 — 19 0.290  0.287 Holden (1974)
Ginglymostoma — 425 28 7 150 — 30 0.141 0.068 Bigelow and Schroeder (1948)
cirratum
Heptranchus perlo — 137 25 18 100 - 20 0.121  0.201 Tanaka and Mizue (1977)
Hexanchus griseus — 482 74 15 421 — 108 0.157  0.167 Ebert (1986a,b)
Pseudotriakis microdon — 295 85 29 — = 2 0.340  0.340 Holden (1974)
Scoliodon laticaudus — 74 15 20 35 2 14 — 0.226 Compagno (1984) 0.273 Nair (1976)
Sphyrna tiburo = 110 32 27 75 = 12 0.318  0.344 Castro (1983)
S. zygaena — 396 50 13 220 = 40 0.135  0.135 Castro (1983)
Triakis barbouri — 40 10 25 = — 2 0.288  0.288 Holden (1974)

1)
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Figure 1.

(a) Ratio of birth size to maximum species size (in cm TL) against
predicted K value (holden’s method, 1974). (b) Ratio of birth size
to maximum species size (in cm TL) against empirically-derived
K value. (From literature.)

(Table 2) with calculated and empirically derived K values
(Table 3). The scatter of plotted points for ‘‘Size at Birth
vs. K’’ (Figures 2a and 2b) did not support the Holden
equation. There is a slight trend for sharks born at a large
size to have a smaller K value, but there were too many
exceptional points for a generalization. The same pattern
exists for ‘““Maximum Size vs. K’’ (Figures 3a and 3b),
with a trend for larger sharks to have a smaller X, and for
‘““Number of Embryos vs. K’ (Figures 4a and 4b) in that
sharks with greater litter sizes usually have a smaller K
value.

A final cross comparison is made in Figure 5, where
calculated K values are plotted on the abscissa and em-
pirically derived K values are plotted on the ordinate.
Points that fall on or near the x = y diagonal line may sup-
port Holden’s method. There are, however, more points
in disagreement. Many of these points are the result of long
and careful studies of shark growth and cannot be ignored.
Perhaps Equation (3) applies only to certain sharks, in this
case, those that fall along the line. Table 3 lists the sharks
that graph close to the x = y line of Figure 5. These sharks
seem to span the full spectrum of taxonomy, size, mode
of reproduction, growth rate, and lifestyle. Their only com-

Table 3.
Species of sharks with K values in
agreement with both calculated and
empirically derived sources.

Isurus oxyrinchus
Carcharhinus amblyrhynchos
Galeocerdo cuvieri
Galeorhinus japonicus
Mustelus californica
Moustelus manazo

Prionace glauca

Rh. opr jonodon ter
Triakis semifasciata
Scoliodon laticaudus
Squalus acanthias
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Figure 2.

(a) Size at birth plotted against predicted K value (Holden’s
method). (b) Size at birth plotted against K (empirical data).

mon denominator may be that their embryonic growth is
of the same order as their postpartum growth.

Until more accurate work is available to confirm or
refute these findings, Holden’s unique method should be
employed with caution and verified with each application.
Holden intended this method to be a rough guide in the
absence of empirical data. These analyses show that the
method is too uncertain for general use and may work only



104

ELASMOBRANCHS AS LIVING RESOURCES:

1200
a
1000 feerevrrreeesreerenessneen U
B0 rvvvrrresereenees s s s
Pere] IS s
o o
ey I = TSRO, N
i =N} o
o 0 oopo P
e S B T e |
5 o o” & omg  °
w 0 i 1 8 o ! !
> 0 01 02 03 0.4 06 08
p VALUE OF K
2 1200
g b
1000 forsesssvss e e e e
00|
00
o
B e — T —
ooo o
=] o
200 |e-re: Bigeereesoeseneers T
Bo 0O o
o 1 1 1
0 0.2 0.4 08 08
VALUE FOR K
Figure 3.

(a) Maximum size plotted against predicted K value (Holden’s
method). (b) Maximum size plotted against K (empirical data).

for a specific and as yet unidentified group of sharks. Em-
pirical data is needed for accurate growth determination.

The Fisheries

Shark fisheries are difficult to manage. The fisheries are
usually depleted before the administration of regulatory
measures can be effected. Local fisheries managed by ar-
tisanal fishermen working a mixed stock of several shark
species can be successful and productive indefinitely. Large
scale directed fisheries are another matter. There is not
enough resilience in even the most fecund and abundant
elasmobranchs, the skates and spiny dogfish, to maintain
an intensive fishery (Holden 1977). Management practices
that could work with sharks, such as limited entry, hook
and mesh size limits, catch quotas, seasonal protection of
gravid females, and catch restrictions to males, all require
extensive management effort, sometimes on an interna-
tional level. Bedford (1987) has pointed out: ‘‘In the real
world of economics, politics, special interests, governmental
procedures, and rapidly developing fisheries. . . [the shark
fishery] is almost surely doomed to failure.”

The biological characteristics of a stock of sharks that
may support a directed fishery would be one that is natural-
ly abundant, has a fast growth rate (a K value of over 0.20),
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Figure 4.

(a) Number of embryos plotted against K value (Holden’s
method). (b) Number of embryos plotted against K (empirical
data).
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Figure 5.
Comparison of K values, calculated vs. empirical values (Holden’s
method, 1987).

and a relatively high fecundity, regularly producing large
numbers of embryos with a fairly short gestation time. In
reality, shark fisheries do not originate from a search for
a suitable population or target species. They begin because
a market develops for a species that becomes accessible
owing to a recent gear advancement, collapse of a similar
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fishery (i.e., swordfish), increased market demand, or the
discovery of a latent or burgeoning stock that the market
will accept. The California fishery for Alopias vulpinus is an
example.

California Thresher Shark Fishery

The California pelagic fishery for the common thresher,
Alopias vulpinus, has been well documented (Cailliet and
Bedford 1983; Bedford 1987). The fishery began in 1977
and succeeded because of public acceptance of sharks as
table food. The fishery began using drifting gill nets pat-
terned after those used to catch the soupfin shark, Galeo-
rhinus galeus, in the 1930s and early 1940s. These surface
fishing gillnets also caught a number of swordfish (Xiphias
gladius). The thresher shark soon became a secondary target
for the gillnet fisherman and attempts to manage the catch
were confused and compounded by more powerful attempts
to manage and limit the swordfish fishery. Bedford (1987)
details the case history of legal management action and the
rise and fall of the thresher shark fishery. Thresher shark
landings peaked in 1982 at 2400 million pounds, by 1987
the catch had dropped to less than 400 million pounds. As
an active participant he states: ‘“The dispute we mediated
seldom had anything to do with the thresher shark. The
control of the swordfish prompted the adoption or aboli-
tion of most regulation’’ (Bedford 1987). After 9 years (in
1986) the limited entry fishery was closed seasonally dur-
ing prime thresher shark fishing months, June, July, and
half of August, to allow stocks to rebuild.

Western Atlantic Porbeagle Fishery

In 1960 a longline fishery for porbeagle sharks, Lamna nasus,
was established in the western North Atlantic, primarily
by the Norwegians. From 1961 to 1964 annual catches
increased from 1,800 to 9,300 t, then declined sharply
to about 200 t (Casey et al. 1978). Growth to maturity in
the porbeagle shark takes 6 to 9 years. Normally, four
young are produced (Aasen 1961). The Norwegians were
interested enough in porbeagles to send a biologist along
on a commercial trip during which 2,488 sharks were
caught. He produced a valuable paper on length and
growth of the porbeagle (Aasen 1963). After 1964, por-
beagles became very scarce. Porbeagles were almost un-
known to the U.S. market before 1960. The Faeroese, who
received an allocation of 500 t of porbeagle sharks from
U.S. waters in 1978, caught only 5 t in 1980 and 100 t
in 1982. In 1983 and 1984 they did not fish in the U.S.
Fisheries Conservation Zone (FCZ) (Casey and Hoey
1985). Longlining efforts in waters north of Cape Cod by
the NMFS Apex Predator Investigation and by cooperating
commercial fishermen has yielded very few porbeagle
sharks. The directed fishery for porbeagle sharks, so heavily
impacted the shark in four seasons of fishing, that the

population in the northwest Atlantic apparently still has
not recovered to prefishery levels.

Other Fisheries

Between 9,800 and 17,300 t of sharks are landed annually
in the U.S. Atlantic FCZ principally from U.S. recreational
fishermen and as a bycatch of U.S. and foreign vessels
fishing with longline for tunas and swordfish, or trawling
for squid and finfish (Anderson 1985). As long as these
fisheries remain sporadic, or undirected, they probably will
not impact the stocks of pelagic sharks to any great extent.
In the last ten years, a directed fishery for sharks has started
off the southeast coast of the United States. A reliable
market developed for both fins and flesh. From 1979-1985
there was a linear increase in landings which averaged
about 290 thousand pounds per year. In 1986, the linear
trend turned geometric and increased by 629 thousand
pounds. In 1987, landings increased 2.7 million pounds,
to a total of 5.3 million pounds (Larry Massey, Operations
Research Analyst, NMFS, SEFC, Miami, FL, pers. com-
mun., Nov. 29, 1988.). This fishery may be viable for a
time because it draws from a broad base resource—numer-
ous shark species, many of which migrate over a large area
of the Atlantic. However, without conservative manage-
ment practices, history has shown that even durable
populations succumb to ‘‘recruitment overfishing’’.

Population Life-History Problems

The shark populations have proven to be largely unresilient
in the face of directed fisheries. Certainly the porbeagle
populations have taken years to recover. Stock and recruit-
ment are closely linked as there is no annual wellspring
of countless progeny with which to rebuild exploited stocks.
It remains to be proven if any shark species increase their
fecundity as stocks diminish. Shark populations do not
seem to be food or resource limited (see Hoenig and Gruber
1990); therefore, density-dependent mortality may not be
an important compensatory mechanism. An exception to
this may take place in certain reef or lagoon environments
(Stevens 1984). There is some evidence for intraspecies
predation controlling juvenile abundance. Van der Elst
(1979) observed that the population of young dusky sharks
off Durban, South Africa, increased with the removal of
large predators by the net meshing program.

The sandbar shark, Carcharhinus plumbeus; the blacktip,
C. limbatus; the bonnethead, Sphyrna tiburo; and other species
of sharks, skates, and rays use coastal and estuarine areas
as pupping and nursery areas in the United States. Doubt-
less, estuarine areas around the world shelter elasmobranch
nursery grounds. In industrialized countries these valuable
regions are heavily impacted by pollution, encroaching
development, overburdening recreational use, and other
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effects of mankind. Great South Bay, Long Island, was
once a nursery for the sandbar shark (Nichols and Murphy
1916). They are no longer caught in this bay. Preserva-
tion of natural coastal areas is as important to shark sur-
vival as it is to that of their forage and countless other
valuable animals.

As ocean ecosystems are impacted by man, concern must
be raised for the preservation and maintenance of pupping
and nursery areas for sharks. The blue shark, Prionace
glauca, pups in pelagic waters of the eastern Atlantic (Pratt
1979). Recently one of the authors (Casey) has been de-
limiting the blue sharks’ time and place of parturition. In
the advent of an intense fishery for the blue shark, this area
should be defined and perhaps closed to fishing during the
pupping season.

Conclusion

Sharks, as a group, are not good candidates for large scale
directed fisheries. Sharks produce a relatively small number
of large young which grow slowly and mature late in life.
These factors result in a close relationship between stock
and recruitment. Understanding the life-history strategies
and mechanisms that limit shark populations will help us
define the biological factors that affect shark fisheries. This
understanding is not likely to increase the harvest, but it
will help us regulate it. With wise management, a steady
market may be supplied from some fecund and abundant
species.

Other shark species may have suitable population
dynamics to support future fisheries. Fishermen’s abilities
to fish farther offshore, and in deep waters, will develop
or expand fisheries in areas where consumers will support
a market for them. In light of the expanding demand for
marine resources throughout the world, the increased use
of sharks is assured. If these fisheries are to be maintained
at sustainable levels, our continuing task will be to pro-
vide new and precise information on both elasmobranch
life-history parameters and the human history of dealing
with shark fisheries so that both sharks and man will
benefit.
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ABSTRACT

Shark reproductive modes are reclassified based on previous reviews of shark reproduction
and systematics with the addition of new material on histology of various reproductive struc-
tures. The objectives of this study are 1) to comment on the evolutionary development of viviparity
in sharks, 2) to introduce a new classification of reproductive mode in sharks and 3) to report
the fine structure of the intrauterine mucosa and placenta from one oviparous and ten viviparous

sharks.

The reproductive modes of the species examined are divided into oviparity (Cephaloscyllium um-
bratile) and four types of viviparity. These four viviparous types can be divided into two groups
based on whether or not the uterus is compartmentalized.

Introduction

The chondrichthyan fishes, one of the oldest living groups
of jawed vertebrates, have evolved considerable reproduc-
tive diversity ranging from oviparity to viviparity (Wourms
1977). According to Wourms et al. (1988), oviparity is con-
fined only to the three extant families of chimaera, all four
families of skates and 10 of 22 families of sharks. Viviparity
is widespread in chondrichthyan fishes (453 of 700 species)
and is particularly characteristic of sharks, occurring in
69% of extant species. Sharks are known to exhibit several
complex modes of viviparous diversity. Since sharks are
generally of less economic importance than many teleosts
and are typically difficult to obtain and maintain as ex-
perimental animals, little is known about their reproduc-
tion (Dodd 1983).

The reproductive modes of chondrichthyan fishes have
been reviewed by Amoroso (1960), Breder and Rosen
(1966); Hoar (1969); Wourms (1977, 1981); Dodd (1983);
and Wourms et al. (1988); and have been categorized in
several ways. Wourms (1977) divided chondrichthyan fish
reproduction into oviparity and viviparity. He subsequent-
ly subdivided viviparity into aplacental and placental
viviparity. Aplacental viviparity includes species whose em-
bryos are 1) solely dependent on yolk reserves; 2) oopha-
gous; and 3) have placental analogues. Placentation
includes the yolk-sac placenta. Teshima (1981) used a

similar nonplacental and placental classification system. He
divided nonplacental classification into two categories based
on the presence or absence of uterine compartments.
Teshima also stated that placentation is further temporal-
ly and morphologically divided into two types of placen-
tae: one which is established during midgestation and a
second type established soon after implantation. Wourms
(1981) further classified chondrichthyan reproduction by
trophic relationships between mother and embryo. His two
major groups are composed of 1) facultative viviparity
and 2) obligate viviparity. Obligate viviparity is subdivided
into lecithotrophs and matrotrophs. Matrotrophs include
1) oophagous and adelophagous; 2) placental analogues;
and 3) yolk-sac placental species.

Viviparity probably evolved in association with phylog-
eny. Therefore the classification of reproductive modes may
reasonably involve systematics. However, the morpholog-
ical classifications of Wourms (1977) and Teshima (1981)
do not seem to fully reflect systematic relationships because
in some cases phyletically related species may differ in re-
productive morphology, e.g., nonplacental Mustelus (M.
manazo) versus placental Mustelus (M. griseus). This results
from the initial division of viviparity on the basis of placen-
tal establishment. The trophic patterns of Wourms (1981)
also do not follow systematic classifications because trophic
relationships appear to display a high degree of convergence
and parallelism and do not follow phylogenic relationships.
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Table 1.
Sharks species and their biological data used in this study.
Mother Embryo
No. of Total length Ovary weight No. of Total length Body weight
Species specimens (cm) (8) embryos (cm) (8)
Oviparity
Cepholoscyllium umbratile 1 100 300 — — -
Viviparity
Lamna ditropis 1 194 5450 4 36.8-39.3 3710-3920
Alopias pelagicus 2 264-282 230-270 4 42.1-52.1 175-250
Squalus mitsukurii 3 93-120 30-120 6 — —
Orectolobus japonicus 2 107-119 38-44 10-22 20.6-24.5 40-80
Squatina japonica 2 93-98 7-45 8-9 18.5-21.0 90-100
Triakis scyllia 2 113-127 90-150 3-22 14.2-21.5 30-58
Moustelus manazo 7 75-85 13-21 3-6 26.2-29.0 49-72
M. griseus 12 93-107 7-29 8-15 20.4-30.8 31-74
Prionace glauca 11 204-241 75-180 7-27 18.0-40.0 80-210
Scoliodon laticaudus 10 35-54 — 1-10 0.5-15.9 -

Materials and Methods

Pregnant sharks of ten genera were used in the present
study. This study included 11 species in 8 families. These
are Cephaloscyllium umbratile, Lamna ditropis, Alopias pelagicus,
Squalus mitsukurii, Orectolobus japonicus, Squatina japonica,
Triakis scyllia, Mustelus manazo, M. griseus, Prionace glauca,
and Scoliodon laticaudus. The biological data for these sharks
are shown in Table 1. L. ditropis, A. pelagicus, and S. mat-
sukurii carried middle-term embryos and the other seven
viviparous sharks carried full-term embryos. Most sharks
were caught with gill nets, pelagic, or bottom longlines
operated by commercial fishing boats or by the research
vessel Tanse: Maru (Ocean Research Institute, University
of Tokyo), operating in Japanese waters from 1977 to 1981.
Alopias pelagicus were captured with a tuna longline from
the training vessel Nagasaki Maru (University of Nagasaki),
in the eastern Indian Ocean. Scoliodon laticaudus were ob-
tained from the fish markets of Malacca, Malaysia, and
Kanka, Singapore in October, 1978 and in September,
1979 respectively.

The uterus, embryonic yolk sac, and placenta were
histologically and histochemically investigated using light
and electron microscopes. For light microscopy, tissues
were fixed in 10% neutral formalin or Bouin’s solution.
Sections, 4-10 ym in thickness, were made by the usual
paraffin method and stained with haematoxylin—eosin,
Azan, and Periodic Acid Schiff (PAS) solutions. For elec-
tron microscopy, small pieces of tissues were fixed for
several days in a cold fixative containing 2% parafor-
maldehyde and 2% glutaraldehyde in 0.1M sodium
phosphate or containing cacodyrate buffers (pH 7.4) with
10% sucrose added. They were postfixed in 2% osmium
tetroxide, dehydrated in graded ethanol. embedded in

Epon 812 and made into ultrathin sections with a LKB-
ultratome. After double staining with uranyl acetate and
lead citrate, the sections were examined with a JEM-
100CX electron microscope. Some of the 1 ym sections
were stained with toluidine blue for light microscopy
observation.

Two experiments were conducted to demonstrate the
placental transport of macromolecular weight materials.
The first experiment used a trypan blue stain technique
to demonstrate placental transport. Three pregnant M.
griseus (91.3-100.0 cm in TL, carrying near full-term em-
bryos, 20.4-27.5 cm in TL) were injected daily in the
caudal vein with 10-15 mL of 0.8 % trypan blue in physio-
logical saline. The fishes died one, two, and four days after
the injections started. Embryonic tissues were examined
to see if the stain reached them.

The second experiment was conducted on six, live, preg-
nant M. griseus (92.5-103.0 cm in TL, carrying near full-
term embryos, 24.5-30.8 cm in TL). The pregnant females
were injected with a 10-15 mL solution containing 0.1
g/mL of ‘“Horse radish peroxidase’” (HRP: Wako Chem.
Co.) in the caudal vein. The fishes were killed 10, 40, 60
minutes, 3 hours, and 24 hours after injection, and small
pieces of placental tissues were dipped in a cold fixative
identical to that used for electron microscopy for 1-3 days.
Identification of HRP was performed according to Lars-
son’s procedure (1981). As a control, placenta of sharks
injected with physiological saline for elasmobranch fish
(Fuhner solution) were prepared 24 hours after administra-
tion, following the same procedure described above.

In nine viviparous sharks, L. ditropis, A. pelagicus, O.
Japonicus, Squatina japonica, T. scyllia, M. manazo, M. griseus,
P. glauca, and S. laticaudus, the trophic relationship between
mother and embryo (nutritive dependency index; NDI)
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was estimated from the maximum diameter of ovarian ova
and embryo weight. Ovarian ova of those sharks were
determined to be mature or near mature, judging from
their size and color. The NDI was estimated by using the
formula

(Embryonic weight (g)/mature egg diameter (mm)?) x 10°.

Results

In the following treatment of the histology of the in-
trauterine epithelium and placenta, the viviparous sharks
examined are divided into two basic groups, those with,
and those without uterine compartments. Uterine compart-
ments occur in only five families of sharks: Leptochariidae,
Triakidae, Hemigaleidae, Carcharhinidae, and Sphyr-
nidae. All placental species are also included within these

Table 2.
Reproductive modes of sharks.

I. Oviparity
II. Viviparity
A. Uterine compartments are not formed
(1) Type I Uterus - Oophagous
(2) Type II Uterus - Yolk Sac
B. Uterine compartments are formed

(1) Type IIT Uterus - Yolk Sac
(2) Type IV Uterus - Placental

Figure 1.
Intrauterine mucosa of C. umbratile. The intrauterine wall
is composed of stratified epithelium. H.E. stain. x 25.

Figure 2.
Electronmicrograph of intrauterine epithelium of C. umbratile.
Granules (g), RER, SER, Golgi complexes (Gc), and
mitochondria (m) are present in the cytoplasm. x 4,900.

uc: uterine cavity; ue: uterine epithelium; c: connective
tissue; n: nucleus.

families. The development of the uterine compartment is
used here to propose a new classification of shark reproduc-
tive modes. A provisional classification is shown in Table
2. Viviparity is divided first into two types of uteri—those
which do not have uterine compartments and those which
do. Those lacking uterine compartments are subdivided
into 1) oophagous species and 2) those retaining the yolk
sac. Those species with uterine compartments are divided
into those that retain the yolk sac and those that are placen-
tal species. The results of histological investigation are
reported following the order in which these reproductive
modes are presented above.

I. The Oviparous Reproductive Mode

The intrauterine mucosa of Cephaloscyllium umbratile was
composed of stratified epithelial cells (Fig. 1). The jux-
taluminal epithelial cells contained PAS positive granules
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in the cytoplasm. A capillary network developed under the oval granules were found throughout the cytoplasm of the
epithelium. Many rough and smooth endoplasmic retic- epitheiial cells in electronmicrograph (Fig. 2), suggesting
ulum (RER and SER), Golgi complexes, and numerous that the secretory activity of the cell was high.

Figure 3.
Intrauterine mucosa of
A. pelagicus. The mucosa
is covered with numer-
ous villiform projections
(vp). H.E. stain. x 25.

Figure 4.
Transverse section of in-
trauterine villiform pro-
jection of A. pelagicus.
The epithelium is com-
posed of two cell layers.
The circulatory system is
well-developed beneath
the epithelium.. x 160.

Figure 5.
Electronmicrograph of
intrauterine epithelium
of A. pelagicus. Many
mitochondria (m) are
present in the cytoplasm.
The intercellular spaces
are distended. x 18,900.

uc: uterine cavity; ue:
uterine epithelium; er:
erythrocyte; c: connec-
tive tissue; n: nucleus.
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II. The Viviparous Reproductive Modes

Type I Uterus-Oophagous Species: Species examined
which had this type of reproductive anatomy were Lamna
ditropis and Alopias pelagicus. There was fundamentally no
difference in the structure of the intrauterine mucosa be-
tween these two species. The pregnant intrauterine mucosa
was covered with spatulate, villiform projections, 3-5 mm
long in L. ditropis and 1-2 mm long in A. pelagicus, except
the anterior one-fifth part of the mucosa, which was covered
with deep longitudinal folds (Fig. 3). The mucosal epithe-
lium was composed of two cell layers. Juxtaluminal epi-
thelial cells, were 5-15 um in height and juxtacapillary cells
were extremely flattened (Fig. 4). PAS positive cells were
rarely found in the epithelium. A capillary network was
close to the epithelium. Electronmicrography revealed that
the free surface of the juxtaluminal epithelial cells were
rarely covered with short cytoplasmic projections (Fig. 5).
Many membrane bounded granules, which were oval in
shape, 0.1-0.5 pum in length, lined the apical portion of
the cell. The fine structural feature of the granule was
similar to that observed in the juxtaluminal epithelial cells
of the pregnant uterus of Squalus acanthias reported by Jollie
and Jollie (1967). Mitochondria, Golgi complexes, and
small granules were distributed throughout the cytoplasm.
The epithelial cells were joined to adjacent cells by a junc-
tion complex in the apical portion of the cell. A few
desmosomes were present on the lateral surface. The lateral
and basal surfaces of adjoining cells were interdigitated and
the intercellular spaces were often distended. These disten-
tions of intraepithelial tissue spaces have been observed in
association with active water and solute transport (Kaye
et al. 1966; Tormy and Diamond 1967; Bonneville and
Weinstock 1970; Greven 1977,1980; Jollie and Jollie 1967,
Otake and Mizue 1986). The endothelium of the capillary
lay close beneath the epithelium and stromal elements were
few in the space between the endothelium and the epithe-
lium. The endothelium was flattened and possessed fenes-
trations. These structures are probably advantageous in
exchanging diffusible materials such as gases, water, and
solute, between the capillary blood and the epithelium. The
uterine epithelium seems to be involved in respiratory ex-
change and osmoregulation of the uterine fluid.

Type II Uterus-Yolk Sac Species: This type includes
Squalus mitsukurii, Orectolobus japonicus, and Squatina japonica.
In this type, several embryos with attached yolk sacs are
contained in each uterus. The morphological aspects of
intrauterine mucosa of S. mitsukurii were fundamentally the
same as that of S. acanthias as reported by Jollie and Jollie
(1967). The intrauterine mucosa was densely covered with
spatular projections, 2-3 mm in length (Fig. 6). The epi-
thelium was composed of two layers of flattened cells (Fig.
7). Juxtaluminal cells were 2-15 ym in height and juxta-
capillary cells were 2-5 ym. Just beneath the epithelium

lay a well-developed capillary network. In electronmicrog-
raphy juxtaluminal epithelial cells rarely possessed short
cytoplasmic projections on the free surface (Fig. 8). Small
light granules were present in the apical portion of each
cell. Many mitochondria were distributed in the midbasal
portion of the cytoplasm. Intercellular spaces, particular-
ly midbasal spaces, were quite distended. The endothelium
of capillaries beneath the epithelium were flattened and
possessed many fenestrations. These features are similar
to those of S. acanthias (Jollie and Jollie 1967) and those
of oophagous fishes mentioned above. The epithelium of
this species seems to contribute to respiratory exchange and
osmoregulation of the uterine fluid.

The intrauterine mucosa of O. japonicus possessed nu-
merous villous projections, about 30 mm in length, with
branches (Fig. 9). Two or three blood vessels were con-
tained within these villous projections (Fig.10). The epithe-
lium covering the villous projections was composed of two
quite flattened cell layers, 2-8 um in height. Electron-
micrography revealed that relatively few cell organella were
contained in the epithelial cells and interepithelial spaces
were distended (Fig. 11). This feature is similar to that of
oophagous fishes and to S. mitsukurii, and suggests that the
epithelium is involved in respiratory exchange and osmo-
regulation of the uterine fluid. In contrast, the uterine epi-
thelium between the villous projections was composed of
3-4 layers of epithelial cells (Fig. 9). The juxtaluminal cells
were 10-30 um in height and juxtacapillary cells were 7-10
pm. PAS positive cells were scarcely distributed in the
epithelium of this portion. A capillary network was pres-
ent beneath the epithelium. The connective tissue under
the epithelium contained a large amount of tissue fluid sug-
gesting active epithelial secretions. In electronmicrography
juxtaluminal epithelial cells between the villi possessed
Golgi complexes, mitochondria, and small granules con-
taining low electron dense material in the cytoplasm (Fig.
12). Developed RER was distributed in latero- and infra-
nuclear portions of the cell. They formed cisterna and
contained moderately electron dense material in the ex-
panded ends. These features indicate that the cell is actively
secretive.

The intrauterine mucosa of S. japonica was without pro-
jections, differing from the mucosa of the other two species
of this reproductive mode. The epithelium was composed
of stratified cells whose morphological features were quite
similar to that of the oviparous shark, C. umbratile men-
tioned above (Fig. 13).

Type III Uterus-Yolk Sac Species:  Triakis scyllia and
Mustelus manazo are included in this reproductive mode. In
this type, embryos are contained in membrane-like egg cap-
sules and separated by uterine compartments. The egg cap-
sules are closely attached to the intrauterine mucosal sur-
face. The morphological features of the embryos are similar
to those of type II uterus species.
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Figure 6.
Intrauterine mucosa of
S. mitsukunii. The mucosa
is covered with spatular
projections. H.E. stain.
% 25.

Figure 7.
Intrauterine epithelium
of S. mitsukurii. The epi-
thelium is composed of
two cell layers. The capil-
lary network is well-devel-
oped beneath the epithe-
lium. Toluidine blue
stain. x 180.

Figure 8.
Electronmicrograph of
the intrauterine epithe-
lium of S. mutsukurii. In-
tercellular spaces are
quite distended. The en-
dothelium of capillaries
(en) lies closely beneath
the epithelium. x 5,100.

uc: uterine cavity; sp:
spatular projection; ue:
uterine epithelium; bv:
blood vessel; c: connec-
tive tissue; er: erythro-
cyte; n: nucleus.

The intrauterine mucosal structure was almost the same of two layers of epithelial cells (Fig. 14). Mucous cells were
between 7. scyllia and M. manazo, although the secretive distributed in the epithelium. Juxtaluminal epithelial cells
activity of the latter appeared to be higher than the former. were tall, 15-23 um in height in 7. scpllia and about 50

The intrauterine epithelium of both species was composed um in M. manazo. The cytoplasm stained strongly with
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Figure 9.

Intrauterine mucosa of O.
Japonicus. The mucosa is
covered with numerous
villiform projections. Con-
nective tissue contains
copious amounts of tissue
fluid. H.E. stain. x 10.

Figure 10.
Transverse section of the
intrauterine villus of O.
Japonicus. The epithelium
is composed of two cell
layers. Three blood vessels
are seen within the villus.
Toluidine blue stain.
x 80.

Figure 11.
Electronmicrograph of the
epithelium of villus. The
epithelium is composed of
two layers of flattened cells.
The intercellular spaces
are distended. x 2,160.

Figure 12.
Electronmicrograph of the
intrauterine epithelium.
Developed RER (r), Golgi
complexes (Gc), and mito-
chondria (m) are seen in
the cytoplasm. x 4,750.

uc: uterine cavity; vp:
villiform projection; ue:
uterine epithelium; c: con-
nective tissue; n: nucleus.

PAS. Juxtacapillary epithelial cells had reduced cytoplasm tronmicrograph of 7. scyllia juxtaluminal epithelial cells

and were 1-8 pm in height in 7" s¢yllia and 5 pm in M. contained lipid droplets and numerous granules which in-
manazo. Beneath the epithelium was a well-developed cluded low electron dense material. Developed RER and
capillary network. The connective tissue under the capil- mitochondria were present throughout the cytoplasm (Fig.

laries contained copious amounts of tissue fluid. In elec- 15). The lateral and basal surfaces of the juxtacapillary cells
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Figure 13.
Intrauterine mucosa of S. japonica showing stratified
epithelium. Mucous cells (mc) are seen in the epithelium.
Toluidine blue stain. x 160.

c: connective tissue.

Figure 14.
Intrauterine mucosa of 7. scyllia. The epithelium is com-
posed of two cell layers and a mucous cell (mc) lining.
Epithelial cells contain granules and lipid droplets (I). A
capillary neiwork is well developed beneath the epithelium.
Toluidine blue stain. x 130.

Figure 15.
Electronmicrograph of intrauterine epithelium of 7. seyllia.
Many vacuoles (v), developed RER (r), and Golgi com-
plexes (Gc) are seen in the cytoplasm. x 8,800.

uc: uterine cavity; ue: uterine epithelium; c: connective
tissue; er: erythrocyte.
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possessed developed cytoplasmic projections. The endo-
thelium of capillaries beneath the epithelium was flattened
and possessed many fenestrations. These structures indicate
that the epithelium is involved in active secretion of em-
bryonic nutrients in this species. In this group, the uterine
fluid seems to contribute more to the embryonic nutrition
when compared to type I and type II uteri.

Type IV Uterus-Placental Species: Mustelus griseus,
Prionace glauca, and Scoliodon laticaudus are included in this
type. In this type the embryos are contained in egg cap-
sules in early gestation or throughout the gestation period
(Mahadevan 1940; Senta and Sarangdhar 1948; Gilbert
and Schlernitzauer 1966; Schlernitzauer and Gilbert 1966;
Graham 1967; Teshima and Mizue 1972; Teshima 1975;
Teshima et al. 1978; Otake and Mizue 1985; Hamlett et
al. 1985 a,b,c). Each embryo is compartmentalized similar
to the type III uterus-yolk sac embryos.

Intrauterine epithelial and placental structures differed
among these species. The intrauterine epithelium of M.
griseus, which did not contribute to placental formation was
structurally the same as that of M. manazo-type III uterus
(Fig. 16), although the secretive activity of the intrauterine
epithelium was much higher than that of M. manazo. In
electronmicrographs, numerous granules were accumu-
lated in the supranuclear portion of the cytoplasm and were
seen to discharge their contents into the intrauterine cavi-
ty, suggesting high epithelial secretory activity (Fig. 17).
The granules varied in shape, size and electron density.

The placenta of M. griseus consisted of maternal (intra-
uterine wall) and embryonic portions (yolk-sac wall), and
an egg membrane (egg capsule) as reported by Teshima
(1975, 1981) (Fig. 18). The maternal epithelium of the
placenta was composed of two layers of extremely reduced
cells. Juxtaembryonic cells were 1-8 pum in height. The
underlying cells were greatly degenerated in cytoplasm and

Figure 16.
Intrauterine mucosa of M. griseus showing the lining ac-
tively secreting cells. Mucous cells (mc) are distributed
in the epithelium. Toluidine blue stain. x 80.

Figure 17.
Electronmicrograph of supranuclear portion of the in-
trauterine epithelial cell of M. griseus. Numerous granules
with various size and electron density are seen in the
cytoplasm. Some granules are seen to discharge their con-
tents (arrowheads). x 18,700.

uc: uterine cavity; ue: uterine epithelium; bv: blood
vessel; c: connective tissue.
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not identifiable except for the nuclear portion. A well-
developed capillary network was found under the epithe-
lium. In electronmicrography the maternal epithelial cells
were quite degenerated and cell organella were scarce (Fig.
19). Teshima (1975, 1981) reported that the maternal
epithelium of the placenta disappeared and the capillary
network underlying the epithelium directly contacted the
egg capsule when the embryo grew to more than 150 mm
in length. However, in this study of fine structure the
maternal epithelium was observed, although it was ex-
tremely degenerated, in near full-term gestation. The en-
dothelium of capillaries was located just beneath the
epithelium. Stromal elements were not present in the space
between the epithelium and endothelium. The endothelium
had reduced cytoplasm and many fenestrations.

The embryonic placenta was composed of two layers of
flattened epithelial cells (Fig. 18). Juxtamaternal epithelial
cells were 1-3 pum in height. Underlying cells were greatly

reduced in cytoplasm and were found only in the nuclear
portion in light microscopy. A capillary network was pres-
ent just beneath the epithelium. In electronmicrography,
juxtamaternal epithelial cells possessed many cytoplasmic
projections in the free surface facing the egg capsule (Fig.
19). Cell organella such as mitochondria, Golgi complexes,
and invaginated vacuoles did not occur in the cytoplasm
of the epithelial cells, suggesting that the absorption of
macromolecular substances did not occur. The intercellular
spaces were distended. The endothelium of the capillaries
was attached to the basal membrane of the epithelium. The
cytoplasm was extremely reduced and fenestration oc-
curred. These structural characteristics of the maternal and
embryonic tissues indicate that placental transport is
restricted to gaseous and water-solute transport in M.
griseus.

In P. glauca the intrauterine epithelium was composed
of two layers of nonsecreting epithelial cells. Juxtaluminal

Figure 18.
Placenta of M. griseus. Maternal (me) and embryonic
epithelia (ee) are flattened and maternal (mbv) and em-
bryonic (ebv) capillary networks are closely located. The
egg capsule (ec) is between the two epithelia. Toluidine
blue stain. x 80.

Figure 19.
Electronmicrograph of the placenta of M. griseus. Mater-
nal (me) and embryonic (ee) epithelia are quite degen-
erated. Endothelium (en) of capillaries are quite flattened
and fenestrations (arrowheads) are present. x 8,200.
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epithelial cells were 10-35 um in height and underlying
cells were flattened (Fig. 20). Just beneath the epithelium
was a lining of capillaries. In electronmicrography the free
surface of juxtaluminal epithelial cells were rarely covered
with microvilli and the surfaces between the villi were
coated with invaginations (Fig. 21). Numerous mitochon-
dria were distributed in the basal and lateral portions of
the cytoplasm. The intercellular spaces were distended.
The capillary endothelium was flattened and few stromal
elements were present in the space between the epithelium
and endothelium. These features indicate that the epithe-
lium is involved in water and solute transport and plays
an important role in the osmoregulation of the uterine fluid.

The placental structure of P. glauca is different from that
of M. griseus. In P. glauca the egg capsule degenerated in
the placental tissue and the maternal and embryonic
epithelia met without any tissue elements (Fig. 22). The
epithelium of the maternal placenta was composed of sim-
ple, tall, columnar cells, 5-50 um in height. In the cyto-

plasm many PAS positive or negative granules and lipid
droplets were present. In electronmicrographs, many
granules were found in the supranuclear portion of the col-
umnar cells (Fig. 23, 24). Granule inclusions were seen
to be discharged into the space between maternal and em-
bryonic epithelia (Fig. 25). RER were mostly distributed
in the infranuclear portion, and Golgi complexes were
present in the supranuclear portion of the cytoplasm. These
structural aspects indicate that the maternal placental
epithelium is active in the secretion of macromolecular
weight materials. Lateral surfaces of the maternal epithelial
cells were smooth and the intercellular space was not dis-
tended. The capillaries lay closely beneath the epithelium.

The epithelium of the embryonic placenta consisted of
two cell layers (Fig. 22). It was composed of a giant cell,
50-70 pm in height and 75-100 ym in width, and an under-
lying flattened cell, less than 5 pym in height. The giant
cell possessed one or two large irregularly shaped nuclei
and granules distributed in the supranuclear portion.

Figure 20.
Intrauterine mucosa of P. glauca. The epithelium (ue) is
composed of two cell layers. A capillary network beneath
the epithelium is developed. Toluidine blue stain. x 270.

Figure 21.
Electronmicrograph of the intrauterine epithelium of P.
glauca. Epithelial cells are flattened and intercellular spaces
are distended. mitochondria (m) are seen in the basal and
lateral portions of the cytoplasm. Endothelium of capillaries
(en) are located closely beneath the epithelium. x 2,900.

ue: uterine epithelium; bv: blood vessel; c: connective
tissue; er: erythrocyte; n: nucleus [from Otake and Mizue

(1986)].
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Figure 22.
Placenta of P. glauca. Maternal epithelium (me) and embryonic (ee-gc) epithelia are composed of quite active cells. The egg capsule
is not present between the maternal and embryonic epithelia. Toluidine blue stain. x 110.

Figure 23.
Electronmicrograph of the placenta of P. glauca. Maternal epithelium (me) is composed of simple columnar cells. The maternal epithelial
cells contain numerous granules in the supranuclear portion of the cell and mitochondria in basal portion. The embryonic epithelial
cell—a giant cell (ee-gc)—contains granules in the supranuclear portion. x 2,350.

Figure 24.
Electronmicrograph of the connecting portion of the placenta of P. glauca. The free surface of the embryonic giant cell is mostly covered
with microvilli. In some parts it is smooth and in close contact with the maternal surface (arrowheads). x 8,900.

Figure 25.
Electronmicrograph of the space between maternal (me) and embryonic (ee-gc) epithelia of the placenta of P. glauca. Numerous elec-
tron dense materials are seen in the space. Tubular structure (arrowheads) and coated vesicles are present in the apical portion of
the embryonic epithelial cell. x 19,800.

ee-uc: embryonic epithelium - underlying cell; ysc: yolk sac cavity; cp: capillary; m: mitochondria; n: nucleus [from Otake and
Mizue (1985)].

Electronmicrographs showed that the free surface of the which suggest absorption of macromolecular weight mater-
giant cell was covered with numerous microvilli, except for ials were present in the apical portion of the cytoplasm (Fig.
the portion closely attached to the maternal epithelium (Fig. 25). Mitochondria were abundant in the basal portion of

23, 24, 25). Tubular invaginations and coated vesicles the cell, and RER and SER were scattered throughout the
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cytoplasm. The capillary endothelium lay closely beneath
the epithelium, only separated by a basal membrane. The
structural aspects of maternal and embryonic epithelia of
the placenta indicate that the placental transfer of embry-
onic nutrients is an active system in P. glauca.

The intrauterine wall of Scoliodon laticaudus was
covered with a simple epithelium composed of 15-20
um tall epithelial cells (Fig. 26). Capillaries developed
beneath the epithelium. The connective tissue under the
capillary network contained large amounts of tissue fluid.

Its presence suggests high uterine epithelial secretive
activity. '

In the Scoliodon placenta the egg capsule degenerates in
early stages of gestation. The maternal placenta establishes
a characteristic trophonematous cup as reported by Maha-
devan (1940), Senta and Sarangdhar (1948) and Teshima
et al. (1978) (Fig. 27). The surface of the colurnnar por-
tion of the trophonematous cup was rough and covered
with 2-3 layers of epithelial cells. A capillary network
developed under the epithelium. The portion of the attach

Figure 26.
Intrauterine mucosa of S. laticaudus. The connective tissue
contains copious amounts of tissue fluid. H.E. stain.
x 130.

uc: uterine cavity; ue: uterine epithelium; c: connec-
tive tissue.

Figure 27.
Transverse section of
placenta of S. laticaudus.
H.E. stain. x5.

Figure 28.

The placental region
where embryonic pla-
centa (ep) contacts the
maternal (mp). The
maternal epithelium
disappeared. H.E. stain.
x 50.

ue: uterine epitheli-
um; eec: embryonic epi-
thelial cell.
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ment site of the trophonematous cup did not have an
epithelium. In this portion, maternal connective tissue
directly contacted the embryonic epithelium as reported
by Teshima (1981) (Fig. 28).

The embryonic placenta was ovoid in shape and was
covered with 1-2 layers of epithelial cells. The epithelial
cells were taller in the portion contacting the maternal
placenta than those of the portion exposed to the uterine
fluid. Within the embryonic placenta, blood vessels were
packed and the yolk-sac cavity had completely disappeared:
this is in marked contrast to the placentae of Mustelus, Sphyr-

na, Carcharhinus, and Prionace. In these latter genera the
yolk-sac cavity connects to the embryonic intestinal lumen
by a vitello intestinal duct (Graham 1967; Gilbert and
Schlernitzauer 1966; Schlernitzauer and Gilbert 1966;
Teshima 1975; Otake and Mizue 1985). Furthermore the
vitello intestinal duct degenerates and only a pair of arteries
and veins are contained in the umbilical stalk of the Scoliodon
embryo (Mahadevan 1940; Teshima et al. 1978). These
observations suggest that a haemotrophical nutrition
transport system similar to the mammalian placenta, might
be established in Scoliodon. The Scoliodon placenta can be

Figure 29.
A pregnant specimen of M. griseus
administered trypan blue for three
days and embryos. The mother is
stained completely blue, the em-
bryos are not stained.

Figure 30.
Placenta and embryos of M. griseus
administered trypan blue for three
days illustrating that the embryonic
portion of the placentae and em-
bryos are not stained.

p: placenta; us: umbilical stalk; u:
uterus; e: embryo.
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said to be more specialized than the other placentae of
Mustelus (Graham 1967; Teshima 1975), Prionace (Otake
and Mizue 1985), Carcharhinus (Gilbert and Schlernitzauer
1966; Hamlett et al., 1985 a,b,c), and Sphyrna (Schlernit-
zauer and Gilbert 1966).

III. The Nutrient Transport Route in the
Placental Shark (M. griseus)

Results of the tracer experiment, in which trypan blue
was injected into the maternal blood system of pregnant
sharks, showed that sharks administered for three days had
muscles and internal organs that were strongly stained blue.
The embryos and embryonic portion of the placenta were
not stained (Fig. 29, 30). This indicates that trypan blue
(MW 961) is not transported from mother to embryo
through the placental tissue and uterine secretion or is

transported in quantities too small to stain embryonic
tissues.

A tracer experiment using HRP as a protein marker,
which was injected into the maternal blood system, revealed
a reaction product of HRP detectable in the maternal blood
vessels of the placenta of a shark killed 10 minutes after
injection (Fig. 31). In the shark sacrificed 40 minutes after
the injection, the reaction product was found only in the
maternal tissue of the placenta and egg capsule and not
in the embryonic tissue. The reaction product was not
detectable in embryonic tissues after 3-h and 24-h admin-
istrations of HRP under light microscopy. A search using
electronmicrography revealed that the reaction product of
HRP was found in granules contained in the epithelial cells
of the maternal placenta, egg capsule, and the surface in-
vaginations of embryonic epithelial cells in 40-min, 3-h,
and 24-h administered sharks. The reaction product could

Figure 31.
The placenta of M. griseus administered HRP for 40 min.
The reaction product appears in the narrow space between
embryonic epithelium (ee) and egg capsule (ec). x 150.

me: maternal epithelium.

Figure 32.
Electronmicrograph of the placenta of M. griseus adminis-
tered HRP for 40 min. The reaction products are detected
in the apical portion of maternal epithelial cell (me) and
egg capsule (ec). x19,100.
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Table 3.
Trophic relationships in developing embryos.
Egg diameter Embryo weight M x 103
Reproductive mode Species (mm) (g) (Egg diameter)’
Type 1. Uterus-Oophagous Alopias pelagicus 10 250 250
Lamna ditropis 3 3710 137000
Type II. Uterus-Yolk Sac Orectolobus japonicus 40 120 1.8
Squatina japonica 40 80 1.3
Type III. Uterus-Yolk Sac Triakes scyllia 20 50 6.3
Moustelus manazo 15 57 17.0
Type IV. Uterus-Placental Moustelus griseus 15 73 21.6
Prionace glauca 8 200 391
Scoliodon laticaudus 1 9 9000

not be detected in the embryonic epithelial cells and in
capillaries under the epithelium (Fig. 32). This suggests
that epithelial cells of embryonic placenta cannot take up
macromolecular-weight organie materials of at least 40000
MW (MW of HRP) and that placental transport of macro-
molecular weight materials are minimal in M. griseus. These
results of tracer experiments suggest that the placenta of
M. griseus is primitive in embryonic nutrition transport.

IV. Trophic Relationship Between
Mother and Embryo

Nutritive dependency indices (NDI), which were estimated
from the maximum diameters of ovarian ova and embryo
weight, are shown in Table 3. The values for L. ditropis
and A. pelagicus were very high (1.37 x 10° in L. ditropis
and 250 in A. pelagicus), although they were underestimated
because the embryos of both these species were mid-term.
In the placental groups the values are distributed in a wide
range from 21.6 (M. griseus) to 9000 (S. laticaudus). The NDI
of M. griseus was near those of T scyllia (6.3) and M. manazo
(17.0) which are included in the type III uterus-yolk sac.
This may suggest that Mustelus is in a transitional state of
placental differentiation. Table 3 must be considered
preliminary until more information is available to increase
its accuracy and usefulness.

Discussion

In chondrichthyan fishes, oviparity is considered to be a
primitive, less specialized mode of reproduction (Wourms
et al. 1988). Oviparity involves the deposition of ova,
enclosed in a capsule, outside the maternal body. In con-
trast, viviparity involves the retention of internally fertilized
ova in the uterus where embryonic development is com-
pleted (Wourms et al. 1988). Since all oviparous chondrich-
thyan fishes employ internal fertilization, the transition

from oviparity to viviparity was probably uncomplicated.
There are several oviparous species whose mode of repro-
duction may represent a transitional phase from oviparity
to viviparity. Galeus and Halaelurus are examples as they
show 1) the retention of the developing egg in the oviduct
for long periods; 2) a tendency toward multiple oviparity;
3) a reduction in the thickness of the egg case; and 4) a
loss of the surface ornamentatiorrused for egg case attach-
ment (Wourms et al. 1988). Since all oviparous species,
including the transitional species, possess a noncompart-
mentalized oviduct (uterus), early viviparous species would
not have uterine compartments.

In species with type II uterus, embryonic nutrients, ex-
cept for the yolk reserve, are supplied through uterine secre-
tion. The intrauterine mucosal specialization for secretion
could have aided in the divergence of viviparity. Rays,
Gymunura micrura (Wourms and Bodine 1983, 1984) and
Rhinoptera bonasus (Hamlett et al. 1985) develop highly
secretive intrauterine mucosal processes called trophone-
mata and are capable of an extreme matrotrophic state.
They are categorized as the placental analogues mode by
Wourms (1977). I suspect that this type is a final phase
of the type II uterus, although it does not occur in sharks.

The type I uterus (oophagous species) occurs in five
families of the order Lamniformes: Odontaspidae, Pseudo-
carchariidae, Alopiidae, Cetorhinidae, and Lamnidae.
Lamnids include the genera, Eugomphodus, Odontaspis,
Pseudocarcharius, Alopias, Cetorhinus, Isurus, Lamna, and
Carcharodon (Wourms et al. 1988). In these sharks the
embryo obtains nutrients from eggs continuously ovulated
during gestation and sometimes from the ingestion of
siblings (Springer 1948; Fujita 1981; Otake and Mizue
1981; Gilmore 1983; Gilmore et al. 1983). This group is
quite specialized in the nutrient transport routes, including
the physiological adaptations for egg production and ovula-
tion. But since the uterus is not compartmentalized, this
mode may be derived from species of the type II uterus
(yolk sac).
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The shark yolk-sac placenta is established by a stable
connection between the embryonic yolk sac and the intra-
uterine epithelium of the mother (Mahadevan 1940; Senta
and Sarangdhar 1948; Gilbert and Schlernitzauer 1966;
Schlernitzauer and Gilbert 1966; Graham 1967; Teshima
and Mizue 1972; Teshima 1975; Wourms 1977, 1981;
Hamlett et al. 1985a,b,c; Otake and Mizue 1985; Wourms
et al. 1988). In the process of shark placental differentia-
tion it seems to be essential that the yolk sac maintains con-
tact with the intrauterine mucosa over a long term. The
uterine compartment serves to separate each embryo into
a restricted space and allows this stable juxtaposition be-
tween the embryonic yolk sac and the intrauterine mucosa
to be made. This contact would be a first step in forming
a complex interdigitation between the yolk sac and the intra-
uterine mucosa, that is to say, yolk-sac placenta, excluding
the physiological and immunological problems. The estab-
lishment of a uterine compartment may be an essential factor
allowing the differentiation of placentation type in sharks.

Placental species occur in 17 genera within five closely
related families: Leptochariidae, Triakidae, Hemigaleidae,
Carcharhinidae, and Sphyrnidae (Wourms et al. 1988).
They all establish uterine compartments, except for Car-
charhinus dussmieri, which carries only one embryo in each
uterus (Teshima and Mizue 1972). Furthermore, the genus
Moustelus (Triakidae) contains both type III uterus (M.
manazo) and type IV uterus (M. griseus). This suggests that
these two reproductive modes are closely related to each
other. The placental sharks may have evolved from species
having uterine compartments. Therefore it is reasonable
to divide shark viviparity into two groups by the presence
or absence of uterine compartments (Table 2).

The evolution of viviparity is associated with the increase
of embryonic nutrient dependency on a matrotroph
(Wourms 1977, 1981; Wourms et al. 1988). Except in
oophagous species, intrauterine and placental epithelia are
the most important sites for the matrotrophic nutrient
transport route. The nutrient transport function of these
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Figure 33.
Trophic relationships between mother and embryo

and the embryonic nutrient transport route.
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tissues directly represents the nutritive relationship between
mother and embryo. Therefore, the evolutionary level of
each reproductive mode should be revealed by the histo-
logical features of the intrauterine and placental epithelia.
In species with a type II uterus, the secretive activity in-
creases in the following order: O. japonicus, S. japonica, and
S. mitsukurii. The intrauterine epithelia of species of the two
type III uterus, T. scyllia and M. manazo, are significantly
more active in secretion than those of type II uterus species.
Within this former group my histological examinations
show that M. manazo probably depends on parental embry-
onic nutrient sources more than 7. scyllia. In placental
species, the state of placental differentiation would be indi-
cated by morphological adaptations, which facilitate the
transport of nutrients and waste products. An egg capsule
which intervenes between the maternal and embryonic
epithelia is certainly a barrier to macromolecular nutrient
transport as demonstrated in my tracer experiments using
HRP and trypan blue, although water and low molecular
weight materials such as glucose pass through the mem-
brane (Graham 1967). The placenta of M. griseus, which
retains the egg capsule through gestation, probably repre-
sent the primitive condition. In contrast, Scoliodon loses the
egg capsule and establishes a haemotrophical nutrition
transport system but these are relatively advanced char-
acteristics. Evolutionarily, Prionace is in an intermediate
position. The egg capsule degenerates in the placenta dur-
ing gestation. Uterine secretion seems to have a role in
embryonic nutrition in both M. griseus and S. laticaudus.
In these species both placental and uterine secretion are
present. The relative importance of placental transport and
uterine secretion is unknown and should be a topic of future
research.

The increase of embryonic organic material during
gestation indicates the nutrient dependency of the embryo
on matrotroph as demonstrated by Ranzi (1932, 1934);
Amoroso (1960); Stribling et al. (1980); Wourms (1977,
1981); and Wourms et al. (1988). The nutritive dependen-
cy, a result of the trophic relationship between mother and
embryo, seems to be one of the important indices that could
be used to represent the evolutionary state of viviparity.
In the present study, NDI values of viviparous sharks in
each reproductive mode are grouped and increase in the
following order: type II uterus-yolk sac; type III uterus—
yolk sac; type IV uterus-placental; and type I uterus-
Oophagous species. Figure 33 shows the relationship be-
tween the NDI values and the nutrient transport route
estimated from histology of the intrauterine epithelium and
placenta. Species in the lower and left portion of the figure
may be considered primitive in the development of vivipar-
ity. More advanced species appear in the upper and right
portion, except the oophagous species whose embryos are
characteristically nourished by the yolk of ovulated eggs.
Based on my results, the evolutionary development of vivi-
parity in sharks might follow the pattern shown in Fig. 34.
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Figure 34.
Evolutionary development of viviparity in sharks.
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ABSTRACT

Later stages of spermatogenesis and mature spermatozoa of seven species of chondrichthyan
fishes were examined using electron microscopy and compared with regard to their systematic
position. Four species of sharks: Prionace glauca, Carcharhinus falctformis, Centroscymnus owstoni, and
Chlamydoselachus anguineus; two species of rays: Dasyatis kuhlit and Dasyatis garouaensis; and one species
of chimaera: Chimaera phantasma were examined in this study. Seminiferous follicles of these fishes
contained many sperm clumps which were composed of about 64 spermatozoa. The sperm clumps
of the four sharks were arranged regularly with the heads of the spermatozoa turned toward the
basement membrane of the follicle. The sperm clumps in C. anguinesus were loosely arranged
compared with those of the other three sharks. In rays, the clumps were not regularly arranged
in the follicle (and were dissolved in the final stage of spermatogenesis). The follicle and sperm
clump of C. phantasma were morphologically similar to those of sharks. Among the three tax-
onomic groups, the longitudinal column (LC) of the tail of mature spermatozoa was different
in shape and number of columns. The spermatozoa of sharks had two LC which were located
on both sides of tail flagellum and oval shaped with flattened interior surfaces when viewed in
cross section. Spermatozoa of rays also had two LC which were round in cross section. In C.
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phantasma, only one round LC was present.

Introduction

Previous light microscopy observations on the spermato-
genesis of elasmobranchs (Chen et al. 1973; Matthews
1950; Stanley 1966) revealed few differences among
elasmobranchs and between elasmobranchs and chimaeras.
Recently, observations of chondrichthyan tissues, using
electron microscopy, have increased (Stanley 1971a,b;
Hara 1978; Tanaka et al. 1978; Takemura et al. 1983)
and structure of the spermatozoon and details of sper-
matogenesis have been elucidated. However, the fine struc-
ture of the entire seminiferous follicle in the testis has not
been investigated using electron microscopy. For this over-
view, fresh specimens of the testes of sharks, rays, and
chimaeras were observed using both scanning electron
microscopy (SEM) and transmission electron microscopy
(TEM). The ultrastructure of mature spermatozoa and

seminiferous follicles of these fishes are described and
compared.

Materials and Methods

Four species of sharks: Prionace glauca, Carcharhinus falcifor-
mais, Centroscymnus owstoni, and Chlamydoselachus anguineus;
two species of rays, Dasyatis kuhlit and Dasyatis garouaensis;,
and one species of chimaera, Chimaera phantasma were used
in this study. Testes were cut into 2-3 mm cubes, which
were prefixed with 0.5 % paraformaldehyde and 2% gluta-
raldehyde in 0.IM cacodylate buffer with 7.5% sucrose
overnight or as long as three weeks. Samples were rinsed
overnight in the above buffer followed by a two-hour
postfixation in 1% osmium tetroxide in the same buffer.
For SEM investigation, testes were dehydrated in ethanol,
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dried in CO, using the critical point method and sputter-
coated with gold. For TEM, samples were dehydrated in
ethanol and embedded in Epon 812 (TAAB Laboratories
Equipment Limited).

Survey sections (about 1.1 x 2.0 mm} were cut and
stained with toluidine blue following the method of Sakai
(1982). To choose an appropriate grid size, various sizes
of mesh were superimposed on the survey sections. Grids
with an open area of 500 x 666 um were selected for large
sections and survey section blocks were trimmed to fit the
grid area. Sections were cut to a thickness of 100 to 130
nm with a diamond knife mounted in a LKB Ultratome
V. Section thickness was estimated using a scale calibrated
with interferrence colors. The sections were then mounted
on grids and stained in a saturated solution of uranyl
acetate for 20 minutes, then in lead citrate for six minutes.

Finally, cells were observed and photographed using an
AKASHI LEM-2000 wide-field electron microscope, a
JEM 100 CX electron microscope, and an AKASHI
DS-130 scanning electron microscope.

Observations

SEM Observations of a
Chondrichthyan Seminiferous Follicle

The mature testis is composed of numerous follicles con-
taining mature spermatozoa and spermatogenic cells in
various developmental stages. Each seminiferous follicle

Figure 1.
Scanning electron micrograph of
Chlamydoselachus anguineus semi-
niferous follicle. sf: seminiferous
follicle, st: seminiferous tubule.

is spherical with an uneven surface and a long fine efferent
tubule (Fig. 1). Spermatozoa are thought to be transported
to the epididymis through the efferent tubule when the
seminiferous follicle matures.

Super Wide-Field TEM
Observations of Sectioned Follicles

Mature seminiferous follicles of these seven species of chon-
drichthyan fishes contained many sperm clumps each with
about 64 spermatozoa. Sertoli cells were arranged in the
follicles’ basement membrane in all shark species inves-
tigated (Figs. 2-5). The sperm clumps of the four shark
species were arranged regularly with the heads of the sper-
matozoa turned toward the basement membrane of the
follicle. The clumps of C. anguineus (Fig. 5) were loosely
arranged compared with those of C. owstoni, C. falciformis,
and P. giauca. In rays, the clumps appear not to be regularly
arranged in the follicle (Figs. 6, 7). The clumps were
broken down in the final stage of spermatogenesis (Fig.
7). The follicle and sperm clumps of Chimaera phantasma
were morphologically similar to those of sharks (Fig. 8).

Fine Structure of Mature Spermatozoa

The spermatozoa of these chondrichthyan fishes were be-
tween 110 and 150 pym in total length. The spermatozoon
is composed of a head, neck, and tail. We compared cross
sections of these three parts of the spermatozoon among
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Figure 2.
Super wide-field electron micrograph of Prionace glauca seminiferous follicle. (Slightly off center secti n). bm: basement membrane,
sc: sertoli cell, spc: sperm clump.
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Figure 3.
Super wide-field electron micrograph of Carcharhinus falciformis seminiferous follicle. bm: basement membrane, sc: sertori cell, spc:
sperm clump.
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Figure 4.
Super wide-field electron micrograph of Centroscymnus owstoni seminiferous follicle. bm: basement membrane, sc: sertoli cell, spc: sperm
clump.



136 ELASMOBRANCHS AS LIVING RESOURCES:

Figure 5.

Super wide-field electron micrograph of Chlamydoselachus anguineus seminiferous follicle. bm: basement membrane, sc: sertoli
cell, spc: sperm clump, st: seminiferous tubule.
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Figure 6.
Super wide-field electron micrograph of Dasyatis kuhlii seminiferous follicle. bm: basement membrane, sc: sertoli cell, spc: sperm
clump, st: seminiferous tubule.
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brane, sc: sertoli cell, spc: sperm clump.

Super wide-field electron micrograph of Dasyatis garouaensis seminiferous follicle with sperm clumps broken down.

bm: basement mem-
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Figure 8.
Super wide-field electron micrograph of Chimaera phantasma seminiferous follicle (not fully matured). bm: basement membrane, sc:
sertoli cell, spc: sperm clu
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Figure 9.
Cross sections of head, neck and tail of spermatozoa taken from mature seminiferous follicles. ~A. Prionace glauca.
B. Carcharhinus falciformis. C. Centrosymnus owstoni. D. Chlamydoselachus anguineus. n: nucleus, amr: axial midpiece
rod, mt: microtubule, lc: longitudinal columns.
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Figure 10.
Cross sections of head, neck and tail of spermatozoa taken from mature seminiferous follicles. A. Dasyatis kuhlii.
B. Dasyatis garouaensis. C. Chimaera phantasma. n: nucleus, amr: axial midpiece rod, mt: microtubule, lc: longitudinal
columns.

the seven species. The head, comprised of compressed
nuclear granules, is of high electron density (Figs. 9, 10).
The neck consists of the midpiece rod surrounded by five
to six mitochondoria. The midpiece rod of the sharks ex-
amined is much more slender than that of the rays and
that of chimaera which we investigated (Figs. 9, 10). The
spermatozoan tail consists of a tail flagellum and a
longitudinal column (LC). The tail flagellum has a pair
of microtubules in the center and nine pairs around the
center. In the sharks, two LC’s (oval in cross section), are

seen on both sides of the tail flagellum. The structure of
the LC is tubular with a microfiber in the center. Rays
also have two LC’s, but their shapes were rounded rather
than oval. In chimaera, only one rounded LC was present.

Conclusion

Although our study covers only a few chondrichthyan
species, electron microscopy reveals mosaic patterns (Figs.
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9, 10) which may be associated with the systematic relation-
ships of sharks, rays, and chimaeras. The loose arrange-
ments of sperm clumps seen in Chlamydoselachus anguineus
follicles may also have systematic value when compared
to other sharks. Differences in function may also account
for the morphological variation seen in these species.

In the future, we hope to investigate and compare these
features among elasmobranchs in the hope of contributing
to the clarification of the systematics of these interesting
animals.
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ABSTRACT

Requiem sharks of the family Carcharhinidae and the closely related sphyrnid or hammerhead
sharks are the only lower vertebrates to possess placental viviparity. In contrast to the well-known
role of steroid hormones in regulating reproductive processes in mammals, little information ex-
ists on the type, amount, seasonal timing, or reproductive variations of steroid hormones in these
two shark families. In this study baseline values were measured for four circulating steroid hor-
mones: estradiol, progesterone, testosterone and dihydrotestosterone. Additionally, corticosterone
and progesterone, often associated with stress responses, were measured in eleven species of sharks.
Of special interest were the elevated serum estradiol and testosterone levels from actively court-
ing female lemon sharks and from female blacknose and hammerhead sharks with large ova in
the ovary.

Introduction Mizue 1986). Wourms (1977) noted that in some cases

The largest family of sharks, the Carcharhinidae or
requiem sharks, as well as the sphyrnid sharks, contains
species with placental viviparity, a unique biological
feature for reproduction in lower vertebrates (Springer
1960; Wourms 1977; Gilbert 1981; Teshima 1981; Par-
sons 1983; Campagno 1984). By definition viviparous
species of these two families, including the focal species of
this report, the lemon shark Negaprion brevirostris, give birth
to living young (Gruber 1982, 1988). Young are carried
to full-term within the uterus of the female, with access
to the maternal blood supply by an umbilical attachment
to a placenta (Wourms 1981, 1987; Hamlett 1987; Wourms
et al. 1988). The placenta, formed from the yolk sac, a
structure analogous to the chorion-amnionic membrane of
mammals, connects with the epithelium of the maternal
uterus (Jollie and Jollie 1967; Hamlett et al. 1985a,b,c).
The degree of interattachment and interdigitation of the
maternal and fetal tissues differs considerably between
species (Jollie and Jollie 1967; Hamlett 1987; Otake and

‘“‘based on embryological origin and adult morphology,
their. . .reproductive system is more similar to tetrapods
than teleosts.”’

Steroid hormones, such as 17-f8 estradiol (E,), pro-
gesterone (P), testosterone (T) and dihydrotestosterone
(DHT), usually associated with mammalian reproduction
have not been to our knowledge investigated in the car-
charhinoids. In contrast, substantial information exists
describing the biochemistry and circulating patterns of
some of these hormones in aplacental sharks, such as the
ovoviviparous spiny dogfish Squalus acanthias, and the
oviparous catsharks, including Scyliorhinus caniculus, as well
as several batoids and rajoids. For these elasmobranchs,
tissue sources of reproductive hormones such as estrone
(E;) and 17-B estradiol (E;) (Gottfried 1964; Simpson
et al. 1964; Callard and Leathem 1965; Craik 1979), E,,
E,, and progesterone (P) (Hisaw 1959; Dodd et al. 1960;
Wotiz et al. 1960; Liley 1969; 1960; Klosterman and
Callard 1986; Koob et al. 1986; Tsang and Callard 1983),
testosterone (T) (Chieffi 1967; Dobson and Dodd 1977,
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Callard et al. 1985) and their circulating blood levels
(Sumpter and Dodd 1979; Dodd 1983; Darrow and
Fletcher 1972: Tsang and Callard 1987, 1988) have been
reported. The influence of the pituitary on hormone
levels and reproductive processes has been investigated by
Hoar (1965), Dodd (1972, 1983), and Dobson and Dodd
(1977).

The primary objective of this study was to establish nor-
mal concentrations and ranges of selected steroid hormones
in the serum of carcharhinoid sharks. In the present study,
serum samples were obtained from ten species of viviparous
and one species of ovoviviparous sharks. These included
mature and immature specimens of both sexes in various
stages of their reproductive cycles.

We also measured corticosterone in the 11 species. The
only other comparable study in the carcharhinoids is that
of Honn and Chavin (1978). They determined levels of
adrenocorticotrophic hormone (ACTH) in the blue shark
Prionace glauca.

The influence of the pituitary has been studied in a
number of nonplacental elasmobranchs including Dasyatis
sabina (Klesch and Sage 1973). Since the stress-related cor-
ticosteroids, as well as testosterone and progesterone, are
known to affect behavior in a number of higher vertebrates
(Fraile et al. 1987), we concentrated on elasmobranch
analogues because of the possibility that they might also
affect behavior. We thus measured corticosterone not only
to establish baseline levels and ranges but to compare levels
of corticoids and the putative gonadal hormones to pro-
vide evidence for their possible role in maturation and
reproduction.

In this study we will show for the first time that the serum
of placental sharks contains measureable levels of 17-f8
estradiol, testosterone, dihydrotestosterone, and progester-
one. The moderate concentrations of these hormones in
immature sharks suggest that they play a role in reproduc-
tive development. The high levels of 17-f estradiol and
testosterone in mature female sharks further suggest a role
for these hormones in reproductive cycles.

Methods

A. Shark Species

Serum samples were obtained from the following carcha-
rhinid species: the blacknose shark, Carcharhinus acronotus;
the bull shark, C. leucas; the blacktip shark, C. limbatus;
the Caribbean reef shark, C. perezi; the sandbar shark,
C. plumbeus; the tiger shark, Galeocerdo cuvier; the lemon
shark, Negaprion brevirostris; and the sharpnose shark,
Rhizoprionodon porosus. We also obtained samples from the
great hammerhead, Sphyrna mokarran, and scalloped ham-
merhead, Sphyrna lewini, as well as from the nurse shark,
Ginglymostoma cirratum, an orectolobid.

ELASMOBRANCHS AS LIVING RESOURCES:

B. Sample Collection

1. Pilot Study—We first conducted a pilot study to deter-
mine if our standard purification and radioimmunoassay
procedures for assaying mammalian steroid hormones
(Resko et al. 1975, 1980) could be used with the serum
of carcharhinid sharks. In 1986 we collected eight serum
samples from immature captive lemon sharks (Gruber

1980; Gruber and Keyes 1981).

2. Longline Samples—Most of the field collections were
obtained from specimens captured on longline fishing gear
and other gear as described in Gruber (1982). The collec-
tion sites included Bonefish Hole and the flats 5-km east
of Alicetown, Bimini, Bahamas. Collections were made
during 2-week research cruises in May and September
1987. Time on the longline prior to sample collection
ranged from less than one hour to up to four hours. Live
sharks were placed in tonic immobility to facilitate
venipuncture (Gruber and Keyes 1981; Zlotkin and Gruber
1984; Whitman et al. 1986).

3. Tournament Samples—Serum samples were collected
from 6 species (total of 12 samples) during a sportfishing
tournament in April 1987. Only mature specimens were
captured and the majority of these were taken in the ocean
east of Miami Beach, Florida. A few sharks were captured
off the Florida Keys. The serum samples were taken from
sharks that had died 1-2 hours earlier.

4. Chronic Study—We obtained serum from two repro-
ductively active female lemon sharks caught on the longline
off Bimini. The first female was tagged and released after
venipuncture. The second female was transferred to a
5 x 20 m holding pen on the flats and allowed to swim free-
ly therein. This female (241 cm precaudal length) had fresh
mating scars indicating that she had recently been involved
in courtship. During a five-day period of captivity, daily
blood samples were removed from her caudal vein at
24-hour intervals between 1100 and 1500 hours. To col-
lect a sample by venipuncture, we restrained the shark by
hand by placing ropes around her fins, inverted her, and
placed her in tonic immobility.

For comparative purposes, we maintained a mature,
male nurse shark in a 1 x 2 x 5 m open seawater aquar-
ium aboard ship. We obtained blood samples in a similar
way at 0900 and 2200 hours for six days.

C. Treatment of the Blood Samples

Five to 20 mL blood samples from live sharks were col-
lected by caudal venipuncture (Stoskopf et al. 1984).
Samples were immediately placed on ice for 2-3 hours
(Spurling 1981), then centrifuged for 15 minutes at 3,200
rpm (1286 x g). The resultant serum sample was frozen
and stored at — 20 to — 30°C until thawed for analyses.
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Samples from dead sharks were taken within two hours of
death and included specimens from the shark tournaments
and the research cruises.

D. Radioimmunoassay (RIA)

Serum aliquots (500 uL) were extracted with redistilled
diethylether and the extract sequentially chromatographed
on two separate Sephadex LH-20 chromatographic col-
umns prior to analyses by radioimmunoassay (RIA) (Resko
et al. 1975, 1980). The first column (1.0 g LH-20, elution
phase, hexane:benzene:methanol (62:20:13 v/v)) separated
neutral and phenolic steroids and permitted the isolation
of E; and E,. The second column (2.5 g LH-20, elution
phase, hexane:benzene:methanol (85:15:5 v/v)) isolated P,
DHT, and T.

Extraction and chromatographic losses were monitored
by adding known amounts of tritiated, authentic steroids
to the shark serum and by processing in parallel with the
samples for assay. Respective recoveries following the final
chromatographic step were E;-80.5%; E,-82.9%;
P-79.8%; DHT-72.0%; T-70.0%. Water blanks were
also processed in parallel to provide solvent and method
blanks for each steroid; the blanks were low, not exceeding
15 pg in any assay. The final reported values as expressed
either as pg/mL of serum or ng/mL of serum were cor-
rected for both procedural losses and method blanks before
adjustment of the aliquot sample size to equate to 1 mL
serum. Each sample was diluted with 500 uL of ethanol
after chromatography and assayed at three or four different
volumes (between 5 and 400 uL). The reported values are
the average concentration calculated from aliquots whose
values fell between the 5-95% binding limits of the stan-
dard curve following a logit-log transformation (Resko
et al. 1975).

Antisera (A/S) used in these RIAs were obtained either
from G. D. Niswender, Colorado State University (Eqo-
GDN 244); or Holly Hills Biologicals, Hillsboro, OR
(T/DHT-lot A-1); or Radioassay Systems Laboratory
(RSL), Carson, CA (E;-351-7; CS-SR3-38); or A.
Surve, Sandoz Pharmaceuticals (P-lot #12). There was less
than 0.1% cross reactivity between the antisera and only
the T/DHT antisera demonstrated slightly higher cross-
reactivity. Specificity was further checked by determining
the degree of parallelism exhibited by the authentic steroids
and varying aliquots (from 10 to 400 uL) from the ap-
propriate corresponding chromatographic fractions col-
lected from the original extracts of shark serum. The
steroids—E,, P, T, and DHT—isolated from shark serum
demonstrated complete parallelism with the standards in
the RIA, indicating the absence of substantial quantities
of interfering substances. E; and cortisol data demon-
strated nonparallel activity; in addition, the limited amount
of immunoreactivity present prevented adequate documen-
tation. Analyses of serum extract for cortisol with an A/S

with limited cross reactivity for corticosterone showed
minimal displacement at serum volumes up to 50 uL.
Therefore, data for E; and cortisol are not reported.
Substantial nonparallelism was observed in the estima-
tion of corticosteroid concentrations after diethylether
extraction without further purification, using RSL cortico-
sterone A/S. While not directly tested, the cross reacting
substance is most likely 1-a hydroxy corticosterone, the
demonstrated product of the elasmobranch interrenal gland
(Idler and Truscott 1966b; Truscott and Idler 1968),
which, as has been shown previously, interacts with other
corticosterone antisera (Kime 1977; Hazon and Hender-
son 1984). Despite the lack of parallelism in this assay, such
estimates provide a crude indicator of stress levels, par-
ticularly when large excursions are identified. (Corticoster-
one was assayed because the 1-a antiserum was not avail-
able to us.) Honn and Chavin (1978) reported that 11.5%
of the 1-a-hydroxycorticosterone reacted with antiserum
to corticosterone, and that 100% of elasmobranch cor-
ticosterone reacted with corticosterone antisera. Respec-
tively, the intra- and inter-assay coefficients of variation
ranged from 4 to 11% and from 12 to 15% respectively
for our usual nonhuman primate pools or rat pools (cor-
ticosterone) run in parallel with the shark samples.

E. Statisical Analyses

Our sample size was limited to between 1 and 10 samples
per group. Mean and standard errors of mean ( + SEM)
were calculated for sample sizes greater than 3. Single
samples were noted as such.

Results

A. Immature Female Sharks (Table 1)

1. 17-3 Estradiol (E,;)—The predominant serum
estrogen in the immature female lemon shark was E,,
with a mean level of 74 pg/mL (n = 10). In contrast, E,
in the immature female tiger shark was 12 pg/mL.

2. Progesterone (P)—P levels in immature female lemon
sharks were relatively high compared to those of both
mature male lemon sharks and mature females of all species
examined (Tables 1 and 2).

3. Testosterone (T) and Dihydrotestosterone (DHT)—
Immature female lemon sharks had lower T values than
mature female lemon sharks (Tables 1 and 3). Approx-
imately two-fold higher DHT was recorded in immature
female lemon sharks (mean 98 pg/mL) compared to T.
DHT levels of immature female tiger sharks were lower
than those of immature lemon sharks, but, as with the
lemon shark, DHT levels were higher than T levels.
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Table 1.
Serum steroid hormone concentrations in female sharks in pg/mL. Comparisons between species and levels of maturity.?
E, = 17-f estradiol; P = progesterone; T = testosterone; DHT = dihydrotestosterone; and CS = corticosterone.
Shark species E, P T DHT CS
Immature
Lemon, Negaprion brevirostris, n = 10
Mean 74 751 53 98 429
SE 13 332 17 33 88
Range 23-155 129-3,663 1-162 1-339 152-1,084
Tiger, Galeocerdo cuvier, n = 3
Mean 12 104 19 34 643
SE 1 15 8 8 199
Range 10-14 102-104 10-36 20-45 356-1,025
Maturing
Bull, Carcharhinus leucas®, n = 1 104 12 121 2 157
Lemon, n = 1 263 54 7 8 353
Mature
Lemon, n = 4
non-mating 1,030 118 153 82 221
courtship phase 1,382 154 246 148 240
active courtship phase 2,921 138 800 111 456
postpartum 892 216 585 128 1,019
Great hammerhead, Sphyrna mokarran®, n = 2 635 2 128 38 124
1,195 nd* 243 135 108
Scalloped hammerhead, Sphyrna lewini®, n = 1 1,062 4 295 87 290
Sharpnose, Rhizoprionodon porosus
(with embryos), n = 6
Mean 2,793 85 39 18 826
SE 506 25 8 — 316
Range 1,248-4,499 14-180 19-69 nd-28 104-2,060
Blacknose, Carcharhinus acronotus
(with large ova in ovary), n = 4
Mean 823 87 414 15 261
SE 253 14 160 5 27
Range 381-1,364 56-119 48-780 10-25 211-333
Blacktip, Carcharhinus limbatus
(reproductively quiescent), n = 3
Mean 35 120 16 5 179
SE = 26 = — 46
Range nd-65 80-168 nd-26 nd-5 211-333
Reef, Carcharhinus perezi
(reproductively quiescent), n = 4
Mean 8 46 9 nd 79
SE 3 12 6 — 8
Range 2-12 10-65 3-22 = 68-103
Nurse, Ginglymostoma cirratum®, n = 1 169 193 19 nd 31
“Maturity is based on size (PCL) and other criteria such as calcification of claspers and condition of the ovaries per L. Compagno (1984).
See also text for other criteria.
*Tournament sample or recently dead animal.
‘nd = below the level of detectability by RIA method.

Immature female lemon sharks had higher T values than
either immature female tiger sharks or mature female
nurse, reef, sharpnose, and most blacktip sharks (Tables
1 and 4).

4. Corticosterone (CS)—CS concentrations of immature
female lemon sharks varied from 152 to 1084 pg/mL but

were within the range for mature female sharks of various
species.

B. Immature Male Sharks (Table 2)

1. 17-B Estradiol (E;)—Immature male, female and
mature male lemon sharks had similar E, levels.
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Table 2.
Serum steroid hormone levels in male sharks in pg/mL. E, = 17-f estradiol; P = progesterone; T = testosterone; DHT =
dihydrotestosterone; and CS = corticosterone.
Shark species E, P T DHT CS
Immature
Lemon, n =9
Mean 89 158 1,398 94 523
SE 35 24 545 41 87
Range 21-347 51-963 128-5,060 9-305 153-903
Tiger, n =3
Mean 17 695 3,665 896 1,065
SE 7 199 1,237 265 180
Range 9-30 324-1,005 1,756-5,980 400-1,279 837-1,420
Mature
Lemon*, n = 2 46 174 73,860 3,600 1,650
10 164 23,320 534 872
Sandbar shark, Carcharhinus plumbeus®, n = 1 20 712 73,290 3,920 1,647
Bull, n =2 9 1,176 2,737 156 1,069
25 4,006 357,540 168,880 3,896
Blacknose, n = 2 20 2,582 69,039 10,045 953
51 5,088 78,455 6,088 925
Reef, n =5
Mean 6 76 1,562 300 301
SE 2 36 447 170 58
Range 1-11 27-214 853-3,086 77-965 178-505
Blacktip, n =1 11 2,467 25,047 1,621 931
Sharpnose, 7 = 1 269 2,897 40,998 4,680 748
Great hammerhead®, n = 2 21 6,777 59,690 1,680 2,158
13 311 42,220 626 1,436
Scalloped hammerhead®, n = 1 18 3,638 40,360 9,120 1,657
Nurse’, n = 2 9 64 8,066 1,030 561
3 48 10,003 546 421
“Tournament samples.

Testosterone

(pg/mL)

Table 3.

Serum estradiol and testosterone in mature female sharks.
Estradiol
(pg/mL)

Shark species Range Mean

Range Mean

Group I 381-4499 pg/mL
Lemon 1030-2931 1777.6

Blacknose 381-1364 822.8
Hammerhead 635-1195 964
Lemon* 892
Sharpnose 1248-4499  2792.8
Group II 2-65 pg/mL

Blacktip 4-65 34.5
Reef 2-12 7.7
Nurse 169

“Lemon shark female, postpartum.

48-800 pg/mL

153-800 446
48-780 414
128-295 222
585
19-69 38.2
3-26 pg/mL
6-26 16
3-22 9.3
19

2. Progesterone (P)—P levels of immature male lemon
sharks were lower than those of immature females but
within the same range as mature male and female lemon
sharks.

P levels of immature male tiger sharks were several-fold
higher than those of immature females (Table 2).

3. Testosterone (T) and Dihydrotestosterone (DHT)—
An apparent species difference was observed in serum levels
of these two androgen hormones. The primary steroid hor-
mone of immature male lemon sharks was T; DHT values
were lower. However, tiger sharks had higher levels of both
T and DHT than immature lemon sharks: the ratio of
DHT/T was 1:15 for the lemon shark and 1:4 for the tiger
shark.

4. Corticosterone (CS)—CS levels of immature male
lemon sharks were somewhat lower than those of tiger

sharks.
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Table 4.
Comparison of mature female carcharhinids in various reproductive states in pg/mL. E, = 17-f estradiol; P = progesterone;
T = testosterone; DHT = dihydrotestosterone; and CS = corticosterone.

Shark species E, P T DHT CS

Females in active reproductive status
Sharpnose, n =5 (gravid)
No. of embryo (length)

“nd = below the level of detectability by RIA method.

3 pups (21 cm) 2072 53 39 9 104
4 pups (18 cm) 2474 79 48 28 970
1 pup (12.6 cm) 2497 53 19 nd* 234
2 pups (19.6 cm) 1248 180 25 nd 1327
6 eggs (ovary) 3967 14 29 nd 262
4499 128 69 nd 2060
Mean 2792.8 84.5 38.2 18 826.2
SE 506 24.9 7.5 315.5
Range 1248-4499 14-180 19-69 9-28 104-2060
Blacknose, n = 4 (ovary condition)
Several ova 381 56 48 nd 333
3 large ova 403 119 780 25 211
3 large ova 1364 100 559 10 228
Several ova 1143 71 269 10 271
Mean 822.8 86.5 414 15 260.8
SE 252.8 14.1 160 5.1 27.2
Range 381-1364 56-119 48-780 10-25 211-333
Lemon, n = 4
Nonmating 1030 118 153 82 221
Recent mating wounds 1382 154 246 148 240
Recent mating wounds 2921 138 800 111 456
Postpartum 892 216 585 128 1019
Females in nonreproductive status
Blacktip sharks, n = 3
No ova nd 168 6 nd 158
Early pregnancy 4 113 nd ) 114
No large ova 65 80 26 nd 266
Mean 34.5 120.3 16 5 179.3
SE 26.1 46.0
Range 4-65 80-168 6-26 114-266
6 large ova in ovary 370 4880 858 152 460
Nurse shark, n = 1 169 193 19 nd 31
Reef sharks, n = 4
no sizable ova in ovaries or 9 59 3 nd 74
embryos in uterus 12 48 3 nd 103
nd 65 22 nd 72
2 10 nd nd 68
Mean 7: 45.5 9.3 nd 79.3
SE 3.02 12.3 6.4 8.0
Range 2-12 10-65 3-22 68-103

C. Mature Male Sharks

Because mature male sharks were not commonly caught,
most data sets contain only 1-3 samples. Only two samples
were collected from mature male lemon sharks. However,
serum samples were obtained from males of 9 species of
carcharhinoid sharks.

1. Progesterone (P)—P levels of mature male lemon, reef,
and nurse sharks were relatively low compared to those
of mature bull, blacknose, blacktip, sharpnose, and ham-
merhead. In addition the latter 5 species demonstrated con-
currently high serum T and DHT levels (Table 2).

2. Testosterone (T)—T values were higher in male than
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in female sharks, ranging from 853 to 358,000 pg/mL.
However, T values of mature male reef and nurse sharks
were similar to the relatively low values recorded in im-
mature male lemon sharks.

T values of male lemon, bull, hammerhead, blacknose,
sandbar, blacktip, and sharpnose sharks ranged from 23 to
78.5 ng/mL, with the exception of one adult male bull shark
whose serum T levels exceeded 350 ng/mL. In the two
mature male lemon sharks, T levels averaged 49.0 ng/mL,
about 20-fold higher, than those of immature male lemon
sharks. Such high T concentrations were accompanied by
moderate CS and low P levels. The one bull shark with
unusually high T had only moderately elevated P levels,
similar to P levels in two of the hammerhead sharks.

3. Corticosterone (CS)—Compared to other sharks,
mature male bull, hammerhead, and sandbar sharks had
moderately high P and CS levels. In the one bull shark
with very high T, CS levels were also the highest. However,
the CS/T ratio of this shark was actually lower than that
of the male hammerhead sharks.

D. Mature Female Sharks

1. 17-3 Estradiol (E;) (Tables 1 and 3)—Based on
serum E; levels the mature carcharhinoid female sharks
can be sudivided into two groups: those with relatively low
E, levels between 2 and 65 vg/raL such as reef and most
blacktip; and those with higher E, levels (between 381 and
4499 pg/mL) such as lemon, blacknose, sharpnose, and
hammerheads. The samples from sharpnose, blacknose,
and lemon sharks were more complete and included serum
from several conspecifics. In addition, it was possible to
assess their reproductive condition based on external signs
of courtship or ripeness of their gonads. Thus samples were
obtained from female lemon sharks during active court-
ship as evidenced by fresh mating scars, from the sharp-
nose sharks during mid to late pregnancy, and from
blacknose sharks during the ovulatory period. Morpho-
logical data indicated two out of three female hammerheads
sampled had large ova in the ovary. In contrast, the ovaries
of the reef sharks were devoid of any large ova and the
oviducts were empty. The female blacktips showed little
evidence of reproductive activity with the noteworthy ex-
ception of a single mature female with fresh mating scars.
This female had a serum E, level of 370 pg/mL and had
unusually high P levels, exhibiting an unusual serum
steroid hormone profile (Tables 3 and 4).

a. Lemon—Mature female lemon sharks had elevated
E, levels relative to those of immature females. Inter-
mediate levels were noted for one subadult lemon shark
(Table 1). High E, levels were correlated with high T, but
P levels were not correlated with T or E, levels.

b. Sharpnose—E, levels in the mature sharpnose
sharks were comparable to those of mature lemons and

somewhat higher than those of the blacknose and the two
species of hammerhead. Both P and T levels were relatively
low (Table 4).

c. Blacknose—In mature female blacknose sharks E,
levels were lower than those of lemon and sharpnose, rang-
ing from 381 to 1364 pg/mL, but still relatively high com-
pared to those of blacktip and reef females. P levels were
relatvely low and T levels high (Table 4).

2. Testosterone (T) and Dihydrotestosterone (DHT)—
Mature female nurse, reef, sharpnose, and most blacktip
sharks had lower T levels than immature female lemon
sharks (Table 1 and Table 4) However, clevated T and
E, levels were observed in mature female lemon, black-
nose, hammerhead sharks, and one specimen of blacktip
shark (Tables 1, 3, ard 4). In reproductively active and
postpartum lemon sharks, T levels were several-fold greater
than those in immature female lemon sharks. The max-
imum values for serum T among mature female sharks
were 800 pg/mL in the courtship phase shark vs. 585
pg/mL for a lemon shark that had just given birth. Con-
current with relatively high E, levels in both species of
adult female hammerhead sharks, T values were also high
(Table 1).

Dihydrotestosterone levels were low and did not appear
to increase concurrently with T (Tables 1 and 4).

3. Progesterone (P)—=Serum P levels were generally low
in all species of mature female sharks, when compared to
mature males, immatures, and other vertebrates in general
(Tables 1 and 2).

Three exceptions to this generality were observed: One
reproductively active nurse shark had a relatively high pro-
gesterone level of 193 pg/mL (Table 1); one postpartum
lemon shark had slightly elevated P (216 pg/mL) (Table
1); and the third exception was the single reproductively
active female blacktip with extensive and recent mating
wounds. The serum P level of this shark was 40 times
higher (4,880 pg/mL) than that of any other female shark
we measured. Most noteworthy were the concomitant high
testosterone (858 pg/mL) and estradiol (370 pg/mL) levels.

4. Corticosterone (CS)—Several instances of simultane-
ous progesterone and corticosterone elevations were ob-
served among mature female sharks. In the twenty-five
female sharks studied, three had elevated CS: a postpartum
lemon shark, and two of the 6 sharpnose sharks (Table 1).

E. Mature Female Lemon Shark:
Chronically, Multiple-Sampled Animal

Table 5 lists the serum steroid hormone levels measured
in a wild mature female lemon shark briefly held in cap-
tivity and sampled over a period of six days. This shark
had recent mating scars and so was considered by us as
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Table 5.
Stress-related steroid serum hormone levels (pg/mL) in chronically sampled animals.
Estradiol Progesterone Testosterone Corticosterone
Mature female lemon shark
with fresh mating scars, n = 1
Day 1 2921 138 800 456
Day 2 2238 121 262 338
Day 3 806 70 78 207
Day 4 600 50 69 125
Day 5 809 70 88 130
Mature male nurse shark, n = 1

Day 1-AM 200 15,860 1036

PM 156 9,390 875
Day 2-AM 132 7,660 717

PM 110 7,250 723
Day 3-AM 74 5,220 598

PM 51 4,550 519
Day 4-AM 76 4,720 816

PM 22 3,640 471
Day 5-AM 34 3,360 540

reproductively active. A similarly captive mature male
nurse shark was also sampled. In both sharks all four serum
steroid hormone levels declined continuously over several
days until the fifth and last day when values began to rise
slightly in both animals.

Discussion

The purpose of this study was to measure serum levels of
circulating steroids in the placental sharks. To our knowl-
edge such measurements are currently unavailable. Because
our long-term goal is to understand the reproductive cycle
of the lemon shark, we tried to make our measurements
at a time when this species was actively courting and bear-
ing young. In addition, we took samples from immature
specimens to reveal any ontogenetic changes in amounts
of circulating steroids. Finally, we collected information
from a variety of placental carcharhinoids for comparative
purposes.

Throughout the study, we attempted to correlate steroid
levels with the reproductive state of the specimen. We used
morphological data such as size and state of ovaries and
testis, size and calification of claspers, and total length, as
well as external signs such as fresh mating scars to deter-
mine maturity. We also evaluated the oviducts and cloaca
for signs of pregnancy or copulation. Near term gravid fe-
males were easy to distinguish because of their expanded
abdomen. The result was a series of qualitative and quan-
titative observations leading to an estimation of the repro-
ductive condition of each specimen.

The hormonal levels were strictly quantitative, but owing
to the difficulty of capturing large numbers of mature

specimens of various species, we were required in some
cases to base our discussion on serum samples from a single
specimen. Therefore, we did not distinguish between indi-
vidual and species differences (except with immature
sharks), but rather reported ranges of hormone levels in
the eleven species investigated. Our results allow us to com-
pare ontogenetic changes, sex differences, and reproduc-
tive state differences among carcharhinoid sharks. How-
ever, the paucity of multiple data from individual animals
and the lack of seasonal data (our samples were taken only
in spring and fall 1987) preclude any discussion of indi-
vidual differences and only allow us to make suggestions,
but not definite conclusions, concerning the functioning
of the reproductive cycles.

We are aware that the measurement of steroid hormones
in the serum does not describe their biological functions,
but in our long-term, ongoing study of the Carcharhinoi-
dea, this measurement is a necessary first step to under-
standing hormonal roles in reproductive biology. We can
tentatively say that in female placental sharks both E; and
T appear to play a role in reproduction and that male
sharks generally have high serum T levels. Our data from
chronically sampled sharks suggest that short-term captivity
affects the physiological status of the animal, resulting in
reduced serum levels of reproductive hormones. The cor-
relation of hormone levels with reproductive conditions
leads us to believe that sophisticated cycles may be func-
tioning in the reproduction of the viviparous, placental
elasmobranchs.

E; in Female Carcharhinoid Sharks

The low but measurable estradiol levels in immature female
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lemon sharks, which increased with maturity, suggest that
this hormone plays a role in reproductive maturation and
may regulate reproductive cycles in adults.

The level of E, in mature female sharks may be related
to their reproductive condition. The sharks in the high
serum E, group were reproductively active, either ap-
proaching or in the breeding stage as indicated by several
lines of gross anatomical evidence (such as large, well-
rounded ovaries with mature or maturing ova), or in either
a differentiating or expecting uterine stage, or in a postpar-
tum state. The female sharks in the high E; group in-
cluded the lemon, hammmerhead, blacknose, and sharp-
nose sharks. Specifically, the lemon sharks were either in
a ripe ovarian or a postpartum stage, the hammerheads
were either in ripening or in ripe ovarian stage, the black-
noses had large ova in the ovary, and the sharpnoses had
formed embryos of about half-term. In contrast, female
blacktip and reef sharks with low estradiol appeared to be
in a quiescent sexual stage as suggested by lack of mating
scars, lack of pregnancy, and by varying sizes of ova in
the ovary.

Studies of the oviparous shark, Scyliorhinus canicula, re-
ported E, ranges from 5 to 40 ng/mL, with simultaneous
elevations of E, and T levels during periods of peak egg
laying (Sumpter and Dodd 1979; Jenkins and Dodd 1982).
Recently, Koob et al. (1986) reporting on the skate found
good correlation between 17-f estradiol levels and advanc-
ing follicular development. Our measured elevations in E,
during active reproduction suggest that similar events may
be occurring in the female carcharhinoid sharks.

T in Female Carcharhinoid Sharks

High testosterone levels were found concurrently with high
estradiol levels in reproductively active and postpartum
lemon sharks, blacknoses with large ovarian eggs, and 2
of 3 hammerheads. In contrast, gravid sharpnose sharks
had low serum T, although E, levels were high. These
observations lead us to believe that in placental sharks, T
may function in courtship, ovulation, and after parturi-
tion but may be of less importance during pregnancy.

Similar patterns with E; and T have been observed in
other elasmobranchs. In the oviparous shark, S. canicula,
E, varied from 5 to 40 ng/mL while plasma T was high
all year, varying from 1 to 8 ng/mL, with levels rising dur-
ing the peak egg-laying season (Jenkins and Dodd 1982).
The results of Koob et al. (1986) indicated that T, as well
as E,, are predominant steriods during the follicular stage
in the skate R. erinacea. Our data from a number of repro-
ductively active female carcharhinid sharks suggest a
similar pattern.

T elevations have also been observed among other lower
vertebrates such as the Atlantic salmon Salmo salar, where
T is higher in females than males (Stuart-Kreger et al.
1981). Similarily, in the red-sided garter snake Thamnophis

sirtalis parietalis, plasma T levels were significantly elevated
around the time of ovulation (Whittier et al. 1987). In these
cases, increased T apparently signalled ovulation. In the
blue cod, Parapercis colias, T has been demonstrated to be
a precusor of Ey. T levels were usually highest just prior
to final oocyte maturation (Pankhurst and Conroy 1987).

P in Female Carcharhinoid Sharks

High progesterone levels in the juvenile female lemon shark
may indicate a developmental role for this hormone. Com-
pared to other vertebrates, adult female carcharhinoid
sharks have low and stable levels of P. In placental mam-
mals progesterone is periodically elevated at times during
pregnancy. In Squalus acanthias, P levels remain high
throughout pregnancy until near-term and E, levels re-
main low during this period (Tsang and Callard 1984,
1988). The lack of P elevation in two small groups of gravid
placental carcharhinids sampled (i.e., the mid-term gravid
sharpnose sharks and one very late-term lemon shark) sug-
gests a basic difference in hormonal mechanisms of preg-
nancy between the requiem and dogfish sharks and be-
tween the placental sharks and higher mammals. In other
elasmobranchs the corpus luteum produces P (Klosterman
and Callard 1986). Determining the source and level of
P during the course of fetal development would help in our
understanding of the hormonal control of pregnancy in the
placental sharks.

Serum P levels were very high in one reproductively ac-
tive adult female blacktip shark. In this shark, P levels were
40 times higher (4,880 pg/mL) than those of any other
female shark and were correlated with high T and E,
levels. This preovulatory condition appears to be similar
to that described for the skate R. erinacea by Koob et al.
(1986) where plasma P peaked forty-eight hours prior to
ovulation and then dropped rapidly.

DHT in Female Carcharhinoid Sharks

In immature female lemon sharks we found serum DHT
concentrations even higher than T levels. This is remark-
able since in adult female lemon sharks DHT was lower
than T while in S. canicula DHT levels were neglible (Sump-
ter and Dodd 1979). This high ratio in immature female
lemon sharks is noteworthy because there are only a few
examples of high serum DHT:T ratios in vertebrates. One
example is the serum of the mature female dove (Streptopelia
risoria) during certain phases of the courtship cycle (Feder
et al. 1977).

E; and T in Male Carcharhinoid Sharks

Among immature male sharks, measurable E, and T
suggest that both hormones may be important in sexual
development. The presence of both hormones is not sur-
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prising because E, is formed by the aromatization of
androgens, often as a normal product of the testis, and in
the males of diverse species, such as stallions, boars, and
mudpuppies, makes up a large proportion of the total
testicular steroid secretion (Koob et al. 1986).

T in Male Carcharhinoid Sharks

Among mature male carcharhinoid sharks, several obser-
vations are noteworthy: Serum testosterone concentrations
had a four hundred-fold range, from 853 pg/mL to 358
ng/mL (358,000 pg/mL). These are wider ranges than
previously reported for other elasmobranchs (Idler and
Truscott 1966a; Jenkins and Dodd 1982). Even within a
single species (i.e., the reef shark), values ranged from 853
pg/mL to 3,100 pg/mL. The nurse and reef shark values
were less than 10 ng/mL (10,000 pg/mL). However, with
one exception, the rest of the species. all demonstrated T
levels between 23 and 70 ng/mL, values that are com-
parable to those reported for the skate, R. radiata (Idler and
Truscott 1967), and higher than those reported for the
lesser spotted dogfish, S. canicula (Jenkins and Dodd 1982).
The high T levels observed in mature male carcharhinoids
may have roles either in sexual behavior and reproductive
functions or in stress, as has been demonstrated in guinea
pigs (Sachser 1987). Another possibility (Callard et al.
1978) is that hormones in such high levels may not be acting
as hormones but rather as precursors for other unidentified
steroids such as estrogens.

The value of 358 ng/mL for T, which we measured in
one bull shark, is among the highest recorded in vertebrate
serum. In breeding male musk turtles, Sternotherus odoratus
(Mendonca 1987), male noctule bats, Nyetalus noctula
(Racey 1982), and Asian bull elephants, Elephas maximus
in the highly aggressive state of ‘‘musth’’ (Rasmussen
1988), the maximum measured serum concentrations were
68.5, 134, and 127.8 ng/mL, respectively. In male rhesus
monkeys, T plays a role in rank determination and affects
aggressive behavior (Rose et al. 1971). For comparison,
T levels in two teleosts include the breeding Fundulus
heteroclitus at 11.3 ng/mL (Cochran et al. 1987) and the
brown bullhead, Ictalurus nebulosus, 1.47-1.65 ng/mL
(Rosenblum et al. 1985).

Fletcher et al. (1969) suggested that high levels of T in
the skate Raja radiata were unrelated to aggressive behavior.
They demonstrated that high circulating levels of T in the
plasma of both male and female skates were the result of
a low metabolic clearance rate rather than high production.

P in Male Sharks

The source of high progesterone in immature males is
debatable. Potentially, as in other elasmobranchs, the testis
is one source and has previously been demonstrated to pro-
duce P, T, and E in vitro (Callard et al. 1981). However,

an assessment of any possible interrenal contribution
(Klesch and Sage 1973) would be of interest, especially
since in some individual sharks P and CS increase
concurrently.

The serum assayed in this study was from sharks col-
lected by several fishing techniques. We were concerned
about the varying and unmeasureable degrees of stress
and/or stimulation which occurred during catching and
sampling. Thus we measured CS as well as P levels to look
for correlations between apparent stress and hormone in-
crements. At times concurrent elevations or depressions
in serum concentrations of P and CS occurred; however,
no consistent pattern was apparent.

Serial Sampling of Serum from a
Wild Carcharhinid Shark

A unique aspect of this paper is that we report for the first
time the collection of serial samples from a reproductively
active, wild, carcharhinid shark held briefly in captivity.
Serum steroid levels from this and one other shark initial-
ly fell during confinement. We are now attempting to ob-
tain complete records thoroughout the breeding season and
the entire year on mature adult lemon sharks to help
separate out seasonal, species, and individual variation.
Our ongoing field work focuses on reproductively active
female sharks. We will look for cyclic changes reminiscent
of mammalian estrous cycles, such as concurrent elevations
in E and P, spikes in P levels, or simultaneous rises in E
and T levels. Important biological roles in maturation and
in cycling have been described for androgens in female
mammals (Givens 1978; Young Lai 1978) and in teleosts
(Pankhurst and Conroy 1987). Androgens may possibly
have similar functional roles in female carcharhinid sharks.
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ABSTRACT

Growth curves for elasmobranchs have generally been derived from age estimates based upon
opaque and translucent bands in calcified structures such as vertebrae and fin spines. In the past,
few studies have attemptcd to determine the temporal periodicity of band deposition. The various
methods used to estimate age and verify the periodicity of growth zones in elasmobranchs in-
clude 1) back calculation and calculation of growth model parameters (neither of which strictly
qualifies as verification); 2) size frequency analysis; 3) centrum or spine edge dimensions,
histological characteristics, and/or elemental microanalysis; 4) radiometric dating; 5) laboratory
growth studies; 6) tag recapture results from the field; and 7) tetracycline marking in both laboratory
and field studies. Since the last (1986) review, there have been at least 42 studies initiated, 19
of which are in progress and 23 of which are published, addressing age verification in 39 species
of elasmobranchs. To date, six species have such poorly calcified vertebrae that no existing
methodology is useful for age determination. One species has calcified structures which do not
exhibit predictable growth zones. Another 39 species studied have partially verified growth zones
in their calcified structures. There are sufficient data to validate the growth zones in only six
species. The use of multiple techniques in recent studies is promising, and should be encouraged
in future studies. It will still be important in future growth studies to stress the physiological
aspects of calcium dynamics and regulation.

Age and Growth

Introduction

Holden (1974) proposed that elasmobranchs had life
histories which would make them particularly susceptible
to overfishing. He listed von Bertalanffy growth model
parameters for several species that had been studied using
techniques available to that date. More recently, increas-
ing fisheries for elasmobranchs have stimulated more
biologists to study aspects of their life histories, including
age, growth, and reproduction.

In most cases, Holden’s (1974) growth parameters were
predicted by indirect evidence, including body size at con-
ception and birth, length of the gestation period, and max-
imum observed body size. In a few cases, however, he had
information on age and growth which was estimated from
growth zones (also called bands or rings; see Cailliet et al.
1983, 1986a) in calcified structures such as spines and
vertebral centra. But, there still remained the problem of
demonstrating that these growth zones were deposited
annually.

Since then, additional techniques have been developed
to facilitate the counting of opaque and translucent zones

(Cailliet et al. 1983). However, as pointed out in the most
recent review (Cailliet et al. 1986a), few elasmobranch
growth studies had evaluated the temporal periodicity of
band or ring deposition in spines and vertebral centra. This
lack of information was apparently typical of many fish age
and growth studies to that date and had hampered fishery
scientists from obtaining an accurate and clear understand-
ing of the growth processes that these zones represented
(Beamish and McFarlane 1983). '

Several authors have attempted to define the process by
which growth zone deposition in fishes can be evaluated
(Brothers 1983; Jearld 1983; Wilson et al. 1983). The term
““verification’’ is defined in most dictionaries as the process
of ascertaining the truth, while ‘‘validation’’ is proving
something to be soundly founded on fact, and thus true.
Cailliet et al. (1986a) proposed to redefine verification as
“‘a process of evaluating an assumption, which can only
be validated when that process is complete.”” With respect
to age determination, verification can be more specifically
defined as the process of confirming an age estimate by
comparison with other indeterminate methods. Cailliet
et al. (1986a) further defined age validation as ‘‘the con-
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clusion, after sufficiently testing hypotheses about the tem-
poral periodicity of band deposition, that bands counted
are deposited predictably.’’ Validation therefore requires
proving the accuracy of an age estimate by comparison with
a determinate method, and this procedure must be com-
pleted for all age classes available, to strictly follow the re-
quirements outlined by Beamish and McFarlane (1983).

Cailliet et al. (1986a) then organized verification pro-
cedures into four general categories, which included seven
specific methods: 1) analysis of growth model parameters
derived from band counts, including back calculation
(neither of which strictly qualifies as verification); 2) size
frequency analysis; 3) centrum or spine edge dimension,
histological characteristic, and/or elemental composition
analysis; 4) radiometric dating; 5) laboratory growth
studies; 6) tag-recapture growth from the field; and 7)
tetracycline marking in both laboratory and field studies.

It is the objective of this paper to update the 1986 review
and include new or previously overlooked studies that have
attempted to verify and/or validate the timing of growth
zone deposition in elasmobranch calcified structures. In
reviewing these recent studies, I will characterize the ap-
proaches and combinations of approaches that various
authors have taken to achieve the ultimate objective of age
validation. Finally, I will tabulate those taxa for which age
and growth studies have been unverified, verified, or
validated.

Verification and Validation Studies

Back Calculation and Growth Model Parameters

When no other verification procedures are possible, one
can use growth model parameters, such as those derived
from the von Bertalanffy growth equation (Holden 1974),
as a qualitative evaluation of how well a calculated curve
fits known size information, such as length at birth and
maximum observed length. However, this growth equa-
tion provides only rough comparative values and does not
serve as a true test of the annual periodicity of band for-
mation. Also, as pointed out by Pratt (1990), accurate
predictions of life history parameters using Holden’s (1974)
method seldom are accurate. Nevertheless, this approach
has been recently used for Triakis semifasciata (Kusher 1987;
Kusher et al., In prep.), Mustelus henle: and M. californicus
(Yudin 1987; Yudin and Cailliet 1990), and Myliobatis
californica (Martin and Cailliet 1988). In all three cases,
growth parameter information was used in conjunction
with other evidence.

Growth curves can also be developed from back-
calculated estimates of size at previous ages, which are in
turn derived from measurements of the zones of calcified
structures from larger (and presumably older) individuals.
When these back-calculated curves are compared with
those from other methods, they provide only a check on

the growth model used, and are actually more useful for
providing data on sizes of missing age classes and for
evaluating changes in size at age over past time periods.

This technique has been popular in 11 recent studies of
rajiform, myliobatidiform, and carcharhiniform elasmo-
branchs. Back-calculated growth curves were presented by
Ryland and Ajayi (1984) for three species of skates (Raja
clavata, R. microocellata, and R. montagur), Martin and
Cailliet (1988) for Myliobat:s californica, and Tanaka (1987)
for Dasyatis garouensis. Back calculations were used by Yudin
(1987) and Yudin and Cailliet (1990) on Mustelus henle; and
M. californicus; Schwartz (1984) on Carcharhinus acronotus;
Killam (1987) and Killam and Parsons (In press) on C.
limbatus; and Branstetter (1987a,b,c), Branstetter et al.
(1987), and Branstetter and Stiles (1987) on a combina-
tion of carchariniform sharks, including C. brevipinna, C.
Salciformis, C. leucas, C. limbatus, Galeocerdo cuvieri, Rhizo-
prionodon terraenovae, and Sphyrna lewini. In most of these
cases, back calculation was used in conjunction with other
techniques.

Size Frequency Analysis

Despite the difficulties associated with using size frequen-
cy analysis, it is often possible, especially with smaller,
younger size classes, to trace modes of sizes over time and
to compare the rates derived from this procedure with
growth curves generated by another method. This ap-
proach has been recently used successfully for age verifica-
tion by Brander and Palmer (1985) on Raja clavata; Smith
and Merriner (1987) on Rhinoptera bonasus; Martin and
Cailliet (1988) on Myliobatis californica; Kusher (1987) and
Kusher et al. (In prep.) on young Triakis semifasciata,
Tanaka (Faculty of Mar. Sci. and Tech., Tokai Univ.,
Japan, pers. commun., 1986) on Lamna ditropis; Tanaka
(1984), Skomal (1987) and Skomal et al. (1988) on Prionace
glauca; and Killam (1987) and Killam and Parsons (In
press) on Carcharhinus limbatus. Saiko and Yoshimura (1985)
and Yoshimura and Kawasaki (1985) plotted the size of
embryonic Carcharhinus longimanus and young C. falciformis,
respectively, but did not compare the size modes with the
growth curves they developed from vertebral centrum band
counts. Natanson and Cailliet (In press) were not successful
using commercial catch data in discerning size modes for
Squatina californica off Santa Barbara, California.

Centrum Edge Analysis

One useful and fairly direct verification technique is to
monitor the width and density of the centrum edge over
time in many different individuals and to discern changes
which might be seasonal. This approach includes categoriz-
ing the edge as translucent or opaque (Wilson et al. 1983),
measuring and/or grading band widths, and analyzing the
actual levels of calcium and phosphorus at the edge using
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x-ray or electron microprobe spectrometry (Cailliet and
Radtke 1987). There have been 17 recent studies using cen-
trum edge analysis on rays and sharks. For rays, this tech-
nique was used by Lessa (1982) on Rhinobatos horkelii; Rous-
souw (1984) on R. annulatus; Martin and Cailliet (1988)
on Mpyliobatis californica; Schmid (1987) on Dasyatis sabina;
and Tanaka (1987) on D. garouensis. For sharks, it was used
by Kusher (1987) and Kusher et al. (In prep.) on Triakis
semifasciata; Yudin (1987) and Yudin and Cailliet (1990)
on Mustelus henlei and M. californicus; Killam (1987) and
Killam and Parsons (In press) on Carcharhinus limbatus;
Tanaka (pers. commun.) on Lamna ditropis; Tanaka (1984),
Skomal (1987), and Skomal et al. (1988) on Prionace glauca;
and Branstetter (1987a,c), Branstetter et al. (1987), and
Branstetter and Stiles (1987) on a combination of car-
chariniform sharks, including Carcharhinus brevipinna, C.
leucas, C. falciformis, C. limbatus, Galeocerdo cuvieri, Rhizopri-
onodon terraenovae, and Sphyrna lewini. Centrum edge analysis
was also used on Sphyrna lewini in Taiwan by Chen and
Lo (1988). Natanson and Cailliet (In press) could not detect
any seasonal periodicity in centrum edge characteristics
using histology of centra from Squatina californica.

The microanalysis of calcium and phosphorus across a
vertebral centrum or at its edge has only been used once
since this technique was introduced and tested for elasmo-
branchs by Cailliet et al. (1986a) and Cailliet and Radtke
(1987). Carrier and Radtke (1988) have used electron
microprobe analyses on recaptured nurse sharks, Gingly-
mostoma cirratum, which had been injected with tetracycline.

Radiometric Dating

This technique uses relative radioactivity levels of naturally
occurring isotopes from different parts of a vertebral cen-
trum to estimate age. It was not completely successful when
attempted for four species off California (Welden et al.
1987). Radiometric age estimates for Carcharodon carcharias
and Squatina californica roughly agreed with those from other
age determination studies. However, for Triakis semifasciata
and Alopias vulpinus, radiometric age estimates were too
variable and could not be used for verification. This was
most likely due to violation of the two inherent assump-
tions of this technique: constant incorporation of the radio-
nuclide being measured, and no loss or gain except by
radioactive decay. It appears that elasmobranchs may
resorb or remodel their calcified structures and thus violate
these assumptions. Perhaps for these reasons, and the
technical, time-consuming, and expensive methodology,
no other attempt at applying the radiometric dating tech-
nique has been made on elasmobranch fishes.

Laboratory Growth Studies

The use of this approach for age verification has increased
since the Cailliet et al. (1986a) review. There have been

six new or previously undiscovered studies which used cap-
tive growth information to predict natural growth in the
field. McLaughlin and O’Gower (1971) had used this
technique on Heterodontus galeatus. Laboratory growth
studies since the 1986 review include Yoshimura and
Kawasaki (1985) on small Carcharhinus falciformis; Branstet-
ter (1987a,b) on C. limbatus, C. plumbeus, and Rhizoprionodon
terraenovae; Parsons (1987) on Sphyrna tiburo; Taylor and
Wisner (1990) on Carcharhinus melanopterus; and Van Dyk-
huizen and Nygren (1987) on Notorhynchus cepedianus.

Field Growth Studies

The difficulty of recapturing tagged elasmobranchs, which
have been at large a sufficient amount of time for signifi-
cant growth to have occurred, has most likely prevented
this approach toward age verification from being very pro-
ductive. In two situations, however, localized populations
of Ginglymostoma cirratum (Carrier 1987) and Dasyatis sabina
(Schmid 1988) were tagged and the information available
upon recapture was effectively used to verify growth rates.
Also, the extensive shark tagging program on the east coast
has produced some useful tag-recapture information on
Prionace glauca (Skomal 1987; Skomal et al. 1988).

Laboratory and Field Growth
with Tetracycline

According to Beamish and McFarlane (1983), the combina-
tion of known growth with tetracycline injection is essen-
tial to any age validation study. This approach provides
somatic growth information along with a discrete mark in
the calcified structure, which enables a direct comparison
of growth zone deposition with time at liberty (Smith 1984).
The direct nature of this approach has made it popular,
despite the problems associated with laboratory growth and
the low probability of recapturing organisms that have been
in the wild a sufficient amount of time. Selection of dosages
of tetracycline for use in such studies has been evaluated
by McFarlane and Beamish (1987a).

Since the Cailliet et al. (1986a) review, there have been
five laboratory studies in which tetracycline was used as
a marker to discern growth zone formation, subsequent
to tetracycline injection, on individuals which had either
been sacrificed or which had died naturally in captivity.
Brown and Gruber (1986) reported growth rates and band
deposition patterns for Negaprion brevirostris grown under
laboratory conditions. Branstetter (1987b) provided growth
information for neonate Rhizoprionodon terraenovae, Car-
charhinus plumbeus, and C. limbatus grown under laboratory
conditions. Cailliet et al. (1986b) opportunistically studied
growth of whale sharks, Rhincodon typus, which had been
kept in captivity in the Okinawa Expo Aquarium. One of
these had been fed food laced with tetracycline several
times, over more than a year’s period. The preliminary
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results of this study indicated that R. typus deposits one pair
of growth zones per year in captivity. Luer and Cailliet
(In prep.) are presently studying laboratory reared Raja
eglanteria, half of which were injected with tetracycline and
the other half not. Natanson and Cailliet (In press) main-
tained three Squatina californica juveniles for up to one year
in laboratory conditions and found that bands were
deposited in their vertebral centra as a result of somatic
growth rather than as a result of any predictable seasonal,
annual, or other temporal phenomena.

Six additional field studies have been initiated or pub-
lished in which tetracycline was used as a marker to discern
and verify growth zone formation. In these studies, in-
dividuals were recaptured after a sufficient period of time
to detect growth. Three of these studies (Beamish and
McFarlane 1985; Tucker 1985; McFarlane and Beamish
1987b) validated annual deposition of growth zones in spine
sections of the spiny dogfish, Squalus acanthias. These studies
were on individuals of multiple size classes and over many
years at liberty. Parsons (1987) combined tag-recapture
and tetracycline to document growth in centra of Rhizo-
prionodon terraenovae in Florida. Kusher et al. (In prep.)
received information on growth from Triakis semifasciata
which had been tagged, injected with tetracycline, released,
and set at large off central California for 1 to 7 + years.
Skomal et al. (1988) used a similar approach in studying
Prionace glauca field growth in the western Atlantic. Natan-
son and Cailliet (In press) studied centra from six field-
tagged, recaptured Squatina californica, and found vari-
able growth rates, tetracycline uptake, and subsequent
band deposition patterns. None of the results on Squatina
californica supported the annual band pair deposition
hypothesis.

Present Status of Verification
and Validation Studies

Species with Poorly Calcified Structures

The vertebral centra of at least six species have been deter-
mined to be too poorly calcified to provide useful growth
information (Cailliet et al. 1983). These represent either
relatively primitive families or species which inhabit deep
water and include Notorhynchus cepedianus, Hexanchus griseus,
Echinorhinus cookei, Somniosus pacificus, Apristurus brunneus, and
Parmaturus xaniurus. It is not known for sure what causes
this lack of calcification. It might be due to the primitive
systematic position of the groups or a secondary adapta-
tion to the deep sea environment, which is dark, cold,
perhaps low in calcium, and food-poor. A more com-
prehensive survey of these families and of deep-dwelling
elasmobranchs from normally shallow-dwelling families
is necessary to better understand the reasons for poor
calcification.

Species with Well Calcified Structures:
Age Not Verified

No matter what technique is followed, one species (Squatina
californica) remains an enigma (Natanson and Cailliet, In
press). They are born with 6 to 7 bands in their vertebral
centra, growth curves based on size and band counts are
atypical, centrum edge histology and size frequency anal-
ysis are inconclusive, and both laboratory grown and field-
tagged, tetracyline-injected returns provide no reasonable
periodic basis for band deposition. This species may deposit
calcified zones in its vertebrae only when somatic growth
is occurring rapidly. It would be interesting to see what
growth characteristics are typical of other species of this
genus.

Species with Well Calcified Structures:
Age Partially Verified

From this study and past reviews of the literature (Cailliet
et al. 1983, 1986a), a total of 39 species of elasmobranchs
have had one or more verification studies performed using
calcified structures (Table 1). This includes seven species
of skates in the family Rajidae, six species of rays in the
families Dasyatididae, Myliobatididae, and Rhinobatidae,
and 25 species of sharks, including members of the families
Squalidae, Heterodontidae, Gingylmostomatidae, Rhin-
codontidae, Alopiidae, Cetorhinidae, Lamnidae, Triaki-
dae, Carcharhinidae, and Sphyrnidae.

All indications are that analysis of the growth zone for-
mation in calcified structures of these species will eventually
conform to the hypothesis that they have an annually
formed pair of opaque and translucent bands. Because in
most cases, this prediction is based upon only one or two
corroborating studies, this hypothesis will have to be
seriously tested for these and the other numerous species
of elasmobranchs worldwide, using a combination of ap-
proaches. Size frequency analysis and centrum edge
analysis have been used on most species, while laboratory
and field growth, calcium microanalysis, and radiometric
dating have been less commonly applied.

Species with Well Calcified Structures:
Age Validated

To date, the temporal periodicity of calcified growth zones
has been validated for only six species of elasmobranch
(Table 2). Perhaps the best studied species are those which
used several approaches on Negaprion brevirostris (Gruber
and Stout 1983; Brown and Gruber 1986; Pike and Gruber
1988), Rhizoprionodon terraenovae (Branstetter 1987b; Parsons
1985), and Triakis semifasciata (Smith 1984; Kusher 1987,
Kusher et al., In prep.). Their methods include size fre-
quency analysis, centrum edge analysis, and both labora-
tory and field growth using tag-recapture techniques and
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and this paper.

Table 1.
Elasmobranch species with age and growth partially verified. Information based on references cited in Cailliet et al. (1986a)
X indicates verification; (X) indicates an ongoing, unpublished, or incomplete verification study.

Verification technique

Centrum
edge analysis

Size frequency

Species analysis

Lab

growth

Field
growth

Calcium
microanalysis

Back
calculation

Radiometric
dating

Notorhynchus cepedianus
Gingylostoma cirratum
Rhincodon typus
Heterodontus galeatus
Alopias vulpinus
Carcharodon carcharias
Isurus oxyrinchus
Lamna ditropis

L. nasus

X) X)

Fale]

Galeorhinus australis
Mustelus californicus
M. henler

M. manazo

oo X

Carcharhinus acronotus
C. amblyrhynchos

C. brevipinna

C. falciformis

C. galapagensis

C. leucas

C. limbatus

C. longimanus

C. melanopterus

C. obscurus

e

et

X)
X)

Prionace glauca
Galeocerdo cuvieri
Sphyrna lewini

S. tiburo

Dasyatis garouensis
D. sabina

e

>

Mpyliobatis californica
Rhinobatos annulatus
R. horkelii
Rhinoptera bonasus
Raja brachyura

. eglanteria

. erinacea

Susca

. microocellata
. montagui
39 species

PO K KK X

~
~

SRR
Eele]

12 spp. 19 spp.

(X)

X)
X

X)

X)

(X)

9 spp.

X) X)

X)
X)

KX

e
bl

X)

10 spp. 2 spp. 3 spp. 16 spp.

tetracycline marks for N. brevirostris and R. terraenovae, and
all of these approaches except laboratory growth for 7.
semifasciata. Evidence also supports annual deposition of
growth zones in vertebral centra of Raja clavata (Ryland
and Ajayi 1984; Brander and Palmer 1985), Carcharhinus
plumbeus (Casey et al. 1985; Branstetter 1987b), and Squalus
acanthias (Beamish and McFarlane 1985; Tucker 1985;
McFarlane and Beamish 1987).

Discussion

It is obvious from an analysis of the literature reported here
that recent researchers have been heeding Beamish and
McFarlane’s (1983) warning by using multiple methods
(e.g., Pratt and Casey 1983) and attempting marking
studies both in the laboratory and field. Of the 42 studies
on 39 total elasmobranch species initiated since the 1986
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Table 2.
Elasmobranch species with age and growth validated. X indicates verification; (X) indicates ongoing unpublished or incomplete
verification study.

Verification technique

OTC Field (anilfor) Lab Centrum Size
Species mark growth growth edge frequency Information based on
Negaprion brevirostris X X X Gruber and Stout 1983
Brown and Gruber 1986
Pike and Gruber 1988
Triakis semifasciata X X X X Smith 1984
Kusher 1987
Kusher et al, In prep.
Squalus acanthias X X X X Tucker 1984
Beamish and McFarlane 1985
‘McFarlane and Beamish 1986
Raja clavata X X (X) X Ryland and Ajyi 1984
Brander and Palmer 1985
Rhizoprionodon terraenovae X X X X X Branstetter 1987b
Parsons 1985
Carcharhinus plumbeus X (X) X X Casey et al. 1985

Branstetter 1987b

review (either in progress (19) or published (23)), 12 have
used more than one verification technique on a total of 18
different species. The most common combination of tech-
niques was back calculation and centrum edge analysis,
used in six studies on nine species. This was followed by
centrum edge analysis and size frequency analysis (4 and
4, respectively), and back calculation, centrum edge
analysis, and size frequency analysis (2 and 2).

Single techniques were also used quite commonly. There
were six laboratory growth studies, covering six species of
elasmobranchs, followed by laboratory growth with tetra-
cycline, and field growth with tetracycline, both of which
were represented by four studies and four species. Back
calculation alone was used in three studies on five species,
while size frequency analysis and centrum edge analysis
were used alone in two studies on two species each. The
other techniques were used less frequently, usually in only
one study.

At the end of the previous review (Cailliet et al. 1986a),
recommendations were made for future directions that
elasmobranch age and growth studies should take. Nothing
has changed since then to radically modify these state-
ments. Rather, there is now even more evidence that
species, and even families, differ in their calcium deposi-
tion patterns and that the role of endocrine systems in
calcium regulation needs to be investigated in much more
depth in elasmobranchs, as it is now being actively in-
vestigated in bony fishes (Mugiya 1987). Knowledge of
calcium metabolism and regulation will help us understand
the interplay between ecological and physiological factors
and how they sculpt the features of calcified structures,

which may reflect the age and growth patterns of elasmo-
branch fishes.

The relatively large body of literature resulting from
studies only in the past few years indicates that there is
a great interest in this aspect of the life histories of elas-
mobranchs. We can only hope that this interest continues
and that future investigators maintain the trend toward
using multiple techniques to verify and ultimately validate
their age and growth estimates for the myriad of elasmo-
branchs still not studied or poorly understood.
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ABSTRACT

Vertebral centra from Mustelus manazo, collected off Nagasaki in southern Japan and from Choshi
in the north, were used in a cross-exchange and comparative reading study among three laboratories
(two in Japan and one in the United States) to determine if real differences occurred in the growth
rates of these two populations. Generally, band counts were similar among techniques and
laboratories, but the counts of the U.S. researchers were slightly higher owing to differences in
interpretation and criteria of growth zones. Because of relatively low precision and percent agree-
ment, and relatively high variability in size at age, the growth characteristics of the two popula-
tions of M. manazo cannot be distinguished statistically. The size-at-age estimates were identical
within sex and between populations. But the von Bertalanffy growth function did not fit the data
well and produced artificially high L_, (asymptotic length) estimates in the initial studies, thus
suggesting that growth in the two populations was different. A similar exchange of centra from
two California species (Mustelus henlei and M. californicus) produced relatively high precision and
percentage agreements, and low error between techniques and laboratories. The interpretation
of calcified (opaque) and less calcified (translucent) zones was verified by a comparison between
the Japanese sectioned and haematoxylin-stained vertebral centra and those x-radiographed in
California. Growth characteristics of the two California species of Mustelus studied were similar
to those of the Japanese species, with M. californicus reaching slightly higher L _ values than
M. manazo or M. henle:.

Introduction

The genus Mustelus (Family Triakidae), commonly called
smoothhounds, has at least 20 species worldwide which are
abundant in both temperate and tropical nearshore habitats
(Compagno 1984). Off Japan, one of the most common
species is Mustelus manazo, which is distributed in the
western North Pacific from Hokkaido, Japan south to the

western Indian Ocean. They are born at about 30 cm total
length, TL, and reach a maximum TL of about 117 cm
(Compagno 1984).

Two studies on the age and growth of Mustelus manazo
off Japan produced theoretical growth curves which sug-
gested that the southern populations, near Nagasaki (Tana-
ka and Mizue 1979), grow faster but do not reach as large
an asymptotic length as those in the waters off northern
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Japan, near Choshi (Taniuchi et al. 1983). Both of these
studies used growth bands from vertebral centra as inter-
preted from the sectioned and haematoxylin-stained sec-
tions of 400 and 256 specimens, respectively.

Growth in elasmobranch fishes has often been described
by the von Bertalanffy growth equation using a variety of
techniques to fit a curve to the observed data (see Cailliet
et al. 1983a; Cailliet et al. 1986a,b for reviews). However,
the curves that result from such mathematically derived
parameters often hide important details on the real variance
in the data.

Several sources of this variance can be identified. One
is preparation technique. Elasmobranch vertebral centra
can be studied whole, sectioned, stained, cleared with
various chemicals, x-rayed, or by using a combination of
these procedures (Cailliet et al. 1983a). Another source of
variance is reader accuracy and precision. If only one
reader inteprets the number of bands in the calcified struc-
ture being used, personal variation may arise in repeated
counts of the structure and can make assigning a band
number difficult. In other cases, inter-reader differences
in band counts could result from variation in band inter-
pretation. Sample size and sample biases are a third source
of variation. Often, the largest and/or the smallest size
classes are unavailable, one sex is more abundant in the
study site, or seasonal variation in the collection of speci-
mens biases the fit of the model to the data.

A fourth source is individual fish variation. Models tend
to produce simple curves which are presumed to adequately
represent the ‘‘typical’’ growth of a species. However, in-
dividuals vary a great deal, presumably as a result of
genetic growth abilities, type and abundance of food,
energy conversion efficiencies, and environmental factors.
Thus, the lack of fit of a growth model might be explained
by this individual variation.

Before we can definitely state that the two populations
of Mustelus manazo have different growth characteristics
(Taniuchi et al. 1983; Tanaka 1984), these possible sources
of variation need to be investigated. One way to approach
this question is to assess the precision and error inherent
in multiple readings of the calcified structures used in age
analysis (Beamish and Fournier 1981; Chang 1982). The
original papers used data derived from counts by individual
readers within one institution, and no assessment of varia-
tion was attempted.

Most authors have assumed that there will be variation
in size at estimated age and that this could be expressed
by vertical error bars in a growth curve (Fig. 1a). However,
few authors have considered the impact on a growth curve
of high error and low precision associated with counts and
interpretations of growth zones in calcified structures. For
example, for a fish age 3, a 6% error would result in a
difference of 0.18 years in the age at size determined by
age analysis (Fig. 1b). In addition, this error is age-specific.
For example, if the age was estimated to be higher, say

10 years, and there was a 20% error, this could cause the
age estimate to be off by 2 years (Fig. 1c). Whereas, at
age 3, a 20% error could result in a discrepancy of 0.6
years, which is 20% of the actual age estimate (Fig. 1d).
Thus, it is important that both types of error be considered
when comparing growth curves.

Another potential source of error, which could serious-
ly influence statements that growth characteristics differed
between species, populations, or sexes, is how well the
model being employed to characterize growth fits the data.
For example, in a study of the age and growth of three
pelagic shark species off California, Cailliet et al. (1983b)
concluded that the von Bertalanffy growth model adequate-
ly characterized the growth of Alopias vulpinus and Prionace
glauca, but not Isurus oxyrinchus. This disparity was most
likely due to small and biased samples of the last species,
but it could very well be that I. oxyrinchus populations do
not grow according to this growth model.

The purpose of this study was to evaluate these sources
of variation relative to the perceived differences in growth
between the two populations of Mustelus manazo. The ap-
proach involved a cross-population, cross-reader compari-
son, between U.S. and Japanese collaborators, of the band
counts from centrum sections.

In addition, vertebral centra of M. californicus and M.
henle: that had been previously used for an age and growth
study using X-radiography (Yudin 1987; Yudin and
Cailliet 1990), were sent to Japan for haematoxylin stain-
ing to compare band counts between the U.S. and Japanese
collaborators using the two methods. Finally, a comparison
was made among growth parameters estimated for other
species of Mustelus (Francis 1981; Yudin 1987; Yudin and
Cailliet 1990) using other techniques.

Materials and Methods

Thirty sectioned vertebral centra of Mustelus manazo from
both sexes and locations were selected from samples that
were used in the two original studies (Tanaka and Mizue
1979; Taniuchi et al. 1983), resulting in a total of 120 sec-
tions. The size range from which sections were taken was
similar for both populations, with total lengths ranging
from 680 to 800 mm (Fig. 2). However, there were fewer
of the larger (>740 mm TL) specimens available from the
Nagasaki sample. The overall size ranges were similar to
those reported in the original studies, but were somewhat
narrower than the 300-1100 mm overall size range reported
for the species by Compagno (1984). Band counts on the
120 sections were compared within and between labora-
tories. Details of the preparation, sectioning, and haemo-
toxylin staining methods are available in the original
papers.

The 60 samples from each of the two populations were
read by S. Tanaka at Tokai University, Japan, and by
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Figure 1.
Diagram demonstrating how variation in the sizes at age and percent error of age estimates can influence growth
curves of fishes: (a) a typical growth curve showing mean total lengths (TL) and their standard deviations (SD)
at each age; (b) the influence at age 3 of individual variation in size at age (vertical bars = 1 SD) and a 6%
error (D) of the age estimate; (c) the influence at age 10 of a 20% error on the age estimate; and (d) the influence

at age 3 of a 20% error on the age estimate.

G. Calilliet and K. Yudin at Moss Landing Marine Labor-
atories (MLML). Precision of age determinations was
assessed within MLML counts, and between Japanese
counts and a consensus was reached by MLML readers.
A consensus was reached when at least two of three read-
ings were identical, or in rare cases by using the median
of three counts.

Three measures of precision were calculated. The first
was average percent error (A.P.E.), which measures the
average deviation of readings from the means of all
readings of each section (Beamish and Fournier 1981). The
second was percent error (D), an alternate index of pre-

cision proposed by Chang (1982), which is calculated by °

dividing the coefficient of variation (V) of readings by the
square root of the number of times each fish is aged (R),
then multiplying this figure by 100. Chang (1982) felt this
was a better precision estimator because it is unbiased and
consistent over all samples. The third was to calculate the

percentage of the readings that agreed by +1, 2, 3, etc.
bands among all counts for the particular sample in ques-
tion. These were also presented graphically as a histo-
gram of the percent agreement. For each sex and location,
the number of centra available for analysis (n) was 30,
but the number of counts (N) used in the precision anal-
ysis was not always the same. In most cases, when the
counts of three readers were compared, N would be 90.
In a few cases, when there were some unreadable centra,
the n or N was not exactly 30, and therefore N was not
exactly 90.

Age estimates taken from the original Japanese band
counts were then plotted against total length and presented
as means and 95% confidence intervals. Growth was
plotted separately for both sexes and locations. Thus,
potential sexual differences in growth would not interfere
with the ability to distinguish inter-populational differences.
The range of percent error (D) values calculated from
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Figure 2.
Size-frequency histograms showing the samples used
in the comparative age analysis of male and female
Mustelus manazo from Nagasaki and Choshi.

790 800

inter-reader comparisons was noted on these growth curves
so that potential error, in estimated years, could be
assessed.

The von Bertalanffy growth function (VBGF) was fitted
to all of the original Japanese size and age estimate data
using a program for IBM personal computers called
FISHPARM (Prager et al. 1987). This program imple-
ments Marquardt’s (1963) algorithm for nonlinear least
squares parameter estimation, which allows the parameters
of the equation to be estimated without transforming the
data into a linear form. It also minimizes the sum of
squared errors through an iterative procedure and allows
standard errors and 95% confidence intervals to be
calculated for each of the three VBGF parameters (L,
K, and tj).

The precision estimates, growth plots, and VBGF
parameters were then used to evaluate whether the previ-
ously perceived differences in growth rates of the two
populations of Mustelus manazo were real.

Vertebral centra from the two California species
(Mustelus henler and M. californicus) were sent to S. Tanaka
at Tokai University for sectioning and staining with haema-
toxylin and band counting, to see if preparation technique
or reader variability might influence the age estimates. In
addition, stained and x-rayed centra from the same in-
dividuals of these two species were directly compared to
see if the bands that were darkly stained with haematox-
ylin corresponded to the more highly calcified (opaque) or
less highly calcified (translucent) bands in x-rays.

Results

Precision of band counts was relatively high for the
Nagasaki sections of 4-6 year old sharks (Fig. 3). Counts
made within MLML had percent errors (D) of 8.9% and
8.6% for males and females, respectively. In addition, the
counts were within *2 bands more than 93% of the
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Figure 3.

Precision of age determination of male and female Mustelus manazo from Nagasaki. Histograms represent the difference (as the per-
centage of paired band counts differing by 0, 1, 2, etc. years) between readers within MLML and between Japan and MLML readers.
The proportions of counts which agreed within a certain number of band counts are listed under ‘‘percent agreement,’’ while D, S,
and APE represent Beamish and Fournier (1981) and Chang’s (1982) ‘‘percent error,’’ its standard deviation, and ‘‘average percent
error,’’ respectively. The letter n represents the number of samples (centra) aged during this study, while N is the number of com-
parative readings of those centra.
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Figure 4.

Precision of age determination of male and female Mustelus manazo from Choshi. Details as explained in Figure 3.

time. The Japanese versus MLML counts also had relative-
ly good precision, with D values of 6.9% and 8.3% for
males and females, respectively, and more than 93% of
the counts agreed within * 2 bands.

Similarly, the Choshi samples had consistent precision
age estimates (Fig. 4). Counts by MLML readers had
relatively low percent errors, with D values of 8.5% and
6.8% for males and females, respectively. However, only
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Growth plots for male Mustelus manazo from Choshi (open box) and Nagasaki (closed line) expressed as mean
size at age estimate (band counts), with vertical bars representing 95% confidence intervals of the mean,
and n being the sample size at each age for each location. At TLs between 680 and 800 mm, age estimates
ranged between 4 and 6 years, and percent errors (D) are presented from this study.

88.1% of the counts were within + 2 bands for males, while
98.8% of females were within + 2 bands. The Japanese
versus MLML counts were less precise, with D values of
9.9% and 12.7% for males and females, respectively. In
this case, 96.6% of the male counts agreed within = 2
bands, but only 83.3% of the female counts had that level
of agreement.

The growth plots for males did not appear to be different
between the Nagasaki (n = 184) and Choshi (n = 118)
samples (Fig. 5). Mean total lengths and 95% confidence
intervals for the two populations overlapped in all but the
first age classes. Very broad confidence intervals were evi-
dent for two ages (6 and 8), primarily owing to low sam-
ple sizes. Percent errors (D) ranged from 6.9 to 9.9, which,
in sharks estimated at 4 to 6 years old, translates to an error
of between 0.28 to 0.59 years.

The growth plots for the 216 Nagasaki and 138 Choshi
females likewise did not appear to be different between the
two populations (Fig. 6). Mean total lengths and 95% con-
fidence intervals overlapped at most ages, with nonoverlap-
ping occurring only at ages 2, 3, and 5. Broad confidence
intervals only occurred at age 9, where the sample size was
very small. The range of percent error values from 8.5 to

12.7% superimposed on the plot for females translates to
an error of between 0.34 and 0.76 years.

The VBGF parameters calculated in this study using the
original Japanese count data were somewhat different from
those originally published (Table 1), probably owing to the
use of FISHPARM. They still suggest, however, that
Mustelus manazo from Choshi grow slower but reach a larger
asymptotic length than those from Nagasaki. Growth coef-
ficients (K) for both males and females from Nagasaki were
higher (0.22 and 0.20) than those from Choshi (0.10 and
0.07) and their confidence intervals were narrow. The
asymptotic length of males from Choshi (L = 1334 mm)
appeared to be considerably higher than that from
Nagasaki (L., = 846 mm), but their confidence intervals
overlapped, indicating that they were not different. Like-
wise, Choshi females (L = 1765 mm) appeared to get
larger than Nagasaki females (L, = 998.7 mm) but their
confidence intervals also overlapped.

Tanaka’s band counts on vertebral centra of the two
California species of Mustelus that were sectioned and
stained with haematoxylin were virtually identical to those
obtained by Yudin (1987) and Yudin and Cailliet (1990)
on centra from the same individuals that had been x-rayed.
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Growth plots for female Mustelus manazo from Choshi and Nagasaki. Details as explained in Figure 5.

Table 1.
Comparative von Bertalanffy growth parameters among three Mustelus species from Japan and Califor-
nia. The Choshi and Nagasaki parameters in parentheses were those originally published, while those
without parentheses were calculated in this study from the same data (Tanaka and Mizue 1979; Taniuchi
et al. 1983). The parameters for Mustelus henle: and M. californicus are from Yudin (1987) and Yudin
and Cailliet (1990). 95% confidence intervals (C.I.) are given to the immediate right of each VBGF
growth parameter.
Von Bertalanffy growth parameters
L, L K C.L t ClL n
Mustelus manazo
Choshi
Males 1334 472.4 0.10 0.01 -3.42 1.72 118
(1043) — (0.19) —_ (-2.00) — ’
Females 1765 709.6 0.07 0.04 -3.29 1.33 138
(771) — (0.03) — (-4.77) — .
Nagasaki
Males 846 146.9 0.22 0.02 -3.69 2.32 184
(714) = (0.70) = (-0.73) — "
Females 999 110.7 0.20 0.01 -2.88 1.15 216
(886) — (0.38) — (-1.13) - .
Mustelus henlei
Males 861 195 0.28 0.20 -1.09 0.93 15
Females 976 68 0.23 0.06 -1.38 0.69 56
Moustelus californicus
Males 1018 185 0.35 0.18 -1.00 0.42 27
Females 1424 165 0.22 0.06 -1.03 0.30 31
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Figure 7.
Comparison of growth zones of sections of Mustelus henlet and M. californicus vertebral centra which have been
(a) stained with haemotoxylin and (b) x-radiographed. Note that the dark zones in the stained section are the
same as those which are calcified (white) in the x-radiographs of both species.
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The darkly haematoxylin-stained bands in sections pre-
pared by Tanaka are those bands that appear highly
calcified (white) in x-radiographs by Yudin (1987) and
Yudin and Cailliet (1990) (Fig. 7). Thus, these two tech-
niques produced identical results.

The VBGF parameters for Mustelus manazo were com-
parable to those of the two California species (Table 1).
The asymptotic lengths of all three species were relatively
small, with the L_, values of 846-1765 mm TL for Mustelus
manazo being between those of 861-976 mm TL for Mustelus
henlei and 1018-1424 mm TL for Mustelus californicus. In
all three species, and in those studied by Francis (1981),
females appear to grow larger than males, although the dif-
ference may not be statistically significant in all cases.

Discussion

The apparent differences in VBGF growth parameters be-
tween the two Japanese populations of Mustelus manazo
(Tanaka 1984) are not significant when reader precision,
analysis of mean size at age, and goodness-of-fit are con-
sidered. For the size range studied, percent error values
were relatively low, ranging from 6.9% to 12.7%, and
agreements within * 2 years occurred in over 93 % of the
readings (Figs. 3, 4). This translates into a potential error,
for 4 to 6 year olds, of between 0.28 and 0.76 years, which
would not seriously influence mean size-at-age data (Figs.
5, 6), nor the growth coefficients, asymptotic lengths, or
longevity estimates.

However, the poor goodness-of-fit of the VBGF to the
data was probably the major problem in interpreting the
characteristic growth of the two populations of this species.
The confidence intervals calculated indicate that the L,
values are not very good estimates (Table 1). In addition,
a critical look at the shape of the empirical plots in Figures
5 and 6 would suggest that these are not shaped like the
typical von Bertalanffy growth curves, but rather are linear.
Further, the influence of several of the data points for older
individuals, which suffer from small sample size as well,
results in high estimates of the asymptotes and their respec-
tive confidence intervals, especially for Choshi sharks (Figs.
3, 6; Table 1). Thus, the VBGF might not be the appro-
priate model to use for the growth of this species; it cer-
tainly provides variable and often misleading parameters.

When studying possible inter-population or inter-specific
differences in growth, several additional considerations are
necessary. First, one must consider sample sizes and biases.
In this case, the sample sizes were quite large and the biases
were unavoidable in that there were (as is typical) too few
very small and very large individuals.

Second, the same or equivalent techniques of prepara-
tion and readings should be used. In this case, all samples
were sectioned and stained with haematoxylin, and these
inter-technique comparisons produced comparable results.

Third, reader accuracy and precision must be con-
sidered. In this case, owing to the relatively short longev-
ity of this species and the good readability of growth zones,
precision was acceptable.

Fourth, individual variation should be taken into con-
sideration. Empirical size-at-age data, such as those pre-
sented in Figures 5 and 6, allow for individual variation
to be expressed, while curve fitting does not.

Fifth, if one is going to use a growth model, such as the
VBGF, the goodness-of-fit must be considered. The linear
fits initially used (Tanaka and Mizue 1979; Taniuchi et al.
1983; Tanaka 1984) produced very different VBGF param-
eters from the nonlinear, curve-fitting program
(FISHPARM,; Prager et al. 1987) used in this study. In
addition, standard errors and confidence intervals can be
calculated using these nonlinear techniques, and these
provide sufficient statistical information to place a certain
confidence around the growth parameters produced. If the
confidence interval is high, then the goodness-of-fit would
be low, and the model is probably inappropriate.

Finally, some verification of the temporal periodicity
with which the growth bands are deposited is essential if
one is to accurately assess the meaning of the band counts
(Cailliet et al. 1986b). The ideal approach is to have known
growth and band deposition, which is possible with tetra-
cycline marking and tag-recapture growth estimates, as was
accomplished by Smith (1984) for Triakis semifasciata.

This study provides ample evidence that inter-population
comparisons of the Japanese smoothhound, Mustelus
manazo, cannot legitimately be made without considering
all of the above factors. Indeed, the major reason for the
false perception that these two populations had different
growth rates was an acceptance of VBGF parameters,
without a critical look at the actual data. This should be
avoided at all costs in future studies on the growth of fishes.
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ABSTRACT

We have used a cross-exchange, dual method, and comparative reading approach to deter-
mine if apparent differences in growth curves and von Bertalanffy growth parameters from two
areas in the Pacific are due to population (i.e., genetic and/or environmental) characteristics,
methodologies, sampling, or the statistics used to characterize growth. Vertebrae were collected
from blue sharks, Prionace glauca, off California and Japan in previous studies (Cailliet et al. 1983b;
Tanaka 1984). Two techniques, silver nitrate staining and sectioning of vertebral centra, were
used in age determination. Results varied considerably among readers and shark sizes. Some
of the differences in growth between populations could have been due to the methodology used,
the interpretation of growth zones, and the goodness-of-fit of von Bertalanffy growth function
(VBGF) to the data. Population and environmental effects cannot be confidently used to account
for the suggested differences in growth curves among these populations of blue sharks. Real dif-
ferences, if they exist, are obscured by variability due to methods, interpretation, and statistical fit.

Introduction

The blue shark, Prionace glauca, is a cosmopolitan pelagic,
wide-ranging carcharhinid which occurs in temperate and
tropical waters, with peak abundances between lat. 20° and
50°N (Compagno 1984). It is reported to have notable
seasonal movement patterns, with abundances increasing
in high latitudes in the summer and in low latitudes in the
winter (Suda 1953; Strasburg 1958; Compagno 1984;
Nakano et al. 1985).

Owing to its abundance, relatively accessible epipelagic
habits, and fishery potential (Colvocoresses and Musick
1980; Cailliet and Bedford 1983; Tanaka 1984; Anderson
et al. 1985; Holts 1988), the life history of the blue shark
has been the subject of many studies (reviewed by Com-
pagno 1984). The age and growth of blue sharks have been
studied in three geographically distinct regions, the North
Atlantic (Stevens 1975; Skomal et al. 1988; Skomal 1989),
the northeast Pacific (Cailliet et al. 1983b), and the north-

west Pacific (Tanaka 1984). Aasen’s (1966) length-at-age
data derived from length frequencies were fit to the von
Bertalanffy growth function (VBGF) by Stevens (1975),
but the specific sampling location in the North Atlantic was
not reported.

Results of these papers on age and growth of blue
sharks suggest that VBGF parameters differ among loca-
tions (Table 1). This implies that the growth characteristics
of each population are influenced by different genetic
and/or environmental parameters. However, growth that
is described using the VBGF can often overlook impor-
tant details which result from variance in the data. Sources
of this variance include preparation technique, reader
accuracy and precision, sample size, sample biases, and
individual variation in size at age (see Cailliet et al. 1990,
for additional discussion). These sources of variance can
cause a serious problem when fitting a growth model
that might not accurately characterize the growth of a
species.
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Table 1.
Von Bertalanffy growth parameters from five samples of Prionace glauca from four different locations. Numbers in parentheses
for Skomal’s (1989) data are standard errors, while those for Tanaka’s (1988) data represent 95% confidence intervals calculated
using FISHPARM (Prager et al. 1987). F, M, and B refer to females, males, and both sexes combined. Total lengths are
expressed in cm. The VBGF model was fit to Aasen’s (1966) length-at-age and size frequency data by Stevens (1975). The VBGF
parameters from Skomal (1989) were converted from fork length to total length, according to conversions in Pratt (1979), and
were calculated from length/frequency analysis.

Authors Location Sex L, K & n
Aasen 1966 N. Atlantic *B 394 0.13 -0.80 268
Stevens 1975 N.E. Atlantic B 423 0.11 -1.04 82
Cailliet et al. 1983b N.E. Pacific F 242 0.25 -0.80 88
M 295 0.18 -1.13 38
Skomal 1989 N. Atlantic F 375 0.15 -0.87 93
(6.9) (0.008) (0.10)
*F 350 0.10 -1.47 2515
M 343 0.16 -0.89 212
(1.0) (0.002) (0.03)
*M 375 0.16 -0.86 4029
Tanaka’s 1984 data N.W. Pacific F 304 0.16 -1.01 152
(this study) (62.2) (0.07) (0.61)
M 369 0.10 -1.38 43
(137.1) (0.07) (0.93)

To determine whether different populations of blue
sharks have different growth characteristics (Tanaka 1984),
these sources of variation need to be investigated. One way
to approach this question is to assess precision and error
in multiple readings of the calcified structures used in age
analysis (Beamish and Fournier 1981; Chang 1982). The
potential for lack of precision or high error to confound
a growth curve is explained in detail by Cailliet et al.
(1990).

To further investigate the differences in VBGF param-
eters for blue sharks from two of the four geographic
regions, we used a cross-exchange, dual method, and com-
parative reading approach to assess whether sampling,
sample preparation methodologies, reader precision and
error, and/or model fitting might cause problems that
would prevent inter-population comparisons from being
significant.

Materials and Methods

For the comparative ageing part of this study, we used
vertebral centra from female blue sharks taken in the
western Pacific off Japan (Tanaka 1984) and in the eastern
Pacific off California (Cailliet and Bedford 1983; Cailliet
et al. 1983b). We chose samples from 20 ‘‘small’’ (<155
cm TL) and 20 “‘“medium’’ (155-215 cm TL) blue sharks
from Japan and from 15 ‘““medium’’ and 15 “‘large’’ (>215
cm TL) blue sharks from California waters. Centra from
both locations were sectioned and stained with haematox-

ylin by the senior author at Tokai University, and were
prepared whole at Moss Landing Marine Laboratories
(MLML), using a modified silver nitrate staining technique
(Cailliet et al. 1983a,b).

The stained sections and centra were exchanged between
the Japan and California laboratories and readings were
compared. Whole centra were read only by MLML per-
sonnel, since the stained bands did not last over time very
well. The stained sections were read by both Japanese
(Tanaka) and MLML (Cailliet and Yudin) readers. In
some cases, there was sufficient variation among readings
of the same centrum that a consensus, defined as two or
more readings that were identical, had to be reached. Cen-
tra were classified as unreadable if a consensus could not
be reached.

The precision of age determinations was assessed for
each of the three size classes (small and medium from
Japan; medium and large from California) within locations
and techniques, and between locations and techniques
using average percent error (Beamish and Fournier 1981),
percent error (Chang 1982), and percent agreement (see
Cailliet et al. 1990, for details on the equations involved,
and Table 2 for an outline of comparisons made). These
techniques allowed us to evaluate errors in age estimation,
which should prove useful in comparing growth curves
between species or populations which used different readers
and techniques.

Age estimates (both sexes combined) from the original
Japanese blue shark counts by Tanaka (1984, pers. data)
and the California blue shark counts by Cailliet et al.
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Figure 1.
Size-frequency histograms of the samples used in the comparative age analysis of female Prionace glauca from Japan
(Tanaka data for small and medium sharks), and from California (MLML data for medium and large sharks).

Total lengths (TL) are in cm.

(1983b) were plotted against total length, presented as
means and 95% confidence intervals on the same graph,
and compared. The range of percent error (D) values
calculated from inter-reader and inter-technique com-
parisons were noted for the three size classes on these
growth curves so that potential error, in estimated years,
could be assessed.

Male and female data from Japan were separated and
size-at-age data, also presented as means and confidence
intervals, were plotted. Separate data for males and females
were unavailable for the California population. The same
range of percent error values were plotted for the three size
classes on this curve.

The von Bertalanffy growth function (VBGF) was fitted
to the original Japanese size and age estimates using a pro-
gram for IBM personal computers called FISHPARM
(Prager et al. 1987). This program implements Mar-
quardt’s algorithm for nonlinear least squares parameter
estimation (see Cailliet et al. 1990, for further discussion
of this technique). This kind of reanalysis was not under-
taken for the data sets of Aasen (1966), Stevens (1975),
or Cailliet et al. (1983b), primarily because of small, biased
samples and lack of precision estimates. Skomal (1989)
calculated standard errors around his VBGF parameters.
The precision estimates, growth plots, and VBGF param-

eters were then used to evaluate whether or not obvious
observable differences in growth rates of the two popula-
tions of Prionace glauca could be detected.

The size range of blue sharks from which sections were
taken was different for both locations, with total lengths
ranging from 110 to 200 cm TL (small and medium) for
the Japanese sample, and from 156 to 280 cm TL (medium
and large) for the California sample (Fig. 1). In the Califor-
nia sample, very large (>250 cm TL) individuals were rare.
The overall size range of our sample is much narrower than
that presented for blue sharks (Compagno 1984), which
is between 35 and 44 cm at birth and 383 ¢cm TL, the
largest individual measured. However, our sample prob-
ably represents the commonly occurring sizes of blue sharks
being studied in the Pacific regions.

Results

For the Japanese samples, the precision of band counts was
consistently high for whole centra analyzed by MLML per-
sonnel (Fig. 2; Table 2). Counts made within MLML had
relatively low percent errors, with D being 6.1% for both
small and medium sharks, and close to 100 percent agree-
ment within *2 counts.
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Tanaka vertebrae: within MLML readings
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E 1 N Figure 2.
I 1 2 Precision of age determination among
P 2 6 MLML readers of female Prionace glauca
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< 112 ERwo] ————————1 4p from Japan (Tanaka whole vertebrae).
% 4 P 5 Histograms r‘epf’esent the diffe'rence (as
o 0 . = the number ‘““N’’ and % of paired band
o counts) between readers within MLML
g 0 9 readings. The proportions of counts
o 20 4 which agreed within a certain number of
-5 band counts are listed under ‘‘percent
D=6.1% PERCENT AGREEMENT D=6.1% PERCENT AGREEMENT agreement.’’ The symbols D, §, and n
S=9.6 +1=90% S=4.8 +1=90% represent Chang’s (1982) ‘‘percent er-
N=20 +2=95% N=20 +2=100% ror,”’ its standard deviation, and number
of centra (sample size), respectively.
Table 2.

MLML samples.

Summary of age precision analysis for Prionace glauca taken off Japan (‘‘Tanaka Samples’’, com-
prising centra from 20 ‘‘small”’ and 20 ‘““medium’’ blue sharks) and off California (‘““MLML
Samples’’, comprising centra from 15 ‘‘medium’’ and 15 ‘‘large’’ blue sharks). Within each of
these sample locations, percent errors (D) were calculated for age estimates of various combina-
tions of whole and sectioned vertebral centra. Ages were determined by one Japanese (Tanaka)
and two MLML (Cailliet, Yudin) readers, who are listed in parentheses. Size designations and
the term ‘‘consensus’’ are defined in the text. No inter-reader comparisons were made of whole

Sizes
Blue shark centra Small Medium Large
Tanaka samples
Whole centra only (MLML readers) 6.1% 6.1% —
Sectioned centra only
(Japanese vs. MLML readers) 14.4% 24.5% =
(MLML readers) 17.2% 7.9% =
Whole and sectioned centra
a. Sectioned only (Japanese vs. MLML readers) 14.4% 21.9% —_
b. Whole vs. sectioned (MLML vs. consensus) 8.2% 7.9% —
MLML samples
Sectioned centra only (Japanese vs. MLML readers) — 5.1% 4.0%
Whole and sectioned centra
a. Whole vs. sectioned (MLML readers) — 10.5% 3.9%
b. Whole vs. sectioned (MLML vs. Japanese readers) — 6.4% 7.3%

The precision analysis was not as consistent for sectioned
centra from Japan (Fig. 3, Table 2). For small specimens,
counts made within MLML had a percent error value of
17.2%, and 83.3% of the readings agreed within *2
counts and 94.4% within +3 (Fig. 3a). For medium

specimens, the percent error was lower (D = 7.9%) but
percent agreement was the same (Fig. 3b). Comparison
of Japanese and MLML readings indicated relatively poor
precision. For small specimens, D was 14.4%, but 94.4%
of the counts were within * 2 counts (Fig. 3a). For medium
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1+3=67.6% consensus readings, for (a) small and (b)
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medium specimens. Details as explained
for Figure 2.

specimens, percent error was quite high (D = 24.5%), and
percent agreement low, with only 83.2% of the counts
within + 4 (Fig. 3b). MLML readings were consistently
higher than Japanese readings of stained sections.

For the sample used to compare the sectioned vs. whole
vertebrae, the precision of band counts from the Japanese
blue sharks within sectioned samples of medium sizes was
poorer than for small sizes, but whole vs. sectioned counts

were more precise (Fig. 4; Table 2). The percent error
within sectioned samples for small sharks was high
(D =14.4%) but 94.4% of the counts were within +2
counts (Fig. 4a). The medium shark sections were more
difficult to read, with a percent error of 21.9% and only
89.5% of the counts within + 4 counts. Whole vs. sectioned
counts were more precise, with D values between 7.9 and
8.2% and with high percent agreement values (Fig. 4b).
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Prionace glauca: Pprecision of Age Determination
Tanaka samples:
whole (MLML counts) vs. sectioned (Japan and MLML counts)

A) Within sectioned samples
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in (b). Other details as explained for
Figure 2.

For the California samples, the precision within sec-
tioned samples was less for medium shark centra than for
large sharks (Fig. 5, Table 2). MLML counts on sections
from medium sized sharks were consistently higher than
Japanese counts, but the errors were only 5.1% and agree-
ment was 100% within + 2 years (Fig. 5a). For sections
from large sharks, percent error was even lower (D =
4.0%) and percent agreement was 100 % within + 1 count
(Fig. 5b).

Whole centra produced counts in both medium and large
blue sharks which were consistently lower than sectioned

centra, whether read by Japanese or MLML personnel
(Fig. 5, Table 2). For medium sharks, D was 6.4% and
percent agreement 93.3% within +2 counts for inter-
technique, inter-laboratory comparisons; D was 10.5%,
with only 83.3% agreement within # 3 years using only
MLML readers (Fig. 5a). Results were more variable for
large sharks (Fig. 5b), with percent error values of 7.3%
and 3.9% and percent agreements of 100% within + 2
and 92.9% within +1 for inter-laboratory and within
MLML readings, respectively. In one case, section read-
ings produced 7 more bands than did whole vertebrae.
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Prionace glauca: Precision of age determination MLML samples: sections vs. whole vertebrae
A) "Medium" Specimens (155-215 cm TL)
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Figure 5.

Precision of age determination of female Prionace glauca from California. Sectioned age estimates are compared between Japanese
and MLML counts, while whole vs. sectioned comparisons are between MLML versus Japanese counts and within MLML counts

for (a) medium and (b) large specimens. Other details as explained for Figure 2.

Size-at-age data for combined sexes of blue sharks from

Japan and California produced very similar curves (Fig.
6). The mean total lengths and 95% confidence intervals
overlapped at all ages where sufficient comparable size data
existed. For small blue sharks, which were estimated to

be between 2 and 4 years old, D values ranged from 6.1
to 17.2%, which translates to age error estimates between
0.12 and 0.52 years. Medium sharks were estimated to be
between 4 and 7 years old, and the relatively higher<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>