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FOREWORD

Recruitment fishery oceanography can be defined as the study
of the effects of environmental variability on year class strength, or
recruitment, in populations of marine organisms, especially those of
commercial importance. Such studies are concerned with the factors
that determine the continuing productivity of living resources under
environmental and fishing stress, As such they have important implica-
tions for fishery management, They are also of great scientific interest.
For example, the biotic consequences in the ocean of large-scale
climatic change  " global change"! are probably best revealed in popula-
tion trends of commercial fish stocks.

Studies of recruitment fishery oceanography are inherently
interdisciplinary, involving as they must knowledge of meteorology,
fishery science, and physical, chemical, and biological oceanography.
Many of the elements of the mechanics of interaction are available, but
only recently have there been serious attempts to assemble them in a
rational way.

To accelerate work on the synthesis of ideas, as well as to
coinmunicate current thought to scientists at the University of Wash-
ington and elsewhere, the Sea Grant Seminar Series on Recruitment
Fishery Oceanography was established in 1985, with Dr. Michael
Sinclair delivering the first lectures in December of that year. His
lectures are published here as the first volume in the Washington Sea
Grant monograph series, Books in Recruitment Fishery Oceanogra-
phy.

Warren S. Wooster

Institute for Marine Studies

University of Washington
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PREFACE

The stimulation to present at this particular time some thoughts
on population regulation from a general rather than a restricted scope
was generated by an invitation from Warren S, Wooster, of the In-
stitute of Marine Studies at the University of Washington, to give a
series of lectures on the population biology of Atlantic herring, Given
the academic setting for the lectures, I decided to broaden the scope
beyond the stock assessment framework within which much of my
research has been conducted and to consider the marine fisheries

population biology literature in relation to the more fundamental
ecological literature. In essence, the aim has been to evaluate the
relevance of the stock assessment findings on commercially exploited
marine species to the more general question of the regulation of animal
abundance. Much of the joint work done with colleagues on herring,
which is already in the primary literature, has been summarized. This
has been done both because the request for the lectures was based on
the herring papers and because the generalizations drawn for Atlantic
herring form the basis of the concepts on population regulation that are
further developed here, This essay predominantly advocates a par-
ticular point of view and thus may be criticized for giving less attention
to alternative models,

Most of the ideas in this essay are the result of joint work with
my colleague and friend, T. Derrick Iles. His generous exchange of
ideas and insights has been critical to the development of my present
interests in population biology. His contribution, due to our collab-
orative ongoing research, is fully and gratefully acknowledged. Sharon
LeBlanc contributed enormously by rapid and accurate treatment of
the onerous job of processing and editing a growing and continuously
changing manuscript, The library staff of the Halifax Fisheries Re-
search Laboratory, in particular Lynne Cook, were most helpful in
arranging loans of books and papers that are not available locally. It has
been a delight working with both Alma Johnson, the editor, and
Patricia Peyton, the communications manager of the Washington Sea



Grant Program. The editorial contribution is gratefully acknowledged.
The illustrations were drawn by Gail Jeffery, and translations of parts of
several key references in German were written by Elizabeth Hill,
Earlier drafts of the manuscript were critically reviewed by K. 8anse,
J. F. Caddy, M. Dadswell, R. W. Elner, A, Fleminger, T. D. Iles,
S. Kaartvedt, S. Kerr, A, Koslow, A. I.onghurst, A. D, MacCall,
P, Pepin, H. Stephenson, R. Strathmann, M. J. Tremblay, and
S. Wilson. I thank them for their help and note that there are substan-
tive points of disagreement in some subject areas.

This essay is dedicated to the marine fisheries researchers of the
first fifty years of the development of this discipline  from about 1880 to
1930!, who laid such a fine groundwork for the subsequent conservation
and management of fisheries � in particular D. Damas  a Frenchman!,
T, W. Fulton  a Scot!, F. Heincke  a German!, J. Hjort  a Norwegian!,
and J. Schmidt  a Dane!. Much of their research was done within the
framework of the International Council for the Exploration of the Sea
 ICE S!, There is a tendency from a near perspective to lose sight of the
substantive increases in understanding of population biology that have
been generated by practical stock assessment research and to ernpha-
size the shortcomings of management initiatives. From a historical
perspective, however, the contribution of fisheries research to both
rational management and marine ecology is most impressive.

Finally, I wish to thank W, S. Wooster, the past president of
ICES, for his invitation to present, and subsequently publish, this
essay based on the series of lectures. The text follows closely the
lectures which were presented in December 19%.
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THE POPULATION REGULATION QUESTION

In some ecological studies, the term population simply ineans
all those animals or plants of a particular species within a chosen study
area  such as a population of barnacles, Batam~s batanoides, colonizing
rock surfaces on the shore in the Firth of Clyde, Scotland, as studied by
Connell [1961]!, In such studies the population under examination is
not assuined to be a self-reproducing unit, The population may be an
abstraction rather than a natural unit, i.e., an abstraction of the ecolo-
gist for the particular questions being posed.

In other field studies the same term, sometimes lengthened to
local population, defines a different concept, that of a self-sustaining
component of a particular species. The geographical distribution of the
population in this latter sense can be defined without reference to an
ecological question. To the degree that the population is accurately
delineated, it is clearly a real phenomenon of nature rather than an
ecologist's abstraction.

Throughout this essay it is the latter concept of a population that
is explored. In sexually reproducing animals  which are tho focus of this
perspective!, the abundance of indivicluals in a population represents
the size of the shared gene pool  the effective population size in
population genetics!. Links from ecological studies to systematics and
evolutionary studies are facilitated when the second definition is em-
ployed. These are the populations implicit in the biological species
concept � "groups of actually or potentially interbreeding natural pop-
ulations, which are reproductively isolated from other such groups"
 Mayr 1942, p. 120! � and the Rasserikreis of Rensch �929!.

The characteristic of absolute abundance of animal populations
has received surprisingly short shrift in the ecological literature even
though an understanding of abundance is critical to flanking disciplines
such as population genetics and evolutionary biology. Dobzhansky
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�937!, using poputation as adopted in this essay, states  p. 138!, "It is
no exaggeration to say that the conclusions which eventually may be
reached on the dynamics of the evolutionary process will depend in no
small degree on the information bearing on the problem of the popula-
tion numbers." Notwithstanding a rich literature on population regula-
tion and its central role in mathematical population genetics and
evolutionary theory, an understanding of the control of abundance has
not materialized. Slobodkin �972!, in a stimulating paper commem-
orating G. E. Hutchinson's research contribution, argues that abun-
dance, like heat, is a globally extensive variable that, unlike tem-
perature, cannot be measured by the individuals within a population.
Thus, abundance, unlike density  the number of individuals per unit
area or volume!, cannot be internally regulated,

The study of the control of local density of individuals was a
major focus within animal ecology from the 1930s to the 1960s. There
were two well-defined camps and the debate between them was
heated, even acrimonious at times. Their fundamental disagreement
involved the importance of the inverse effect of density in determining
the amount and direction of change in the numbers of organisms in a
given study area  Slobodkin et al. 1967!. The central issue was whether
density-independent factors alone could control the average numbers
and the variance observed. The debate dissipated without settlement
in the early 1970s and is no longer a topical area in ecology, Stearns's
�982! assessment, in a review of progress in evolutionary ecology in the
twenty-five years after 1956, is perhaps generally accepted  p. 635!:

The most controversial outstanding ecological problem of 1956
was whether natural populations were controlled primarily by
abiotic factors like temperature and moisture that operated
independently of the density of the aHected population, or
whether they were regulated primarily by biotic factors like
competition and predation whose impact depended on density
and generated negative feedback. This controversy subsidecl
without any clear resolution..., in the sense that few would
now be willing to argue that we understand what generally
regulates natural populations,

In this essay we argue, as do Ehrlich and Birch �967! and
Ehrlich and Murphy �981!, that the failure to convincingly resolve the
question of what controls density fluctuations was at least partially due
to the lack of a satisfactory hypothesis accounting for the existence of



geographical population patterns themselves. Why are some species
composed of many populations  such as the checkerspot bu.tterfly,
Fuphydras editha! and others of only a few  such as the satyrnine
butterfly, Erebia episodea!  Birch 1970, pp. 117 � 118!'? Why does the
yellow-bellied sea snake, Pelamis sp., comprise a single broadly dis-
tributed population of high abundance  Kropach 1975!, whereas the
beaked sea snake  Fnhydrina schistosa! is represented by nuinerous
populations of low abundance  Voris 1985!t This characteristic of spe-
cies  the number of populations! is called population richness in the
essay.

The above examples of differences in numbers of populations
within a species are chosen, not because they are exceptional, but
because they are reported in recent ecological literature. The evidence
is massive that population richness varies between species and that a
geographic population pattern is a characteristic of most animal species
 the earlier research results are summarized by Mayr [1942, chap. 6]
and Bensch [1959, chap. 3]!. The research was predominantly carried
out by systematists and has not been sufficiently incorporated into the
modern ecological literature, These exhaustive surveys of the complex
population patterns within the overall distributional limits of a species
helped to define the biological species concept. Also, the geographical
distributional evidence from what Mayr �982a, p. 1130! has called
"population systematics" was a critical contribution to the evolutionary
synthesis itself  Mayr 1982b!.  The term "evolutionary synthesis" is
used as Mayr and Provine [1980I use it, to identify the synthetic
literature on evolutionary biology from the 1930s to the 1950s. The
other term in common usage to identify this body of literature is
"modern synthesis."!

Paradoxically, even though the patterns of populations were
exhaustively described by systematists, there has been no general
theory developed by ecologists to account for species-specific dif-
ferences in population richness, Without a plausible interpretation of
the processes generating the patterns in populations it may have been
premature to attempt to resolve the question of the control of absolute
abundance of a particular population. Essentially, the research ques-
tion may not have been sufFiciently split into its component parts to
permit successful resolution.
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Four components of the general question of population regula-
tion can usefully be defined:
1, What determines the differences between species in population

richness?
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2. Why are the component populations of a particular species dis-
tributed in the observed geographical patterns?

3, What processes control the absolute abundance of the individual
populations  or what controls their means!'?

4. What processes control the temporal fluctuations in abundance of
the individual populations  or what controls their variances!?

Almost all of the debate in the 1950s and 1960s focused on the final
question in isolation from the first three questions, and it addressed the
variance in density rather than in abundance,

The four aspects of population regulation are schematically
Fig. I. I Schematic rep-
resentation of the four
components of thc popu-
lation regulation liuestion:
pattern, richness, abun-
dance, and variability.
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represented in Figure 1.1. Note in the upper part of the figure that
small populations A and F are withiii the distributional area of popula-
tions 8 and E, In other words, reproductive isolation between popula-
tions occurs without geographic barriers. This represents a fairly com-
mon observation in marine fish species  Atlantic cod and Atlantic
herring, for example!,

This essay addresses the four components of population regu]a-
tion in the oceans, with particular emphasis on marine fish. Chapter 2
presents a historical sketch of the development of concepts, The sketch
is useful to the extent that it can demonstrate why advances in under-
standing of population regulation in general may be derived f'rom the
present marine fisheries and biological oceanographic literature.
Chapter 3 reviews some recent developments on the population biol-
ogy of Atlantic herring in detail. To a certain degree the concepts
developed for Atlantic herring are generalized for the marine environ-
ment as a whole in subsequent chapters. The summary of the herring
work  which includes a critique of the extant hypothesis of recruitment
variability for marine fish! concludes the background material, or the
setting.

The member/vagrant hypothesis is then stated in Chapter 4 to
account for the four aspects of the regulation of sexually reproducing
populations. Sexual reproduction itself is considered to generate crit-
ical constraints. The hypothesis emphasizes the importance of spatial
constraints in the oceans to life-cycle closure. For species with complex
life histories, populations are considered to be regulated, to a large
degree, by physical oceanographic processes. It is also concluded that
competition for food resources, and food-chain interactions, is not
necessarily critical to the regulation of abundance. However, for spe-
cies with internalized or brood-carried early life-history stages  i.e.,
species with "collapsed" life histories!, food-chain processes are con-
sidered to be much more important.

In three subsequent chapters �, 6, and 7!, the marine literature
is reviewed to provide support for the member/vagrant hypothesis
 including aspects of the fisheries, estuarine, oceanic island, zoo-
plankton, and benthos literature!. The evidence supporting the hy-
pothesis is then summarized in Chapter 8. In Chapter 9, assuming
that the hypothesis has some support, implications for selected ecologi-
cal issues are discussed. That discussion completes the second compo-
nent of the essay,
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Up to this stage, the treatment of population regulation, while
unorthodox  in that pattern, richness, and abundance are highlighted
rather than variability!, is strongly based on empirical observations in
the oceans. The third component of the essay  Chapters 10, II, and 12!
is considerably more speculative, and may grate on the reader because
of possible unsophisticated use of terms or lack of appropriate balance.
This is perhaps unavoidable given the breadth of the subject matter
that is addressed. In spite of this difficulty, the implications of the
member/vagrant hypothesis for flanking disciplines are worth a tenta-
tive exploration. In the second component of the essay it is concluded
that for sexually reproducing marine species with complex life histo-
ries, population regulation does not necessarily require competition for
limited resources or food-chain interactions for stability. If robust,
what are the implications for the ecological aspects of evolutionary
theory? Again, a historical sketch  Chapter 10! provides perspective for
the reader unfamiliar with conceptual developments in evolutionary
biology. The concepts of life-cycle selection  which includes sexual and
mate selection! and food-chain selection are then developed as natural
extensions of the two classes of losses of individuals identified in the

member/vagrant hypothesis. It is further argued that life-cycle selec-
tion plays the predominant selective role in speciation  the origin of
reproductive isolation!, with food-chain selection involved in so-ca11ed
energetics adaptation. In sum, adaptation and speciation are consid-
ered to be separate processes associated with identifiable components
of population regulation.

Although the shifts in emphasis implied by the member/va-
grant hypothesis are modest, their implications may be substantive
because the shifts are at the conceptual core of the ecological mecha-
nism of evolution  i.e., population regulation!. For example, em-
pirically observed population richness in the oceans is not necessarily
evidence of speciation in action. Location in appropriate space to
contribute to population persistence, rather than increases in num-
bers, is argued to be central to the selection process for sexually
reproducing animals. Geographic opportunities permitting life-cycle
closure, rather than geographic barriers, are argued to be key aspects
of both population regulation and speciation, Finally, much of the
confusion of the density-dependent versus density-independent de-



Introdactioa J 7

bate on population regulation is argued to be at least partially due to
inappropriate biological units of study, Population thinking in the sense
of Mayr has been absent to a large degree in modern ecology  Kings-
land 1985j.
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HISTORICAL BACKGROUND OF

MARINE POPULATION CONCEPTS

The study of population regulation in the oceans-began in the
late 1800s, Several major conceptual developments relative to the four
questions already stated can he traced since that time. More than a
century earlier, Buffon �758, quoted in Cole 1957! Inferred that biolog-
ical interactions, including both competition and predation, were im-
portant in the regulation of marine fish abundance, Atlantic herring, he

noted, present themselves in millions to our fishermen, and after
having fed all the monsters of the northern seas, they contrib-
ute to the subsistence af all the nations in Vurope for a certain
part of the year. If prodigious numbers of them were not
destroyed, what would be the effects of their prodigious multi-
plication'? By them alone would the whole surface of the sea be
covered. But their numbers would soon prove a nuisance; they
would corrupt and destroy each other. For want of sufficient
nourishment their fecundity would diminish, by contagion and
famine they would be equally destroyed, the number of their
own species [emphasis added] would not increase, but the
number of those that feed upon them would bc diminished.

Although his ideas on the species concept anticipated modern develop-
ments, Buffon nevertheless supported the concept of constant, wefl-
developed species  the essentialist species concept!  Mayr 1982a,
pp, 261 � 262!; and thus component populations were not yet recog-
nized. Studies treating the changing species concept, i.e., the replace-
ment of the essentialist species concept by population thinking, were
clearly critical to the development of population regulation concepts
themselves  defined in this essay to include pattern, richness, abun-
dance, and variability!, Species had to be envisioned, not as types, hut
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as groups of populations before ecological concepts of the regulation of
population abundance could be developed.

Two somewhat separate research thrusts can be identified in the
late nineteenth century literature in marine studies dealing with the
changing species concept. First, applied fisheries scientists focused
their research on the causes of interannual variability in abundance of
commercially important finfish species as indicated by marked dif-
ferences in annual landings and catch rates  catch per unit of effort!.
Second, academic scientists addressed the more fundamental question
of intraspecific variability in body form in relation to topical evolution-
ary questions generated by Dan~inism. The marriage of the two
thrusts led rapidly to what can legitimately be called a paradigm shift in
fisheries biology at the turn of the century. The key contributions to the
population question  i.e., the very existence of populations in the
oceans! were made by F. Heincke, of Kiel University and director of
the Biological Institute of Heligoland, and J, Hjort, director of the
Board of Sea Fisheries at Bergen and later a professor of marine biology
at the University of Oslo.

Heincke's contribution  summarized in his 1898 paper! was
twofold, He established the methodology for the identification of fish
populations, and he exhaustively described discontinuous geographic
variability of form in Atlantic herring  Clupea harengos!. To do this he
independently developed statistical concepts and sampling theory
prior to the flowering of mathematical statistics in the United Kingdom
led by K. Pearson, As a result of the methodology he developed, he
was able to demonstrate convincingly that the Atlantic herring com-
prises a large number of self-sustaining populations. This was a hotly
debated issue in marine research at the time. Its resolution by a
statistically rigorous methodology had broader implications. Di-
morphism in form as evidence of speciation in action by natural selec-
tion was actively being investigated by the so-called biometricians,
particularly in the United Kingdom. Heincke's earlier findings on
populations of herring  Heincke 1878, 1882! had an influence on the
initial focus of the Evolution Committee of the Royal Society, which
was forined in 1894 and chaired by F, Galton, with W. F. R. Weldon as
secretary. The first study by the committee was a statistical analysis of
form using a sample of Atlantic herring taken from the Plymouth
spawning population  Pearson 1906!. Between 1890 and 1905, mathe-
matical statistics made great progress, stimulated by the need ta de-
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velop new theory and techniques to address, from an evolutionary
perspective, population questions of the type highlighted by Heincke
for Atlantic herring.

Heincke's work on Atlantic herring, because it so convincingly
undermined the species concept itself, rapidly became known
throughout the research community both at fisheries laboratories and
in the universities. Schmidt �917, p. 325! states the importance of
Heincke's work on the existence of populations within species:

Local races [populationsj have in course of time been shown to
exist in quite a number of fish species. Most important of all, in
my opinion, are Heincke's herring investigations, collected in
the comprehensive "Naturgeschichte des Herings," 1898.
From a mere chaos [emphasis added], Heincke succeeded, by
his admirable and systematic work, in furnishing not only 'r
basis for all future investigations in this field; he also succeeded,
through the study of a single species, the herring, in revealing
so many important features � quite unexpected in part � as to
[the] occurrence and relationship of various races [populationsj,
that subsequent investigations with other species have in a
certain degree only amounted to a repetition of' Heincke's
results.

It is difFicult after the fact to fully appreciate the impact that such
observations on populations had on the work of systematists. Gold-
schmidt �940!, however, captures it well  p. 27!:

I remember distinctly the shock which it created in my own
taxonomic surroundings  I was an ardent coleapterologist at
that time! when Matschie claimed that the giraffes and other
African mammals had many different subspecific forms charac-
teristic for different regions which he could recognize with
certainty; when Kobelt claimed that the mussel Anodonttr
Puuiattlis was different iri each river or brook; when Hofer
stated that each Alpine lake contained a different race of the fish
Coregonus; or when Heincke claimed the same for herring.

Such observatiorrs led to the new species concept: the
Hnssenkreis of Rensch in the early 1930s in Germany and the so-called
biological species concept popularized by Mayr shortly afterwards.
Goldschmidt �940! indicates that Heincke's detailed work on herring
predated the taxonomic reform by several decades  p. 31!:

I might mention one such case [the requirement for a statistical
approach in defining poprilations] in order to show that a con-
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ceptio» very similar to the rasse»kreis co»cept had bee» arrived
at in a very different way prior to that taxonomic reform. The
herring in the North Sea fbrms large schools which are found i»
definite localities and travel to definite spawning grounds.
These localities are different over the whole area inhabited by
the species, and each area has a diffcrc»t constant race which,
however, cannot be distinguished by ordinary taxonomic meth-
ods. Only a biometric study of'a series of variable characters like
number of vertebrae, number of keeled scales, a»d about sixtv
others, and their evaluation by biometric methods, permitted
Hei»cke  l897 � 98! to find the constant racial differences. Since
that time similar work with identical results has been per-
forined by many ichthyologists.

Hjort's coritributions  brought together in his classic paper of
1914! generalized the findings of Heincke on herring to other commer-
cial species  Atlantic cod [Gadtis morhuaj and haddock [Melariograrri-
iiius aegtefinus]! and clearly identified the significance of "population
thinking" to fisheries management. These conceptual developments
were made possible by a critical development in methodology. In order
to elaborate on Heincke's work on herring populations, a more detailed
multinational study on the distribution and population patterns in the
North Sea was carried out iinmediately after the formation, in 1902, of
the International Council for the Exploration of the Sea. While analyz-
ing the samples, H. Broch of Hjort's laboratory noted that the scales of
the herring could be used to determine age. Under Hjort's direction a
full study of determining age from scales was subsequently carried out
by K. Dahl  who noted that the usefulness of scales for aging herring
had been independently discovered by F. A.. Smitt in Sweden a decade
earlier!. Scales also proved useful for distinguisliing populations
 Figure 2, 1!. The ability to age fish, in conjunction with the population
concept so forcefully introduced by Heincke, generated considerable
explanatory power. It was Hjort who recognized the full significance of
the application of this new method of aging.

Prior to these contributions, annual variability in landings of
marine fish in northern Europe was accounted for by the "migration
theory"  Hjort 1914, pp. 4 � 5!, It was thought that fish of a given species
constituted a single integrated group throughout the distributional
range  e.g., for Atlantic cod, from south of Cape Cod, Massachusetts,
across the northern Atlantic to the North Sea and Norwegian coast!.
The large interannual variability in catches of what were believed to be
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Fig. 2.1 Scdes of Atlan-
tic herring from different
populations at the same
ages  five, six, and nine
years!.  Reproduced from
Dahl 1907!

rapidly growing fish species  life span of several years!, as observed off
the coasts of fishing nations, was thought to be caused by the interan-
nual differences in oceanic-scale migration patterns of the species in
question. However, with the aging technique it was possible to track
the 1904 year class of a herring population through the Norwegian
fishery over several years  Figure 2,2!. It then became clear that the
interannual variability observed in landings was due to year-class
strength variability in age-structured populations. Hjort was able to
generalize this observation by comparative analysis of herring, cod,
and haddock.

In sum, the major contribution of Heincke and Hjort was to
shift the focus of study in fisheries biology from the species to the
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frequencies of samples
from commercial landings
of Atlantic herring in nor-
way from 1908 to 1913.
The exceptionally strong
1904 year class dominates
the landings thronghont
this period,  Reproduced
from Hjort 19l4!

population  in parallel with the more general shift in systematics from
typology to population!. In fact it appears that fisheries scientists as a
whole incorporated the biological species concept into their discipli-
nary matrix well before the systematists themselves did; Mayr �982a,
p. 272, fn. 13! indicates that this occurred during the 1930s in sys-
tematics.

This paradigm shift provided great explanatory power; for exam-
ple, variability in landings was then understood to be caused by
interannual differences in recruitment to age-structured, geograph-
ically defined populations  of species with life spans of decades rather
than a few years! rather than by the vagaries of panoceanic migrations of
"typological" or "essentialist" species, The striking differences in the
quality of fish landed  such as the proportion of cod liver oil in the
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landed weight! could then be readily explained as a result of the
changes in mean age of a nonequilibrium population as year classes of
different numerical abundance moved through the fishery.

In a more practical aspect, Hjort also established that the
fishery itself could be used as a research tool if landings were represen-
tatively sampled at the dock. This simple contribution was critical to
research on the population questio~, in that the spatial and temporal
scales of sampling could match the actual scales of the biological
phenomena being studied  hundreds of kilometers and years!.

The shift toward population thinking generated intense study,
still ongoing, on what causes the differences in year-class strength of
marine fish populations. We shall return to this particular theme after
first considering further developments relating to the question of
population richness.

Heincke and Hjort established the population as the preferred
unit of study for fisheries management questions. Subsequently,
J. Schmidt, in a series of papers on "racial investigations" �917 to 1930!,
made two other major contributions. He demonstrated experimentally
that the differences observed between populations of marine fish spe-
cies are at least in part genetically based, and he very clearly demon-
strated that population richness varies dramatically between species.
Four species received particular attention: Atlantic cod, Atlantic her-
ring, European eel, and eelpout, Zoarces viviparous. By analyzing
geographic differences in form, Schmidt concluded that population
richness in these species ranges from one extreme, Zoarces sp., which
has many populations, through cod and herring, to the European eel,
for which no differences in meristics could be distinguished from
samples throughout the rivers of Europe, He also recognized that there
are differences in absolute abundance between populations �930,
p. 26!: "The result of the investigation is that the North Atlantic cod, in
contrast to the eel  Anguilla vulgaris! but like Zoarces, consists of a
mosaic of populations dissimilar to one another. Some of these, particu-
larly those belonging to the open seas, are distributed to a considerable
extent, while others are far more local." He asked the "why" question
later defined by Mayr �961! and inferred that events during the early
life-history stage are critical to interspecific differences in population
richness. To our knowledge Schmidt's initial thoughts on this question
were the only steps that had been taken to answer it in the ecological
Iitcraturc as a whole until recent years.
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In sum, with reference to the four components of the population
regulation question identified in Chapter I, rapid progress was made
between the late 1800s and 1930 on the first component  the very
existence of marine populations as well as interspecific differences in
population richness!. Little conceptual progress has been made on this
issue since Schmidt's contribution.

The second component, the reasons underlying the specific
geographic patterns in population structure in the oceans, also was
addressed aggressively in this earlier period, with T. Fulton,
D. Darnas, and again J. Schmidt making key contributions. Much of
Damas's original work on this issue is incorporated in Hjort's 1914
classic with acknowledgment. Fulton �889, 1897! addressed several
fundamental questions on the location and timing of spawning as well
as the duration of the egg, larval, and postlarval stages. He observed
that spawning of diverse commercially important marine Bsh exploited
in the North Sea by Scottish fishermen was remarkably localized and
generally occurred in offshore waters  outside the three-mile territorial
sea!, yet adults outside the spawning period as well as juveniles were
very broadly distributed. He asked �897, p. 369! why they spawn
precisely where they do: "It cannot he held that the selection of
spawning places by fishes producing pelagic eggs is fortuitous, for
adults with ripening reproductive organs move out from the inshore
waters at the approach of the spawning season and may return to them
after their spawn is shed."

Fulton �889! had hypothesized that the selection of areas oA'-
shore for spawning was determined by "tire physical conditions in
relation to the safety of the Hoating eggs and larvae and their transport
to the places most suitable for the welfare of the young fishes derived
from them"; to test his larval drift hypothesis he carried out studies of
the residual surface-layer circulation of the North Sea using drift
bottles �895, 1897, 1900!. His work resulted in the first clear statement
of the importance of'larval drift in the definition of geographic patterns
in spawning location. The research was conducted, however, within
the constraint of the essentialist species concept without consideration
of populations.

In two extraordinary studies, Damas �909!, under Hjort's re-
search direction, and Schmidt �909! described collectively the geogra-
phy of all the gadoid species  i.e., the geographic locations of the
differerrl paris of the life lristory! in t1re waters frorrr Frarree to Iceland.
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As stated above for Fulton's work, the research may have been con-
strained by the essentialist species concept of the time  which was not
fully replaced until after Hjort's 1914 paper!. The major contribution
from these massive studies was to generalize the observations that
Fulton derived for the northern North Sea. Damas �909, p. 2! sum-
marizes his findings relative to spawning location as follows:

IVe will show how the spawning distribution is enormously
more restricted than the total area of distribution, that the
region where major spawning occurs is clifferent for differen
species, that it is defined by hydrographic conditions.'

With respect to the early life history stage~,

The fundamental idea has been to flollow the early life history
stages  eggs, larvae and post-larvae! during their progressive
dispersal under the influence of currents, their passive migra-
tion from the spawning areas out to the geographical limits of
the distribution of the species.a

Thus, several elements were generalized on a very large scale:
spawning locations were observed to be different between species,
discontinuous within a species, and very restricted spatially relative to
the distribution of the species; eggs and larvae were interpreted to be
dispersed widely in the surface waters by the residual currents. Two
constraints hindered explanation of the complicated distributional pat-
terns: the species concept itself, and limited understanding of the
physical oceanography of the distributional areas of the early life-
history phases. The first constraint was eliminated by Hjort's �914!
synthesis, in which populations were identified as the appropriate unit
of study, Thus, the complex distributional patterns of spawning were a
function of the population structure of the species. The specific geo-
graphic patterns themselves, however, were not plausibly interpreted.

The second constraint, inadequate understanding of the phys-
ical oceanography, has continued to hinder understanding of what
generates the population structure of a marine species. Scientists,
using the prevailing concepts of residual circulation, hypothesized the
early life-history phase  the eggs and larvae! to be entirely passive and
adapted for dispersal of the species  pre-1914! or the population
 post-1914!, as well as for transport to the juvenile distributional area.
The spatial scale of the information on surface-layer residual circulation
 as shown in Figure 2.3! was of limited utility for the scale of the
population processes, and there was little emphasis on shorter time
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face-layer circulation of
the North Sea inferred
from drift bottle releases
and recoveries.  Redrawn
from Fulton 1897!

scales of variability. Explanatory power relative to the pattern observed
in spawmng populations was limited.

Hjort �926! and Schmidt �930! hoped for a general theory of
marine populations that would account for both the specific geographic
patterns observed and the interspecific differences in population
richness. Hjort �926, p. 30! states: "An attempt has been made to
determine the spawning areas of the principal fish, plaice, herring,
cod, haddock, to define the spawning migrations, the nurseries where
the young fish develop, etc. It is hoped it may in this way be possible to
find the general lans for the appearance of biological groups"  empha-
sis added!.

Within fisheries research laboratories very detailed work has
continued to this day to describe the distributional patterns of fish
populations  annual migrations as well as life-history migrations!, How-
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ever, even the most recent synthesis  Harden Jones 1968!, which
involved a modest conceptual advance beyond the above-mentioned
studies, falls short of the desired "general law of biological groups" of
Hjort. Harden Jones �968! hypothesizes that life-history migrations,
including egg and larval drift from spawning areas to juvenile nursery
areas caused by surface-layer residual currents, generate the observed
patterns of population structure  Figure 2,4!, He assumes that eggs and
larvae are distributed passively by the surface-layer residual currents
from A to 8 in the figure. In essence the hypothesis incorporates the
fundamental concepts of Damas, Fulton, Heincke, Hjort, and Schmidt
as supported by the accumulated literature up to the late 1960s. How-
ever, as stated before, it is difficult to match population patterns of
various species and their life-history distributions to the residual sur-
face-layer circulations. In our view, Harden Jones's hypothesis involv-
ing the migration triangle has done little to explain population richness
and pattern. This is discussed specifically for Atlantic herring in the
following chapter.

The state of the art in physical oceanography at the turn of the
century � and even in 1968, the date of the Harden Jones synthesis�
critically restrained development of concepts on marine population
regulation. It was perhaps the throng physics for the time and space
scales of distributional aspects of fish eggs and larvae. The circulation of
the oceans has historically been derived from measuring the distribu-
tion of property fields  temperature, salinity, and density!; direct mea-
sures of velocity are relatively rare, Using these scalar fields to generate
an image of the residual circulation has stressed the mean flows to the
detriment of the higher frequency variability. The information gained
from the property fields should be viewed as a long-term average
superimposed on considerable variability. The emphasis on a static
view of the ocean circulation  i.e., time-independent motion! up until
the 1960s is described by Wunsch �981!, who states  p. 344!, "The
question of the physical significance of a weak mean flow in the pres-

C Fig. 2.4 Triangular pattern of Ash roigrations as gener-
alized by Harden Jones �968, Fig. 1!.
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ence of strong variability has rarely been addressed even now." The
fisheries biologists still envision the ocean circulation in terms of the
"weak mean liow," whereas the "strong variability" may be so impor-
tant to eggs and larvae that the residual can be ignored or is irrelevant.
This issue is central to the concepts elaborated throughout this essay.

In sum, the fusion of fundamental research on the species
concept in the oceans  by Heincke and Schmidt, for example! with
applied research on the causes of interannual variability in fish landings
 as represented by Hjort, Fulton, and Damas! led both research and
management to focus on populations. The implications of the popula-
tion concept for fisheries management are as follows. Fishing in any
part of the distributional range of a population influences the other
parts of the range inhabited by the same population. Such fishing does
not, however, influence the populations of the same species in con-
tiguous areas. This straightforward yet powerful conclusion has led to
the population as the desired unit for fisheries management, As a
consequence, many descriptive studies have been undertaken on the
geographic patterns of the populations and on the differences in popu-
lation richness between species. Significant conceptual developments,
however, have been sparse since the 1930s.

Many of the population patterns described by Heincke and the
earlier marine population systematists have persisted in precisely the
same geographical locations for more than a century. Also, populations
that have recovered from commercial extinction have recovered in

exactly the same geographical locations as they occupied before their
collapse. One must conclude that the patterns in population structure
are not transitory, and that certain features of the geography itself are
critical to the persistence of the specific spatial patterns. At the edges of
the distributional limits of a species and at biogeographical boundaries
such as the Celtic Sea, where the Russell Cycle has been described  see
Southward 1980!, temporal variability is not unexpectedly greater at
the discontinuity itself either in populations  e.g., Plymouth herring as
described by Cushing 1961! or in species composition. This variability,
however, should not overshadow the observed persistence of the popu-
lation patterns. The persistence of the spatial patterns, as well as the
variability, should be interpretable, Although the species-specific spa-
tial patterns in populations are well described for many northern
Atlantic commercially exploited species, the processes generating the
patterns are not well understood.
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There is a paradox in the development of the population concept
in the oceans for zooplankton and for fish, what we call the "Damas
paradox." Fish obviously have the abilitv to control their distribution
against the ocean circulation during thc juvenile and adult phases of
their life history, Fish larvae, however, are almost universally depicted
as passive drifters within the surface-layer circulation. Zooplankton
complete their life cycle as plankton. Given the view of ocean circula-
tion that prevailed in the early 1900s, it was difficult to account for the
observed persistence in geographical space of zooplankton distribu-
tions, Damas �905, 1909! and Damas and Koefoed �907!, working with
both fish and zooplankton, attributed no behavior to ichthyoplankton
by which their geographic distribution can be controlled  no doubt
since it was felt that distributions could be defined subsequent to
metamorphosis!; on the other hand, Damas recognized thit zoo-
plankton have both daily and ontogenetic differences in behavior that
cause them to persist in geographic space within diffusive and advec-
tive environments, This double standard between zooplankton and
ichthyoplankton behavior  the Damas paradox! is still held, and will be
discussed further subsequent to the statement of the new hypothesis
on population in the oceans.

The development of concepts on the control of mean abundance
and its variance  questions 3 and 4 stated in Chapter 1! has been ham-
pered by the fact that theoretical studies and descriptive studies address
the same question yet are frequently unrelated. The theoretical studies
start with the initial premise that there is density-dependent control of
abundance, and then develop equations to describe such a dependence
between population size and the recruitment generated  e.g., Bicker
1954; Beverton and Holt 1957; Cushing and Harris 1973; Ware 1980!.
Shepherd �982!, for example, states  p. 67!;

A versatile functional form relating recruitment to spawning
stock biomass for fisheries is proposed. The non-negative,
three-parameter form distinguishes resilience and degree of
compensation as two aspects of the density-dependence of
recruitment, and permits the representation of non-
asyrnptotic, asymptotic, and domed stock-recruitment rela-
tionships by parameter variation within the same functional
form.

In general, the fitted curves account for a small portion of the v;uiance
observed  see Figure 2.5!, and it is frequently not possible to select
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Fig. 2.5 Fstienations of year-claw size as a function of egg production or adult bio-
mass for several populations of Atlantic cod and haddock in the northwestern Atlan-
tic.  Redrawn from Koslow et al. 1987!

which of the theoretical relationships is preferred on the basis of the
empirical results themselves. In addition, and perhaps more critically,
the theoretical studies have not dealt with scale of abundance and the
question of its control. C'iven that �! absolute abundance is not ad-
dressed, �! a very small part of the variance in year-class size is
accounted for in most cases, and �! "preferred" theoretical rela-
tionships cannot be determined on the basis of empirical observations,
it is not inappropriate to conclude that the approach itself does not
contribute to a resolution of the research question.

What is almost always observed under moderate fishing inten-
sity is that fish populations have a characteristic abundance scale  egg
production or adult biomass fluctuates over time within an order of
magnitude!, but that year-class size fluctuates widely without obvious
relationship to adult population size. The obvious question, then, is:
Why is there such minimal relationship between population size and
the recruitment generated  other than that the mature population size
is within a characteristic order of magnitude for the population in
question!'? The mathematical treatments of this research question with
fish, starting with Ricker �954!, evolved out of the emerging concepts
of theoretical ecology, which emphasized the key role of competition
and predator/prey interactions. However, theoretical studies have
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done httle to increase our understanding of the control of either the
mean or the variance in abundance.

The descriptive studies on the control of abundance in marine
fish populations, in contrast to the theoretical studies, have dealt with
the variance, but again not with the control of absolute abundance. As
indicated above, Hjort made the first significant contribution to the
variance question. In his synthesis �914! he makes two important
generalizations: �! year-class size is deter mined early in the life history
prior to recruitment to the fishery, and �! year-class size is not a simple
function of egg production. He discusses multiple causes of the inter-
annual differences in mortality during the early life-history stages, yet
he clearly states two hypotheses to account for them. The first hypoth-
esis stresses the timing between spawning and phytoplankton blooms,
both of which are variable. The cause of differential mortality between
years is a result of differential food availability  young stages of zoo-
plankton! at a critical stage in early fish larval development. The second
hypothesis stresses the influence of drift of eggs and larvae away from
the appropriate distributional area due to interannual differences in
the circulation. The sources of mortality per se are not specified;
instead, losses from the appropriate geographical areas for the popula-
tions are stressed.

Subsequent developments by the "descriptive" camp have pre-
dominantly elaborated on Hjort's first hypothesis. Conceptual ad-
vances have been modest. Gushing �975! has formalized Hjort's 'crit-
ical period" hypothesis in his attractively phrased match/mismatch
theory. What he adds is a modified critical depth formulation that
describes the interannual differences in the timing of phytoplankton
blooms due to differential development of stratification/destratification
of the water column in the spring/autumn  Gran and Braarud 1935;
Riley 1946; Sverdrup 1953!, The mechanism of larval mortality is again
food limitation,

In essence, Cushing's match/mismatch theory hypothesizes
that fish spawn in relation to the particular timing of spring and autumn
phytoplankton blooms in the geographic area of inferred larval drift, In
his hypothesis, fixed time of spawning coupled with a variable time of
phytoplankton blooms, due to water-column stratification differences
between years, generates variable fish larval survival. The theory is
conceptually attractive, but support from field observations has been
weak.
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Several interesting wrinkles on the food limitation hypothesis
have been added by Jones �973!, Laurence �977!, and Lasker �975,
1978!; but these contributions can be considered to support the rnatch/
mismatch theory at least in its frequently used looser sense  i.e., a
match between larval development and larval food requirements
rather than, as specified by Cushing, a match between timing of
spawning and phytoplankton blooms!, The steps in the development of
the match/mismatch theory are summarized by Sinclair and Tremblay
�984!. In sum, Hjort's food limitation hypothesis as elaborated by
Cushing is perhaps still considered the extant hypothesis accounting
for the control of population numbers of marine fish. There is a growing
dissatisfaction with it, however; some recent tests of the match/mis-
match theory are discussed in Chapter 3,

Since 1914, many studies have been published in support of
Hjort's second hypothesis, that mortality or losses are caused by advec-
tion and diffusion of larvae out of the appropriate distributional area;
the investigations by Sund �924!, Carruthers et al. �951!, Colton and
Temple �961!, Iles �973!, and Johnson et al. �984! are representative.
These results, perhaps surprisingly, have not led to the generalization
that spatial or geographic constraints are a major factor in the regula-
tion of population numbers in the ocean.

The importance of population thinking in the sense of Mayr
�982a! was incorporated very rapidly into the disciplinary framework
of fisheries biologists. Because of the critical importance of the defini-
tion of fish populations as fisheries management units, studies on the
geographic population structure of marine fish species continued with
vigor after the 1930s  at which time "population. systematics" became
old-fashioned in terrestrial ecology and in systematics itself!; and it is
still a high-priority research orientation in fisheries biology. As a result,
there is a large literature  much of it of'the gray variety! on geographic
population structure of commercially important marine species. The
literature cannot be introduced in a sketch of this length, and it is not
well reviewed or synthesized.

There are a large number of observations on interannual vari-
ability in both adult population size and the year-class sizes generated.
The ongoing port sampling of the landings of fishing fieets, as advo-
cated by Hjort �914!, has led to the accumulation of observations on
marine populations on the appropriate time and space scales for the
biological phenomena of interest. This scale of population information
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is unique in the ecological literature. The applied insect literature has
some parallels, but the terrestrial environment has been modified
considerably more than the oceans and pesticides have been intro-
duced. It is not inappropriate to conclude that population thinking in
the sense defined in Chapter 1 has been developed more rigorously in
fisheries biology than in any other field of biology.

By 1930 it was well recognized that population richness varies
dramatically between species and, further, that events at the early life-
history stages are important in generating the observed differences. The
geographic patterns of populations for many species have been observed
to persist over many decades. Although well described, a theoretical
framework to account for pattern andrichness in mari~e fishpopulations
is lacking. In addition, theoretical and conceptual models of stock re-
cruitment and recruitment variability have not addressed the question
of the control of absolute abundance, even though empirical observa-
tions on populations of the same species indicate marked differences in
means. Finally, there have been relatively minor advances in under-
standing the processes generating variability around the mean since
Hjort's classic paper in 1914. Modern ecology has not significantly con-
tributed to the resolution of the four questions on population regulation.

The contribution of the marine fisheries literature on popula-
tions to biology, and in particular to evolutionary theory, was consid-
erable until the 1930s, Heincke's work on Atlantic herring, for exam-
ple, is considered in some detail in Chetverikov's �926! seminal
contribution to evolutionary theory, and Schmidt's coinparative stud-
ies on population richness were significant to the early development of
ecologial genetics  Mayr 1982a, p. 553!, Since the 1930s, however, the
marine fisheries literature has contributed surprisingly little to the-
oretical developments in ecology and evolution. In Pianka's �979!
highly regarded text, Feoltttionary Fcology, there is but one citation
from the marine fisheries literature, More disturbing is that in Levin-
ton's �982! Marine Ecology fewer than two percent of the citations are
from the fisheries literature. Margalef �978, p. 662! in fact states,
"Much of the work [in fisheries biology], published and unpublished,
is uninspiring routine, although often wrapped in seemingly sophisti-
cated jargon, and it is difFicult to make use of much of the data that
continue to fiow into our libraries." This impression, which is perhaps
generally shared, is unfortunate in our view because of the uniqueness
of the information, in particular its characteristic time and space scales.
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A general theory of marine populations, as hoped for by Hjort
and Schmidt, has not materialized, but a considerable information base
has accumulated following their lead. In spite of the rapid increase in
understanding of richness and pattern  questions 1 and 2 in Chapter I!
between Heincke's first paper on herring variability in 1878 and
Schmidt's last paper on racial investigations in 1930, few concepts have
been developed since then on either of these questions or, for that
matter, on the third and fourth questions. Fisheries biology made
substantive contributions to flanking disciplines in what may be
termed its "golden age"  about 1880 � 1930!, but modern ecology has
generated only modest increases in understanding of the population
regulation question in the oceans. Other than Volterra's interest in
fisheries problems, the accumulated research on the populations of
marine fish during the golden age had essentially no influence on the
development of animal population biology  see Kingsland 1985 and
McIntosh 1985!.

Population systematics, while critical to the evolutionary syn-
thesis, is not the basis of population ecology. This may well be an
important constraint in the development of ecology. The "population
thinking" which was so important to the systematists has not been
incorporated into ecological research.



POPULATION BIOLOGY OF ATLANTIC HFRRING

A recent hypothesis on Atlantic herring  Iles and Sinclair 1982!
deals with the broad scope of population regulation in the oceans  i.e.,
the four questions defined in Chapter I!. The initial questions it posed
were;

~ Why are there so many populations of Atlantic herring'?

~ Why do they differ in their characteristic levels of absolute abun-
dance?

Secondary questions, concerning what co~trois the interannual vari-
ability in abundance, as well as the differences in spawning times
between populations, were also addressed. This chapter summarizes
the research on Atlantic herring and reviews critically the evidence in
support of the match/mismatch theory.

Empirical observations indicate that there are many popula-
tions of herring, that the populations differ in mean abundance, and
that they spawn at difFerent t'imes of the year. Since Heincke's research
on herring between 1880 and 1900, considerable indirect evidence has
accumulated which indicates that herring home to well-defined spawn-
ing locations to deposit their eggs on the sea floor  see Heincke 1898
and Harden Jones 1968 for summaries of early work!.

That mature adults home to the spawning sites of their birth can
be confirmed from the particular features of the Ile Verte herring
population in the St. Lawrence estuary  see Auger and Powles 1980 and
Henri et al. 1985 for distributional information!. Herring of this spawn-
ing population can be identified from the unusual morphology of their
otoliths, and they are so small at each age class compared with herring
in the Gulf of St. Lawrence that they are frequently called "pygmy"
herring. These pygmy herring spawn off Ile Verte in the estuary during
the late spring, but some small herring are caught on the Magdalen
Shallows in the Gulf of St. Lawrence during the feeding part of their
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Table 3.1 Range in absolute size of herring populations.

Spawning population size  t!*Population

From Iles and Sinclair 1982
Blackwater estuary
St. Lawrence estuary
Iceland, summer spawners

autumn spawners
Southwestern Nova Scotia
Gcorges Bank
Norwegian

From Blaxter 1985
Norwegian, 1950-66
North Sea, 1947 � 65
Ceorges Bank
Iceland, spring spawners

summer spawners
Baltic, 1966 � 67, autumn spawners
Celtic Sea, 1957 � 71
Elbe, spring spawners
Blackwater, spring spawners
Lindaspollen

100 � 500
5,000-10,000
100,000
200,000
400,000
1,000,000
10,000,000

2,500,000 � 10,000,BIO
1,700, ~,300,000
272,000-1, 140,000
73,000-778,000
56,000 � 3 13,000
127,000-147,000
40,000-95,000
Hundreds to thousands'?
200-800
1 X!

~Approximate population size during periods of moderate fishing.

annual migration. The larval phase of this population is exceptionally
long �6-11 months; Sinclair and Tremblay 1984!, in that the larvae from
the spring spawn overwinter in this phase, The extremely slow larval
growth in the upper St. Lawrence estuary is thought to cause the
unusual morphology of the otolith. Thus, the link from the growth of
the larvae within a very poor larval distributional area to homing of the
adults to precisely the same geographic location to spawn is marked on
the otolith. These observations, on an unusual population from a
morphological perspective, provide direct support for the conclusion
that Atlantic herring as a whole are philopatric  i,e,, they return to
reproduce at the site of their birth}.

There is considerable evidence that absolute abundance varies
between Atlantic herring populations. Iles and Sinclair �982! and
Biaxter �985! independently selected representative examples from
the literature of the range of population sizes  Table 3.1!. Their studies
agree closely. The range in abundances covers five orders of magni-
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tude. Under moderate fishing intensity the interannual variability in
abundance for a given population is well within an order of magnitude.

The Herring Hypothesis

The empirical evidence, then, indicates that Atlantic herring
populations have a wide range of characteristic absolute abundances.
This species, like the checkerspot butterfiy studied by Ehrlich and his
colleagues, is population rich. It was these observations that we  Iles
and Sinclair! account for. In the Gulf of Maine area, observations of
spawning locations and subsequent larval distributions suggest strong
links to the physical geography. Several of the populations  Georges
Bank, Nantucket Shoals, Grand Manan, and southwestern Nova Sco-
tian! spawn in the late summer to autumn close to the predicted
positions of tidally induced fronts  i.e., at transition values of the
stratification parameter, H/its, where H is the depth and tt is the mean
tidal current velocity!. Simpson and Hunter �974! have demonstrated
that in tidally energetic seas, such as the North Sea and the Gulf of
Maine, during the months from spring to autumn, different values of
the stratification parameter accurately describe areas that are vertically
well-mixed and thermally stratified. Also, the geographic locations of
transition from well mixed to thermally stratified water columns, the
location of persistent temperature fronts, are associated with a critical
value in the parameter. This simple approach  i. e., the analysis of the
distribution of H/tts! has aided considerably in the understanding of
persistent spatial structure in the water properties in tidally energetic
seas.

Atlantic herring life cycles in such seas are associated with
aspects of this structure. The larval surveys in the Gulf of Maine area
indicate that the larval distributions persist for several months, mostly
within the vertically well mixed areas. During the long larval phase in
this area  autumn to the following spring!, the frontal structure breaks
down completely, indicating that the fronts themselves are not critical
to the retention process. The spawning locations, larval distributional
areas, and the distribution of the stratification parameter for the Gulf of
Maine area are illustrated in Figures 3, I and 3.2.

Observations from other seas whose tidal processes are impor-
tant in defining circulation and mixing suggest that some other herring
populations are associated with .similar physical oceanographic features
 Figures 3.3, 3.4, and 3,5!. However, herring populations and spawn-
ing locations are found in geograph ic areas that are not characterized by
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Fig. 3. I Geographic location of spawning for the major populations in the Gulf of
Maine area,  Reproduced from Sinclair and Iles l9%al

strong tidal circulation. Such spawning populations have been ob-
served in the inland sea of Cape Breton, Nova Scotia  the Bras d' Or
Lakes population or populations!, the estuaries along the coast of
Maine, the coastal embayments along the west coast of Ireland, and the
coastal currents along Norway and around Iceland. In many of these
examples the spawning locations and subsequent larval distributions
are associated with well-defined and geographically predictable or
stable oceanographic  or simply geographic! systems such as estuarine

pirculations, coastal currents, and semi-enclosed embayments. The
common denominator for the diverse spawning locations of the sepa-
ate populations is the geographic predictability of an oceanographic or
eographic system that will permit persistence of the larval distribu-
ons for a few months after hatching,

The combined observations of herring distributions and phys-
ical oceanographic features generated the following hypothesis by Iles
and Sinclair �982!:

The number of herring stocks and the geographic location of
their respective spawning sites are determined by the number,
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Fig. 3.2 ln the Gulf of Maine, relationship of  A! larval distributional areas for sev-
eral populations of Atlantic herring to  B! location of stratified and well-mixed wa-
ters during summer and autumn, predicted using the stratification parameter.  Re-
produced from Iles and Sinclair 1982!
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Fig. 3.3 In the North Sea, relationship of A! early larval distributional areas for
several populations of Atlantic herring to  B! location of stratified and well-mixed
waters during summer and autumn, predicted using the stratification parameter.
 Reproduced from lies and Sinclair 1982!
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Fig. 3.4 In the Irish and Celtic seas, relationship of A! spawning locations of sev-
eral populations of Atlantic herring, indicated by stars, to  B! predicted location of
stratified and well-mixed waters from spring to autumn,  Reproduced fium Iles and
Sinclair 1982!

location, anti extent of geographically stable larval retention
areas.

The very existence of a population, we argue, depends on the ability of
the larvae to remain aggregated during the first few months of life, In
locations where the physical oceanography is such that the larvae from a
spawning group with the use of specific behavior  such as appropriately
timed vertical migration! can maintain an aggregated distribution, a
herring population can be sustained. For herring, which attach their
eggs to the bottom, it is crucial that the superadjacent water column
feature within which the larvae will develop be geographically fixed,
rather than spatially ephemeral, on an interannual time scale.

The herring hypothesis stresses the role ofbehavior at chfferent
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Fig. 3.5 In the Gulf of St. Lawrence, relationship of  A! spawning locations of sev-
eral populations of Atlantic herring, indicated hy stars, to  8! predicted location of
stratified aud well-mixed waters during summer and autumn.  Reproduced from
Iles and Sinclair l982!



stages of the life cycle in relation to physical oceanographic constraints.
Homing must be to precisely defined locations associated with geo-
graphically stable water column circulation and mixing characteristics.
The hypothesis  contrary to the treatment of the egg and larval phases
by Fulton, Damas, and Harden Jones summarized'in Chapter 2! em-
phasizes active retention based on behavior in relation to the complex
vertical and horizontal circulation and mixing characteristics of the
larval distribution area, rather than passive drift with the surface-layer
residual circulation. It is not, however, a larval retention hypothesis
but a hypothesis dealing with the existence of herring populations, in
particular their spawning locations. It attempts to account for the
observed richness and the particular pattern of populations of Atlantic
herring. On ecological time scales, relative persistence in the spatial
patterns has been observed. Yet many of the spawning locations within
the Gulf of Maine area were above sea level several thousand years ago,
The hypothesis addresses the ecological time scale but not the ability to
establish populations in new areas on the geological time scale.

The additional major question on Atlantic herring that Iles and
Sinclair �982! address is, what controls the characteristic levels of
absolute abundance for the different populations  Table 3,l!? Abun-
dance is observed to be at least a partial function of the physical
oceanographic features of the superadjacent water column in the
spawning area. Iles and Sinclair argue  p, 630! that population abun-
dance is a function of the size of the physical system underlying larval
retention  Figure 3.6!: "Small stocks are associatetl with small hydro-
graphic features  for example, the Ile Verte area of the Gulf of St.
Lawrence .. !, and large ones with large features  for example, the
Georges Bank well-mixed zone... !."

If population abundance is defined in relation to processes at
the spawning site, and to the egg and larval phases, the carrying
capacity for juvenile and adult herring may not be reached. Juvenile
annual growth rates in the Gulf of Maine area have been shown to vary
inversely as a function of abundance  Sinclair et al. 1981!. There is,
however, little evidence that food is generally limiting for adult her-
ring. Hjort �934! made this generalization at the Huxley Lecture at the
University of London:

It is interesting that the same environment should be able to
support such varying numbers, A single year class of the Nor-
wegian herring has been found to comprise thirty times as
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Fig. 3.6 Estimated biomass of several populations of Atlantic herring as a function
of the size of the physical oceanographic feature inferred to be associated with the
larval retention area.  Reproduced from Iles and Sinclair 1982!

many individuals as the others.... In many years there would
seem to be a vast surplus of the means of subsistence in relation
to the stock of Ashes.

Annual growth rates for adult herring of different ages off south-
western Nova Scotia have been observed to increase rather than de-
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crease as a function of abundance over a broad r mge  Sinclair et al,
1982!. At very high abundance levels, however, some evidence of
reduced growth rate was observed, Haist and Stocker �985! have
drawn the same conclusion for Pacific herring. In addition, the interan-
nual variability in herring fecundity in relation to adult weight is low in
spite of high year-class variability  WVare 1980!. If absolute abundance is
ultimately a function of physical oceanographic processes at the spawn-
ing locations  as inferred in Figure 3.6!, there is no requireinent for
limitation by food-chain processes at other phases of the life history in
order to have relative stability in numbers over time. Based on this
argument, it is not, however, to be excluded as a controlling factor,
Cushing's Critique of the Herring Hypothesis

The Atlantic herring hypothesis of Iles and Sinclair has been
criticized by Cushing �986!. He addresses two separate issiies:  I! the
inapplicability of Iles and Sinclair's hypothesis to the eastern Atlantic;
and �! the reasons for the differences in numbers of populations of
gadoids in the eastern and western Atlantic. Only the first question is
addressed in this section.  The second question, however, is addressed
in the essay as a whole.! Cushing concludes that "[from] two lines of
evidence, the hatching of herring eggs often outside the period of
stratification and the long larval drift, the Iles and Sinclair hypothesis
cannot be extended to the waters around the British Isles." Since the
herring hypothesis forms the basis for much of the conceptual develop-
ments in this study, Cushing's evaluation is discussed in some detail.

In our view, a major problem with Cushing's critique, and the
resulting conclusion just quoted, is a misunderstanding of the hypoth-
esis itself, The hypothesis does not infer that eggs from all, or even
most, spawning populations should be hatched during periods of ther-
mal stratification; nor is displacement of larval distributions from the
location of spawning necessarily inconsistent with the hypothesis. It is
important to emphasize that it is not a larval retention hypothesis but
rather a hypothesis to account for the number of herring populations,
their specific location of spawning, and their mean absolute abun-
dance. Perhaps we were not sufficiently clear in defining a "geograph-
ically stable larval retention area." WVe mean by this term that there has
to be a water-column physical oceanographic  or geographic! system
that exists in the same geographic location from year to year. Herring
populations, we hypothesize, lay their eggs  which are then attached to
the bottom! in relation to such fixed water-column circulation systems.
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In this sense the term "larval retention area" refers to a physical
oceanographic phenomenon. Circulations associated with tidal pro-
cesses, because of the regularity in the spatial distribution of the
dissipation of tidal energy, are in this sense "geographically stable," We
infer that such circulation systems  which in a three-dimensional sense
are not well understood by physical oceanographers! are important in
the definition of herring populations. It is only in tidally energetic
areas, however, that the circulations associated with tides themselves

. are a dominant component of the overal] circulation. In areas not
characterized by high tidal energy, other physical processes je.g.,
density gradients, wind, and geographical constraints! may or may not
generate geographically stable circulations. In sum, we hypothesize
that each herring population spawns at the edge of a water-column

' physical oceanographic system that is, geographically speaking, per-
sistent from year to year. This system, coupled with the behavior of the
larvae themselves, enhances coherence in the larval distribution dur-
ing the first few months of the early life history.

In this sense that is, from a consideraton of life-cycle closure
in geographic terms � the hypothesis emphasizes retention rather than
drift at the larval phase. Scale is important. Individual larvae, of
course, do drift, and the center of distribution of the larvae from a given
spawning population may be displaced in the downstream direction by
the residual current. However, it is the minimization of dispersion and
transport that is considered critical rather than the drift. The larvae  in
anthropomorphic terms! are not trying to drift with a residual current
to a particular nursery area, as hypothesized by Fulton �889!, Damas
�909!, Schmidt  l909!, and Harden Jones �968!, but are doing the exact
opposite: trying to maintain an aggregated distribution in spite of the
diffusive state of the physical environment. We are indeed saying
something different from Harden Jones's migration triangle, but v e are
not claiming that larvae have anchor lines to the bottom. Older larvae,
or recently metamorphosed juveniles, are inferred to migrate actively
to their juvenile nursery grounds  sometimes against the residual
current! rather than to drift passively with the currents.

Iles and Sinclair's herring hypothesis addresses the geograph-
ical or spatial basis ofherring populations and the control of their mean
abundance. It generates considerable explanatory power, No other
hypothesis accounts for both the geographic basis of populations  why
do herring spawn where they doP! and their characteristic absolute
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abundances. Blaxter �985!, perhaps unaware of the hypothesis, has
subsequently made this point  i.e., that there is no hypothesis to
account for differences in abundance between populations!.

In addition, the hypothesis has generated an interpretation of

~ the timing of spawning of different herring populations  Sinclair and
Tremblay 1984!,

~ the life-cycle distributions of herring in the Gulf of lVIaine area
 Sinclair and Iles 1985!, and

~ the greater susceptibility of herring management units to recruit-
ment overfishing  Sinclair et al. 1985a!.

The first two issues are addressed ahead. This explanatory power
concerning a wide range of population phenomena needs to be kept in
mind when evaluating the claim that the hypothesis is inapplicable to
the eastern Atlantic. In the papers just mentioned, consistent observa-
tions concerning the Atlantic herring were noted throughout its dis-
tributional range. Given the fundamental nature of our herring hypoth-
esis, if it is found to be inapplicable in the eastern Atlantic, as claimed
by Gushing, it is no doubt inapplicable throughout the distributional
range of the species.

We shall now deal directly with the evidence put forward
against the hypothesis. It is argued by Cushing that hatching for many
autumn-spawning populations around the British Isles occurs after the
tidally induced fronts have broken down. We do not contest these
observations. However, Iles and Sinclair �982! never claimed that the
temperature fronts themselves are critical or essential to defining larval
retention areas. For those herring populations that spawn in tidally
energetic areas we argued that the local features of the tidal circulation
are  with behavior! the critical requirements for the existence of a
population and the definition of the precise location of spawning  see
pp. 628 � 629 of Iles and Sinclair 1982!. It is not necessarily the tem-
perature discontinuities that are important in defining the location of
spawning, but rather a circulation system that enhances discreteness of
the larval distribution, Temperature fronts are given a possible role in
some cases  by default because of a lack of other circulation features!,
but it is recognized that during the winter they do not exist. Iles and
Sinclair �982, fn, 26! indicate that due to the weak tides in the Gulf of
St, Lawrence the stratification parameter may reflect, not temperature
discontinuities, but relative degrees of tidal mixing, They also note
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�982, fn. 27! that tidally induced circulations persist during the winter
months when the temperature fi onts have broken down. Some features
of the tidal circulation occur throughout the year, although they are
enhanced by the horizontal gradients in temperature  and thus den-
sity! during the summer months. WVe did point out that circulation
characteristics contiguous to the spawning locations in the central
 Bank! and southern  Downs! North Sea were not clear. Since that time
there has been an increased understanding of the physical oceanogra-
phy of the North Sea. This issue is discussed ahead.

For populations that do not spawn in tidally energetic seas we
argued that other aspects of the physical geography are critical to the
retention of larvae during the first few months of life  such as estuarine
circulation, persistent gyres, and the bounded nature of coastal embay-
ments themselves!. In short, the observations that larvae hatch in areas
that at times are not characterized by temperature fronts are not
evidence against the herring hypothesis. Perhaps this point was not
clearly enough underlined in the original presentation. The several
illustrations themselves  Figures 3.2 � 3.5!, linking the location of
spawning and of larval distributions to predicted tidally induced fea-
tures, may have left the impression that the temperature fronts are the
features of importance to the definition of spawning location. It is clear
in the text, however, that it is the circulation features associated with
the Hlua distributions that are considered more important.

The second set of observations put forward as evidence against
the herring hypothesis are descriptions of larval distributions in the
North Sea and their changes through time. The populations considered
are the so-called Downs, Bank, and Buchan herring. As a preliminary
point we do not agree that these three herring units are in reality the
self-sustaining populations in the North Sea. Each unit may well
comprise several populations. Bank herring, for exajnple, are probably
a population complex which includes separate populations spawning on
the Yorkshire coast and on Dogger Bank itself  in past years!. From the
evidence of persistent spawning in particular geographic areas that are
coincident with Hlu~ and other physical features, one can infer  follow-
ing our hypothesis! that there are considerably more than three popula-
tions of herring in the North Sea. In other words, there are Inore than
three larval retention areas, The grouping of the populations into three
units may have been convenient for management purposes, but it has
perhaps masked the distributional complexity and population richness
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of this species and hindered progress toward a real understanding of
the population structure in the North Sea.

In the remainder of this section the evidence presented in
Cushing's critique for larval drift in the North Sea is evaluated. Par-
ticular attention will be focused on the southern North Sea because the

evidence against our hypothesis is perhaps the strongest in this geo-
graphic area.

When does a set of observatiorts support larval retention rather
than larval driftP' This is not an easy question, as we shall see. As
indicated above, we are not suggesting that larvae do not move from
their location of hatching, Rather, we infer that successful hatching  in
the sense that the eggs contribute to a self-sustaining population!
occurs only in geographic locations that are contiguous with a circula-
tion system that permits, with the behavior of the larvae, aggregation of
the distribution for the first few tnonths of the larval phase. We suggest
that the Norwegian coastal current itself is a larval retention area  albeit
the largest example!. Subsequent to hatching, early-stage larvae have
been observed to drift very close to the bottom for several days before
they begin to migrate vertically within their larval retention area
 which is particularly well studied for the Ile Verte population in the
upper St. Lawrence estuary!. Thus, drift itself  either within the
Norwegian Current or in the bottom water of the St, Lawrence! is not
inconsistent with the concept of larval retention.

This does not, however, lead to the conclusion that the latter
concept is without meaning or rigor; nor does it mean that the herring
hypothesis is the same as the migration triangle of Harden Jones. Both
emphasize opposite processes at the planktonic stage of the life cycle.
The reason for the difference in emphasis is partially a result of a shift,
between the 1960s and the 1980s, in the perception of the continental
shelf circulation. In the earlier period large-scale residual surfatw-layer
circulations were considered meaningful, whereas in some continental
shelf areas it may be that the variability  particularly if a three-
dimensional image is considered! is of greater significance to eggs and
larvae than the mean.

Cushing �986, Fig. 1! reproduces Biickmann's summary de-
scription of the displacement of the herring larval distribution in the
southern North Sea  from west to east! in the direction of what was then
described as the surface-layer residual current. The average currents in
this area, as understood at that time by fisheries biologists, are illus-
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residual circulation of the
southern North !ea as
perceived in the 1950s
and 1960s,  Redrawn fronI
Harden Jones 1968j

tratedin Figure 3.7 taken from Harden jones 1968!, Biickmann's study
is one of the best in the literature for all marine fish species, not just
herring, in support of the concept of larval drift and Harden Jones' s
migration triangle.

The physical oceanography of this area is becoming better
understood, Ronday �975! and Nihoul and Ronday �974! describe the
effects of the tidal stress on the residual circulation in the southern
North Sea. Their model suggests a southwesterly current near the
Belgian coast associated with a gyre. Pingree and Maddock �985!, in a
more sophisticated analysis, also conclude that there is a tidally in-
duced gyral circulation off the coast of Belgium and the Netherlands,
shown in Figure 3.8. The illustration+s complex and perhaps requires
some interpretation. The terms "Eulerian circulation," "Lagrangian
circulation," and "Stokes drift" are related by the authors  p. 970! as
follows: "To relate the mean velocity follourirtg the flow  Lagrangian
description of the flow pattern! to the mean velocity at a fixed point
 Eulerian description of the field of flow! it is necessary to add the so-
called 'Stokes drift' to the Eulerian mean velocity"  emphasis added!,
The upper half of Figure 3.8 shows the Stokes transports and Eulerian
currents.

In their text Pingree and Maddock  p. 978! point out that the
Southern Bight of the North Sea is filled through the Strait of Dover
and the western side of its northern boundary  arrows 4 and 6 in Figure
3.8!, Not much of this Stokes transport leaves the Southern Bight
through the central and eastern sides of the northern boundary, They
explain that, from consideration of continuity of volume, the net Stokes
flux is converted into Eulerian circulation, which is directed to the
north-northeast through the central region of the northern boundary.
In other words, most of the transport, irrespective of the season, is to
the west of the larval distributional area of the herring spawning at the
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mouth of the Southern Bight. In fact, the Eulerian currents along the
coasts of the Netherlands and Belgium are to the west  i.e� toward the
Strait of Dover!. The Lagrangian transports in the lower part of Figure
3.8 indicate weak transport to the northeast in the larval distributional
area, The circulation described by Pingree and Maddock is very dif-
ferent from that available to Harden Jones  compare the Southern
Bight circulations in Figures 3.7 and 3.8!.

Unlike Cushing, we find, given the increased understanding of
the physics of the area, considerable support for the herring hypothesis
from the empirical observations in the southern North Sea. The tidally
induced residual Eulerian circulation, we suggest, is part of a circula-
tion system that enhances coherence in the larval distribution for the
population spawning to the east of the Strait of Dover. We emphasize
that this circulation is only part of a larval retention system, the model
does not include depth differences in circulation. Since herring larvae
after the first several days begin daily vertical migration, the depth
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profile in circulation and mixing is no doubt important in inHuencing
the distribution of the larval population. Herring spawning to the west
of the Strait of Dover off the coast of France could be a separate
population with its own larval retention area.

Several data sets on spawning locations and larval distributions
in this geographic area  summarized in Bridger 1961; and even Buck-
mann 1950! support the herring hvpothesis. First, spawning occurs at
the same time of year in a specific geographic location year after year.
The recent resurgence of the herring population s! in the southern
North Sea has taken place in the identical geographic locations ob-
served prior to the collapse in the early 1960s. Second, the gyral
circulation in the area contiguous to spawning is geographically stable
since it is tidally generated, Third, the larval distributions, as we
interpret them, are retained in this physical system.

Of these studies, Bridger's �961! provides the most complete
coverage of the geographic area during the first few months of the larval
phase  Figures 3.9 and 3. 10!. The station density is relatively high, but
the geographic area covered varies between years. Two observations
are of interest:

1. The contours during the months of January and February  particu-
larly clear during 1957 and 1958 samplings! indicate that the larval
distribution is partially coincident with the gyral circulation of
Pingree and Maddock �985! shown in Figure 3,8.  Unfortunately,
the sampling grid rarely extends close to the coasts of Belgium and
the Netherlands in the ear1ier years of the program.!

2, There is limited displacement of the distri'bution toward the north-
east  compare january to February 1957 and 1958 in Figures 3,9
and 3.10!. During three months a conservative estimate of the
displacement due to the residual circulation in the southern North
Sea is 500 km, The observed displacement of the center of the
larval distribution from Bridger's summary work is less than half
that predicted on the basis of larval drift,

Biickmann's �950! observations are more diScult to evaluate
because of the way he presents the data, which were prepared to
support the contemporary larval drift interpretation of the larval phase.
A further complication to the interpretation of Biickmann's observation
is the existence of spawning populations o8' the C'erman coast itself.
Biickmann  p. 53! himself indicates the existence of a gyre off the coast
of the Netherlands:
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Fig. 3.9 Herring larval distributions in the southern North Sea during the winter
of 1956/57.  Redrawn from Bridger 1961!

Early in January the bulk of the larvae that hatched in Novem-
ber are found off the coast of the Dutch province of Zeeland.
Some observations indicate that such larvae remain behind
there for some time, caught in a little eddy off the mouth of the
Rhine. But as a whole the transport or movement proceeds in a
northeasterly direction.

Given what was known in 1950 about circulation and the extant hypoth-
esis of larval drift, it is not surprising that Buckmann, in his overview,
emphasizes the displacement of the distribution to the northeast rather
than the slowing down of that displacement by a gyre, He entitled his
figure "Spreading of herring larvae out of the Flemish Bight." One
could entitle the same figure "Retention of herring larvae within the
Flemish Bight with some evidence of leakage." From Bridger's more
detailed coverage and the improved understanding of the circulation, a
larval retention interpretation provides an alternative conceptualiza-
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Fig. 3.10 Herring larval distributions in the southern North Sea during the winter
ol' 1957/58.  Redrawn from Bridger 1961!

tion of the observations that is consistent with the observations in the
northwestern Atlantic.

Talbot �974!, from an analysis of the accumulated plaice egg and
larval distributions in the southern North Sea, estimates that the
distributions do not change over time according to the predictions of
the physics of mixing in the area. The distributions do not disperse to
the degree predicted for a passive contaminant. An alternate inter-
pretation is that the animals are actively doing something to minimize
the dispersal of their distribution. It is this active process of retarding
dispersal and transport that we infer is occurring in the gyral circula-
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tion in the southeastern North Sea. In this particular case, if looked at
in isolation from herring populations, a larval drift interpretation is not
inconsistent with the empirical observations. However, we bejieve that
it is the wrong interpretation, The issue becomes one of interpreting
the evidence in relation to two differen t conceptual frameworks dealing
with complex life histories in the marine environment.

The second geographic area dealt with by Cushing �986! is the
so-called Bank herring spawning locations and subsequent larval dis-
tributions in the central North Sea. A careful reading of Biickmann
�950! does not support the conclusion by Cushing that the Bank larvae
"are drifted steadily across the North Sea." Biickmann's summary of
the available data �950, p, 54!, again interpreted within the context of
the larval drift hypothesis and the available overview of the residual
circulation of the central North Sea, is both cautious and complicated.
He concludes tentatively that Dogger Bank larvae  from whatever
source! may seek the coast of England for their metamorphosis rather
than drift across the North Sea. This is a far cry from Cushing's
representation of Biickmann's analysis, There would seem to be room
for alternative interpretations of the empirical results that emphasize
retention using the complex circulation rather than drift with the
surface-layer residual.

Other central North Sea observations in the literature can be
argued to support the concept of larval retention. Zijlstra �970! de-
scribes herring larval distributions in the central North Sea at a time for
several years when the Dogger spawning population was still healthy.
Two points are of interest. Prior to the collapse of the spawning popula-
tion on southwestern Dogger Bank there is some evidence of dis-
creteness between the larval distributions resulting from this popula-
tion and one spawning off the coast of Yorkshire. During the year when
the station density was highest �961! the discontinuity  to the degree
that it actually existed! is the most clearly defined. In that year the
discontinuity was clearly observed for the larger larvae  ll � 15 mm!, as
well as for the recently hatched larvae.

Second, from the similarities in the distributions of the two size
categories for a given year it can be deduced that there is a persistence
 or retention! of larvae within a particular area over the period of
growth, Many past interpretations have attributed the presence of
larger larvae in the proximity of a spawning location to drift of these
larvae from a distant spawning location. An alternate interpretation of
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the evidence, and the one we favor, is that the larvae have maintained a
fairly fixed position in spite of the surface-layer residual circulation by
vertically migrating in relation to the short-term variability in the
complex three-dimensional circulation.

Other studies in the central North Sea can similarly be inter-
preted to support the concept of larval retention rather than larval
drift. Iles and Sinclair �985! have provided some evidence for a larval
retention area off the coast of Yorkshire.

Cushing cites the study by Clark �933! as support for passive
larval drift from the several populations spawning off the coast of
Scotland in the northern North Sea  the so-called Buchan stock!. This
study, like Biickmann's, is dificult to evaluate, The sampling density
and temporal coverage during the early life-history stages of the various
herring populations are inadequate for the purposes of Cushing's pa-
per. It was very much a broad-brush approach. From the distribution of
larvae with scales, Clark concludes that larvae from autumn-spawning
populations metamorphose in the western North Sea rather than drift
across the North Sea to continental Europe. Cushing disagrees with
this conclusion and places his emphasis on the dispersal and drift of the
larvae away from the various spawning locations.

Iles and Sinclair �982! suggest that the tidal circulation in the
vicinity of the various autumn-spawning areas to the north and east of
Scotland are critical to larval retention. In our view the observations of

Clark �933! are not sufficiently detailed to test our hypothesis. The
data may be available from the diverse larval surveys to evaluate more
critically the hypothesis for the northern North Sea, It would seem
premature to reject it on the basis of Clark's analysis,

Earlier studies in European waters on the growth of herring
larvae have either assumed or demonstrated larval retention. %eyer
�878! observed retention of herring larvae in the Schlei fjord. Because
they were retained, he was able to estimate their growth throughout
the larval phase. Similar studies on retained larvae have been carried
out by Masterman �895! off St. Andrews and Bowers �952! off the Isle
of Man. In each case the authors were confident that they were
sampling a larval population through time at a fixed geographic loca-
tion, In sum, in several locations in the easterii Atlantic, growth studies
have been carried out on the unstated assumption that larval popula-
tions persist for up to several months in a relatively fixed geographic
location,



On the basis of the studies cited by Cushing �986! we feel that it
is premature to reject the herring hypothesis of Iles and Sinchur �982!.
It is our view that a major problem in fisheries biology, one that
contributes to the difficulty of considering the herring hypothesis
seriously for the North Sea, is the image of surface-layer residual
circulations as real phenomena. In many continental shelf areas the
estimated residual circulation is not a meanin~l concept. The short-
term variability, and the changes in speed and direction with depth,
can be much larger than the estimated residuals. We feel that the
larvae may be much more influenced by, and adapted to, the variances
than by the mean. The physical oceanography that they are experienc-
ing is not that represented in the oceanographic literature describing
average currents, not even in the more sophisticated analyses such as
those by Pingree and Maddock �985!.

From hindsight it may be that surface drift card and bottle
studies in the North Sea, initiated by Fulton in Scotland at the end of
the nineteenth century to test his larval drift hypothesis  see Figure
2,3! and carried on actively under the direction of Garstang and later
Graham at Lowestoft, have hindered rather than helped our under-
standing of the circulation patterns and larval fish ecology. Fisheries
biologists have tended to believe that the path of a surface drift bottle
tells the direction that fish larvae will drift. We strongly caution against
this basic assumption. Surface drift patterns may poorly reflect the
actual net horizontal advection of a larva as it migrates daily up and
down through parts of the water column. Dooley and McKay �979!,
using circulation information from current meters rather than drift
bottles, have carried on this tradition of inferring drift from average
current velocities at a particular depth. They estimate that herring
larvae from the west coast of Scotland could drift into the North Sea in
40 days. We again caution against this kind of exercise, It ignores the
empirically observed behavior of the larvae and oversimplifies the
relevant physical oceanography,

Life-History Distributions in the Gulf of Maine

The distributional aspects of the life cycle of Atlantic herring in
the Gulf of Maine have been described by Sinclair and Iles �985!. The
adult annual migration can be pieced together by linking the static
descriptions of the summer-feeding, spavming, and overwintering dis-
tributions  Figure 3.11!. Essentially all the adults from the diverse
populations in the Gulf of Maine area are interpreted to feed during the
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ae 0 ~ Fig. 3.11 Distributions
of Atlantic herring in the
Gulf of Maine and !cotian
Shelf area during the
summer feeding, spawn-
ing, and overwintering
phases of the adult annual
rnigrati<m cycle.  Re-
produced frere Sinclair
and Iles 1985aj
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summer months in only two or three locations  in the vicinity of the
highly productive tidally induced fronts!. From the tagging results it is
found that herring from different populations can share the same
summer-feeding environment. Depending on the particular timing of
spawning for a population, herring depart from the feeding area and
migrate to their respective spawning sites. This does not appear to
occur simultaneously. For example, the Scots Bay population in the
upper Bay of Fundy begins spawning in July and thus leaves the
feeding area earlier than the herring that spawn in the late summer and
autumn, Presumably the Scots Bay herring continue to feed after
spawning. The several spawning locations are illustrated in Figure 3.1.
After feeding and spawning, the adult herring of essentially all the
populations in the Gulf of Maine area migrate to two or three overwin-
tering locations  Figure 3. Il!. The timing of the migrations to and from
spawning, summer-feeding, and overwintering areas is remarkably
regular from year to year.

The early life-history distributional areas, to the degree that
they can be pieced together, are summarized in Figure 3. 12. As already
indicated, for several months after hatching the larval distributions
from the several spawning populations are discrete. The larval phase is
quite long for these populations that spaw» from late summer to
autumn, with metamorphosis not occurring until the following spring.
The larval phase covers a part of the year during which food is at a low
level  midwinter!. The period from the postlarval stage to Age I  i.e.,
the first summer! is not well understood. However, the juvenile nur-
sery areas, again for essentially all herring in the Gulf of Maine area, are
in the coastal zone along the shores of Maine, New Brunswick, and
Nova Scotia  Figure 3.12!. The tagging results indicate that there is also
mixing between populations during the juvenile phase of the life
history.

What do these simple spatial patterns imply for population
regulation? First, it is clear that, except during spawning itself and the
first few months of the larval phase, populations mix extensively with
each other, The spawning populations may be of very different sizes.
The Scots Bay spawning population is much smaller than the popula-
tion spawning off southwestern Nova Scotia  probably orders of magni-
tude smaller!, Individual herring can belong to populations which are
at either the high or the low end of their range of abundance, yet they
share a common environment for much of the year. Absolute abun-
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dance of the individual populations, Iles and Sinclair �982! argue, is
defined at the relatively short discrete phase of the life history  from
spawning through the first few months of the larval phase!. These
distributional observations, as well as the herring hypothesis, suggest
that intraspecific competition for limited resources during mast of the
life history cannot be important to population regulation.

A second conclusion is also stressed, In Chapter 2 it was pointed
out that the population hypothesis of Harden Jones, involving spawn-
ing in relation to egg and larval drift in the surface-layer residual
circulation  the migration triangle!, does not provide explanatory
power. The complex migrations of herring in the Gulf of Maine area, as
well as the spawning population patterns, cannot be interpreted in
relation to the larval drift/migration triangle hypothesis. The Georges
Bank progeny, which as juveniles aggregate in the coastal zone of the
inner Gulf of Maine, for example, would in some cases have to migrate
against the residual current. The known spawning locations, juvenile
nursery areas, and well-described residual circulation in the Gulf of
Maine area  Figure 3.13! cannot be pieced together consistently to
support the hypothesis based on larval drift and residual currents,

Tnne of Spawning

As noted above, the time of spawning for particular populations
within the Gulf of Maine is well defined and is population specific.
Most, but not all, populations in this particular area spawn in the late
summer to autumn. If the overall distributional range for the species is
considered, the pattern is remarkable. A population is spawning some-
where in the northern Atlantic every day of the year, vet the mean time
of spawning for each population is precise and the duration is brief
 Figure 3. 14 and Table 3.2!.

An explanation of this pattern for the species has been the focus
of theoretical developments in fisheries biology. Sinclair and Tremblay
�984! have summarized the coupling of the hypothesis of the time of
spawning of herring to a hypothesis of recruitment variability  i.e.,
Gushing's match/mismatch theory, discussed briefly in Chapter 2!,
The match/mismatch theory states that the time of spawning is adapted
to the particular time of spring and autumn phytoplankton blooms in
the geographic area of inferred larval drift. Iles and Sinclair �982! note,
however, that phytoplaukton seasonal cycles in the larval retention
areas of three autumn-spawning populations are not characterized by
autumn blooms, Phytoplankton seasonal cycles in both tidally induced
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Fig. 3.13 Residual circulation of the Gulf of Maine area.  Drawn by 8. Trites,
Maine Ecology Laboratory, Bedford Institute of Oceanography, Darttnouth, Nova
Scotia, Canada!

frontal areas and vertically well mixed areas are not characterized by a
tnidsummer reduction and subsequent autumn bloom. Yet, herring
populations characteristically spawn from late sumtner to autumn in
tidally energetic seas such as the Gulf of Maine and the North Sea.

On this basis alone Iles and Sinclair  l982! and Sinclair and
Tremblay �984! have argued that the conceptual base of both Cushing's
hypothesis of time of spawning for herring and his match/mismatch
theory is flawed. Further, the hypothesis for time of spawning does not
consider the empirical observations, well documented since the 1880s,
of marked differences in the duration of the larval phase between
different herring populations. Autumn-spawning populations have a
larval phase exceeding six months, while this phase for spring-
spawning populations can he as short as two or three months. A
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hypothesis on the time of spawning should account for such inter-
populational differences in life-cycle patterns.

Sinclair and Tremblay �984! propose an alternate hypothesis on
the time of spawning of Atlantic herring populations, in which timing is
a function of the length of time necessary for larval development, Two
constraints to herring populations are considered important:
1. Larval phase occurs within geographically well defined larval re-

tention areas which differ between populations in their plankton
production characteristics.

2. Metamorphosis from the larval to the juvenile stage can occur only
within a restricted time of the year  April to October!.

The first constraint is based on the herring hypothesis described above.
The second is based on empirical observations,

Three elements support the hypothesis;

1. Timing of metamorphosis is seasonally restricted  Figures 3. 15 and
3. 16!.

lt
! 10

I I I
l2 15

Fig. 3, 14 Spawning
tiines of 27 popolatinns of
Atlantic herring. Popula-
tions are identified in
Table 3.2.  Reprodiiced
from Sinclair and Trem-
hlay 1984!
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Table 3.2 Peak spawning periods for herring pop<rlations shown in Fig, 3.14, esti-
rnated from peak hatching data  with estimated incubation time subtracted! or from
peak catches from a spawning Rshery. If observations extend over more than one year,
years are shown in parentheses, Iteferences are listed in Sinclair and Tremblay �984!.

Peak periodPopulation

September 15-October 17
October I � 21 � years!
September 29-October 25 � years!
October
October 5 � 23  8 ye;u.s!
Octot>er 12-November 2  8 years!
September � October,

December � January
December
January

26. Downs
27. Plymouth

~Time derived by taking midpoint of spawning period.

2. Duration of the larval phase varies between categories of larval
distributional areas  Table 3.3!.

3, Zooplankton production varies consistently with the duration of
the larval phase  Figure 3.17!.

The empirical evidence is substarr tive for the first two points hut
sketchy for the third. Part of the problem in evaluating this aspect of the

1. Glvde Sca
2. Norwegian
3. Minch
4, Blackwater estuary
5. Schlei Fjord � Kiel Bav
6, Magdalen Island
7. Southwestern Guilf of St. lawrence
8. Chedabueto Bay
9. Southeastern Gulf of' St. Lawrence

10. St, Lawrence estuary
11, Scots Bay
12. Northwestern North Sea
13. Southern Gulf of St. Lawrence
14. Southwestern Nova Scotia
15. Grand Manan  historical!
16. Minch
17. Banks and Dogger Bank
18. Manx
19, Mourne
20. Coastal Gulf of Maine

Eastern section
Western section

21. Jeorey's Ledge
22. Donegal
23. Georges Bank
24. Nantucket Shoals
25. Dunrnore

February 2&28
February I&March 18 �7 years!
March*
April~
April~
May 9 �7 years!
May 14 � 18 �7 years!
May"
May 29 � June 6 �6 years!
June 15-July 7 � years!
July 20-August 3 � years!
August
July,'31-September 13 �7 years!
August 25-September 10 � years!
July-September
September 5-25
Sept< mber*
September
Laic September-October
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Fig. 3.15  .rowth of herring larvae fronr populations spawning in different months
of the year,  Reproduced from Sinclair and Tremblay 1954!

hypothesis  i.e., the differences in feeding environments between
larval retention areas! is data comparability. It is difficult to find good
comparative studies in zooplankton production, let alone for particular
herring larval distributional areas. There is some indirect support from
studies of feeding frequency that food availability is lower in the larval
retention areas within which the duration of the larval phase is longer
 the well-mixed areas in Table 3.3!. The observations are noisy  Table
3.4!, but a trend is observable. A higher percentage of the larvae are
feeding in the shorter-duration larval retention areas.

The summary of the information on duration of larval phase for
different herring populations is interesting in light of the accumulated
observations of differences in egg size and fecundity between popula-
tions. Herring populations differ considerably in fecundity and egg
size. In general, the total energy investment in gonads for a herring of a
given size is fairly constant between populations, varying by a factor of
approximately 2,5, but fecundity and egg size vary by factors of 4 and 5,
respectively. Thus, there is an inverse relationship between size of eggs
and the number of eggs produced. There are clear patterns in the
fecundity-egg size trade-off: spring spawners have larger but fewer
eggs, and autumn spawners have smaller but more eggs. A simple
interpretation consistent with the time of spawning hypothesis is that,
given a poor larval retention area and a concomitant !ong larval phase,
there will be greater accumulative population losses f'rom the distribu-
tional area  for the population in question! during the larval phase.
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Fig. 3.l6 Observations on the growth of herring larvae of different populations.
 Reproduced from Sinclair and Trernblay 1984!

Thus, higher fecundity for a given total energy allocation to gonads at
the cost of smaller eggs is advantageous. The relationship between
duration of the larval phase and fecundity is shown in Figure 3.18.

Tests of the Match/Mismatch Theory

There have been several recent tests of the match/mismatch

theory of control of year-class size, According to this theory, population
numbers are controlled during the larval phase by the availability of
food, As mentioned above, in the light of recent developments in
oceaography and fisheries biology, Sinclair and Tremblay �984! argue
that the basic arguments in support of the theory have not stood the test
of time,

The new hypothesis just summarized for the spawning time of
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Table 3.3 Herring larval phase duration and seasonality of metamorphosis  assumed
to begin at 40 mrn!, Retention area characteristics;ue from Garrett etal, �978!, Pingree
and Griffiths �978, 1980!, and references cited therein. References are listed in Sinclair
and Tremblay �984!,

Duration of
larval phase
 months!

Larval
retention area
characteristic

Month s! of
tnetatnorphosisPopulation

Stratificd
Stratified
Stratified
Stratified
Stratified
Unknown
Well mixed
Well mixed
Well mixed

Schlei Fjord � Kiel Bay
Clyde Sea
Norwegian
Plymouth
Blackwater estuary
Downs
Georges Bank
Manx
Northwestern North Sea

 Aberdeen'
Minch
Dogger Bank
Southwestern

Nova Scotia
Ile Verte, St. I awrence

estuary

June � July
June
June � July
April-May
August
June
April-May
April-May
April-May

2.5 � 3
3
3 � 4
4 � 5

6
7
7

April � May
May
April � May

Well mixed
Well mixed
Well mixed

r
7-8

Well mixed Spring
 inferred!

10-11

herring decouples the control of this life-history feature from the
generation of year-class variability  i. e., the control of population num-
bers!, anil accounts for both the seasonally diverse empirical observa-
tions on spawning time  a herring population is spawning every day of
the year! anti the marked between-population differences in the dura-
tion of the larval phase �-1l months!. The critique argues that the
conceptual development of the theory is invalid, but it does not neces-
sarily tlemonstrate that the theory is wrong. It couM be correct for
reasons not stated in its original fortnulation.

However, five recent field tests do undermine the validity of the
match/mismatch theory, Two semi-enclosed regions in tbe Gulf of St,
Lawrence, the lower St. Lawrence estuary and the Bay of Chaleur,
were investigated in regard to phytoplankton seasonal cycles, physical
oceanographic features, ancl seasonal spawning events of marine fish.
Sinclair �978! anil Lambert �983! have shown that the two environ-
ments have very different seasonal phytoplankton cycles: the Bay of
Chaleur has a classical spring and autumn bloom, whereas the lower St.
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Fig. 3.17 Estimated zooplankton biomass which is characteristic of the larval dis-
tributional areas l'or several herring populations. Bold lines indicate mean condi-
tions over years considered.  Reproduced l'rom Sinclair and Tremblay 1984!

Lawrence estuary is a "late bloomer"  Sinclair et al. 1981! with a broad
midsummer peak. However, the spawning times ofdiverse fish species
in the two areas are very similar  de Lafontaine et al. 1984a, 1984b!.
This comparative study, designed specifically to test the match/
mismatch theorv, demonstrates that, at least in these two areas, the
time of spawning is not related to the time of seasonal blooms. The
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Table 3,4 Feeding incidence of larval herring, Only larvae past the yolk-sac stage that
were caught during daylight or during a iccding peak are considered.  Iteferences ar<
given in Sinclair and Tremblay 1984.!

Larval size
 mm!

Percent
with foodMonth or seasonPopulation

Schlci Fjord

Norwegian Sea
Clyde Sea
Northwestern North Sea

Manx

Golf of Maine

Banks and Dogger Bank
Georges Bank

2915 � 28

57
0-8
23-33

34b
7 8b
10-16b

St. Lawrence estuary

'Peak.
'Mean.

Fig. 3.18 Fccunditv of
several Atlantic herring
populations as a function
<>f the duration of thc lar-
val phase. The numbers
represent the populations
listed in Table 3,2,  Re-
produced from Sincl;ur
and Tremblay 1984!
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<May
June
April
March-April � years!
September
September
October
November
September
October
November-Deco>nber
Autumn
Winter
Spring � years!
J une-N ovcmber
October �0 years!
October �0 years!
October � November

� years!
December-February

� years!
April-May
June
June

14-20
19-24
20
10-20
24
14-17
25
34
10-15
10
10
7-30
ll-40
21-50
10-18
8 � 12.9
13-17.9
9-18

~97
74 � 100
84
70>
65'
50

608
69
70
64
57
51
61
50~
28
33
21
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empirical observations, therefore, do not support the theory tested
 de Lafontaine 1984a, 1984b!.

In the second explicitly stated test, by Methot �983! on north-
ern anchovy, Fngrautis mordax, off southern California, the birth dates
of juveniles were determined from daily increments in otoliths and
compared with the seasonal distribution of spawning determined from
ichthyoplankton surveys conducted during the 1978 and 1979 spawning
seasons, Methot concludes, in the abstract of his thesis �981!, "The
seasonal patterns of survival through the laval stage were not related to
larval growth or mortality during the early larval stage but were
consistent with changes in offshore drift inferred from monthly upwell-
ing indices." His results, then, support neither the match/mismatch
theory of Cushing �975! nor its particular elaboration for northern
anchovy by Lasker �975, 1978!,

The third test is less direct. From broad-scale ichthyoplankton
surveys over the Scotian Shelf during most months of the year and
covering several years, O'Boyle et al. �984! observed that spawnings of
different species of demersal fish occur throughout the year  Figure
3,19!, yet the phytoplankton blooms are seasonal and rather brief.
Thus, all species cannot be adapting their time of spawning to the time
of phytoplankton blooms, and the match/mismatch theory cannot be
generally applicable. It could, however, still be relevant to a subset of
the observed species.

The fourth test is also indirect, in that larval mortalit> itself is
not estimated. Koslow �984! analyzed recruitment time series for 14
populations of northwestern Atlantic fish, Coherence was observed in
year-class strengths between populations within a species over very
large geographic areas  which was particularly marked for Atlantic cod,
Gadus rnorhaa!. He suggests  p. 1722!, "The spatial extent of these
patterns, which span the region from west Greenland to Georges Bank,
indicates that large-scale physical forcing, rather than local biological
interactions, predominantly regulates recruitment to northwest Atlan-
tic fisheries." Koslow, however, indicates that food limitation at the
larval phase may regulate recruitment variability, but that there would
have to be coherence in the zooplankton abundances over the same
extensive geographic area, Further analyses  Koslow et al. 1987! of cod
and haddock recruitment variability throughout the northwestern At-
lantic in relation to a range of environmental parameters suggest that
large-scale physical processes are in>portant, but the mechanisms gen-
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Fig. 3.l9 Estimated
spawning times of Atlantic
cod, haddock, pollock,

coD and silver hake on the
Scotian Shelf. The shaded
histograms represent egg
abunrlance estimated from
data of successfully com-

HADDOCK pleted cruises; vertical
lines  solid and dotted!
represent estimates from
incomplete cruises  HOll
and HO32!. The bottom
panel shows the best esti-
rnate of timing of spa~~-
ing for the four gadoid
species that are consid-
ered.  Reproduced from
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crating year-class strength coherence between areas remain unclear.
We interpret the results as not supporting the match/mismatch theory,
in that coherence in the timing of spawning events and plankton
blooms would not be expected to occur over thousands of kilometers.

In the fifth test, by Sinclair et al. �985c! on Pacific mackerel
recruitment variability, a survival index for the population  numbers
surviving to Age Vegg production! for the ZS-year period from 1938 to
1965 was analyzed in relation to zooplankton abundance. High survival
rates were observed during years of low food availability, which is
inconsistent with the match/misinatch theory  this study is described
in more detail in Chapter 6!.

No direct field tests have been made that support the match/
inismatch theory, in spite of the considerable efforts that have been
directed toward this aim. Support has come, rather, from the experi-
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mental work of Laurence �977! and Lasker �975, 1978!  whose ex peri-
mental results were not supported by Methot's! and from interpretative
studies in which year-class variability has been statistically related to
phvsical "proxy" variables  Sutcliffe 1972, 1973, Sutcliffe et al. 1977,
1983; Leggett et al. 1984!. George and Harris �985! have interpreted
coherence between zooplankton abundance, wind mixing, and tem-
perature observations in I.ake Windermere  United Kingdom! as sup-
porting the rnatch/mismatch theory. Iiigh zooplankton abundances
 predominantly cyclopod copepods and cladocerans characterized by
an overwintering benthic diapause stage! were observed in summers of
years having cool surface-layer temperatures in the early summer. To
George and Harris, these observations suggest that zooplankton abun-
dance differences are caused by phytoplankton production differences
 with cool years being more productive!.

An alternate interpretation of the zooplankton/temperature co-
herence involves a direct link betwee~ the zooplankton and the phys-
ics. Unusually high wind mixing in the early summer would generate
cooler surface waters but warmer bottom waters, which may be condu-
cive to increased incidence of metamorphosis from the diapause stage.
The food-chain hypothesis  wind mixing, phytoplankton production,
zooplankton abundance! based on the match/mismatch theory is not
the only interpretation of the empirical observations. In our view the
match/mismatch theory, an elegant development of Hjort's critical-
period hypothesis that has stimulated considerable interesting re-
search, cannot be substantiated on the basis of the literature to date.

Conduding Remarks

In this chapter disparate aspects of the recent literature on the
population regulation of marine fish have been discussed, with a heavy
emphasis on recent work on Atlantic herring. Populations of marine
fish having characteristic scales of abundance differiug over several
orders of magnitude have been observed to persist in very precise
geographic locations over several decades. In some cases spawning
populations have been observed for more than a century. This per-
sistence and stability in population characteristics have occurred in
spite of a high and continuing level of commercial exploitation. In our
reading of the literature the present theoretical or conceptual models
do not adequately account for the empirical observations. Some charac-
teristics of the population biology are simply not addressed in the
recent conceptual literature. In this category consider the species-



specific differences in the geographic pattern of populations and the
characteristic of population richness. Also, the causes of marked dif-
ferences in absolute abundance between populations of the same
species are not addressed in present theory. The characteristics of
populations that are addressed, in particular the control of interannual
variability in year-class size, are poorly understood. This lack of explan-
atory power is not due to lack of effort. The recruitment variability
problem in marine fish has been a hard one to solve.

The herring hypothesis addresses some of these distributional
questions. Spatial constraints are considered to be important to the
diverse aspects of the population regulation problem.

The material in Chapter 4, based on the approach taken with
Atlantic herring, attempts to provide a new perspective on population
regulation in the oceans, The approach is, in a certain sense, a retreat to
the 1930s, picking up the simpler questions about populations that
were addressed by Heincke, Hjort, Damas, Fulton, and Schmidt  as
summarized in Chapter 2!. Why do fish spawn where they do'~ What
are the self-sustaining populations of a particular species'? Why are
some species  such as European eel! panmictic and other species
population rich  such as Atjantic herring!'? Why in fact are most species
composed of self-sustaining populations' ?

The starting point, then, is the population systematics liter ature
that is well summarized for all animal groups by Goldschmidt �939,
chap. 3!, Mayr �942, chap. 6!, and mensch �959, chap. 3!. It was this
literature on populations that led to the Bassenkreis and the biological
species concept. It was also the substantive contribution to the evolu-
tionary synthesis by the systematists and natural historians,

Given the increased empirical information base in the marine
fisheries biology literature, it may be fruitful to re-ask some of these
older questions. The population-level characteristics of abundance and
temporal variability are considered ancillary to the species-level char-
acteristics of population richness and their geographic pattern.
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THE MEMBER/VAGRANT HYPOTHESIS

In this chapter we introduce a hypothesis, which we call the
member vagrant hypothesis, to explain and describe what regulates
populations of sexually reproducing marine species. As background for
the new hypothesis, however, let us first consider why sexual reproduc-
tion is the dominant mode underlying population persistence, and thus
why or in what sense free-crossing  or outcrossing! is a constraint.

Constraint of Sexual Reproduction

In the translation of Chetverikov's work, free-crossing was used
to indicate the mixing, or "crossing," of genetic material between
members of a population during sexual reproduction, In the more
recent literature, outcrossing has been used for the same concept.
Chetverikov �926! argues that in sexually reproducing species free-
crossing is a conservative function that is balanced or opposed in
evolution by natural selection. He states, for example  p. 181!:

In the foregoing analysis of free-crossing, we tried to establish
its role as a factor stabilizing a given population. In its very
essence it is a conservative factor, preserving the genotypic
composition of the species in the condition in which it is found
at a given moment.

Natural selection... is... its direct antagonist. If free-
crossing stabilizes the population, then selection, on the con-
trary, all the time displaces the equilibrium state, and, if in this
sense we may call free-crossing a conservative principle, then
selection, undoubtedly, is the dynamic principle, leading
ceaselessly to modification of the species,

In the development of ecology much of the emphasis has been
placed on an elaboration of the ecological implications of the above
"dynamic principle"  natural selection through competition for limited
resources!. Considerably less weight has been given to the ecological
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implications of the "conservative principle" of free-crossing, which we
consider to be an essential ecological constraint in sexually reproducing
species. We will develop a hypothesis that regulation of population
numbers in the oceans is predominantly a function of the constraint of
free-crossing, which does not necessarily involve competition for re-
sources. The generally accepted explanation of the selective value of
sex is that it generates variability on which natural selection can act.
This interpretation was promoted by Weismann in 1886. He states, for
example  as quoted in Mayr 1982a, p. 705!, that during fertilization

two groups ofhereditary tendencies are, as it were, combined. I
regard this combinatiou as the cause of hereditary individual
characters, and I believe that the reproductiau of such charac-
ters is the true significance of sexual reproduction. The object of
this process is to create those individual differences which form
the material out of which natural selection produces new spe-
cies.

Weismann's point of view, although it has not been without critics, is
still being championed. Nevertheless, Mayr �982a, p. 599'! lists the
evolutionary significance af sex as one of the unresolved issues in
natural selection.

An alternative interpretation of the evolutionary significance of
sex, which is consistent with Chetverikov's characterization that free-
crossing is a conservative principle, has been hypothesized by Dough-
erty �955!, Thompson �976, 1977!, and Bernstein et al. �984, 1985!,
Bernstein et al. �985! call this interpretation the repair hypothesis. As
they explain it  p. 1277!:

Damage appears to be a fundamcutal problem for living sys-
tems... aud we have argued that repair of genetic damage in
conjunction with the costs of redundancy are the selective
forces that lead to the origin of sex. AVe now propose that repair
aud complementation are the selective forces that maintain sex.

Two aspects of sexual reproduction are important in the repair
function: recombination during meiosis  within an individual!, and
outcrossing  or free-crossing between individuals, in Chetverikov's
terminology! during pairing. Genetic damage selects for recombina-
tion, whereas mutation  in the presence of recombination! selects for
outcrossing. Bernstein and co-workers argue that outcrossing is the
predominant mode of sexual reproduction in complex organisms be-
cause in diploidy there is complementation which involves the masking



MemberJVagrant Hypothesis / 69

of recessive genes. As they state in an earlier paper  Bernstein et al.
1984, p. 336!, "The diploid stage of the life cycle became the dominant
stage, since diploidy allows deleterious mutations in one genome to be
masked by complementary information in the other."

These arguments lead Bernstein and his co-workers to conclude
that individual variation is produced as a by-product of the repair
function selected for at a lower hierarchical level  those involving
meiosis and diploidy!. The overall hypothesis is well summarized in
their concluding remarks  Bernstein et al. 1985, p. 1281!:

There are two intrinsic problems in replicating genetic informa-
tion: DNA damage and mutation. We have argued that the two
principal features of sex, recombination and outcrossing, are
maintained, respectively, by the advantage of repairing damage
and masking mutations. Variation is produced as a bv-product.

The extant hypothesis  that Grst promoted by Weismann! in essence
argues the converse, that the variation itself is selected for.

What significance does the selective value of sexual reproduc-
tion have for marine population regulationP It is perhaps important to
understand the biological species concept itself. The essence of this
concept is twofold, Species are defined in relation to sexual reproduc-
tion, and species consist of groups of populations  which are themselves
defined in relation to free-crossing!. Sexual reproduction is central to
both the species concept and the definition of populations. The ulti-
mate reasons for sex, then, are central to an understanding of popula-
tion regulation in the broad sense used in this essay  richness, pattern,
abundance, and variability!,

Two inferences concerning populations can be inferred from the
repair hypothesis:
~ Due to the constraint of free-crossing in sexually reproducing spe-

cies in the oceans, the complex life histories that are frequently
observed ensure temporal persistence of populations in relatively
fixed geographic space.

~ Populations can only exist in those geographic locations within
which there can be continuity in the life cycle; i, e� in a geographical
setting within which retention  membership! exceeds losses  va-
grancy! in some integrated sense for the life cycle as a whole.

The evolution of sexual reproduction in marine organisms, with
the associated constraint of free-crossing of genetic material, intro-
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duced a new mode of selection  Bern»tein et al. 1984!. The primary
challenge to persistence of a population of a given marine species
became not just survival of the individual to maturity, as is the case for
asexual species, but the ability to find a mate having a similar genome at
this time.

To introduce the implications of this new constraint and its
impact on population ecology, we first discuss species that complete
their life cycle as plankton, because they are easier to conceptualize.
The concepts can then be enlarged to include life cycles involving
either a nekton phase  fish and pelagic invertebrate species! or a
relatively fixed phase at the sea Hoor interphase  diverse benthic
species!.

Because the ocean environment is highly dispersive and, from
the animals' perspective, dilute, it is not difficult to envision that with
time subsequent to birth the chance that one individual wil1 encounter
another with similar genetic material decreases monotonically. Diffu-
sion itself from a point source for nonmobile drifting organisms, or
random movement for mobile organisms, minimizes the frequency of
sexual encounter that is necessary to allow persistence of the popula-
tion. A new phenomenon in the evolution of life thus was generated
coincident with the emergence of sex: the constraint of physical rela-
tionship between individuals of populations to ensure persistence.
More fundamentally, the very existence of populations as defined in
this essay in relation to the shared gene pool emerged with the evolu-
tion of the sexual mode of reproduction, In this interpretation of the
evolution of life, the advantages of masking chemically generated
variability in the genetic material  through the sexual mode of repro-
duction! was gained at the cost of freedom of the individual in geo-
graphic space. Space relationships with others of a similar genome
suddenly became a constraint. Specie», as a phenomenon, emerged.

Clearly, any behavior by an animal will be highly selected for if
it enhances retention of the individuals of the population in relatively
fixed geographic space in proximity to the source of reproduction itself,
and thus increases the probability of sexual encounter. Survival itself is
not the only issue; finding a mate in a diffuse environment at dilute
concentrations becomes the additional, perhaps more critical, chal-
lenge. The animal that outcompetes others for resources may survive
longer; but if a mate is not encountered, obviously nothing in the
genome can be selected for. Also, populations will not persist in areas
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where retention is not sufficient to generate appropriate rates of en-
counter of like genomes within the time scale of the life history, In this
way, it is argued, coincident with the evolution of sexual reproduction
in the oceans, the features of the physical geography in relation to
diffusion-retention became critical to the persistence of plankton pop-
ulations, and the constraint of sex generated persistent geographic
patterns in populations in the oceans.

In sum, the bifurcation from asexual to sexual reproduction
generated several new phenomena: �! a mode of selection that ensures
physical encounter at maturity; �! behavior between individuals of
similar genomes; �! persistent population patterns in geographic
space; and thus �! the biological species itself, or the Rassenkreis of
Rensch. As a result of the new mode of selection  that involving
ensurance of physical encounter at maturity!, life cycles of sexually
reproducing animals are considered to be primarily mechanisms to
ensure persistence of populations in specific geographic space  this will
be discussed further in the concluding chapters of the essay!. The
second phenomenon involves the diverse behavioral characteristics of
animals in relation to what Paterson �982! has usefully defined as the
Specific Mate Recognition System  SMRS!, The third and fourth phe-
nomena, the persistence in population patterns on an ecological time
scale, are startling. In a very real sense it can be said that following the
evolution of sex, order  in this case the generation of persistent geo-
graphic patterns in population structure! was created out of chaos  the
inferred, continually changing geographical patterns that are gener-
ated by asexual reproduction!.

'Ibe Hypothesis Defined

The members'vagrant hypothesis comprises three statements:

1. Population pattern and richness are functions of the number and
location of geographic settings  within the overall distributional
area of the species! within which the species' life cycle is capable of
closure.

2. Absolute abundance is scaled according to the size of the geo-
graphic area in which there is closure of the life cycle of the free-
crossing population. Abundance may ultimately be spatially de-
fined in relation to the size of the spawning and early life-history
distributional areas, which are themselves defined in relation to
life-cycle continuity,
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3, TemporaI t ariability in abundance is a function of the intergenera-
tional losses of individuals  vagrancy and mortality! from the dis-
tributional area that will ensure membership within a given popu-
lation, For populations with a planktonic stage of the life cycle,
physical oceanographic processes may dominate in generating the
variability in losses from the distributional area,

The hypothesis emphasizes that membership in a population in the
oceans requires being in the right place at the right time in the life
cycle. It implies that animals can be lost from their population and
become vagrants � or expatriates, to use a term from the zooplankton
literature, Life cycles are considered mechanisms of achieving closure
within particular geographical settings which impose spatial con-
straints.

This concept of complex life histories of populations is repre-
sented schematically in Figure 4.1. At any stage of the life cycle an
individual can become separated from its population, The area for
successful reproduction is considered to be geographically constrained
in relation to the life cycle as a whole. In this illustration, sexual
reproduction at other geographic locations along the central line does
not allow the progeny to recruit to the population. The hole in the line
represents in a single dimension a geographic area of three dimensions
that is appropriate for spawning by a particu.lar population.

A population can lose members either by spatial or by ener get-
ics processes. We define spatial processes to include geographic dis-
placements from a distributional area appropriate for continued mem-

Fig, 4. I Life-cycle clo-
sure of a marine popula-
tion with a complex life
history in relation to spa-
tial constraints, It is infer-
red that there are chances
of becoming a vagrant at
diiferent phases of the life
cycle Isee text for discus-
sion !.
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Table 4.L Some spatial and energetics loss processes in the life cycle of a sexually
reproducing species. Spatial processes are indicated hy asterisks,

A.* Egg and larval losses due directly to physical processes of diffusion and advection
 i.e., Losses from distributional areas of the population!,

B. Egg and larval mortality caused by predation, disease, and starvation.
C.» Juvenile losses froin the population due directly to spatial constraints

 juvenile vagrants!.
D. Juvenile mortality caused by predation, disease, and st;Lrvation.
E.» Adult losses from the populati<rn due directly to spatial constraints

 adult vagrants!.
F. Adult mortality caused by pr.»alien,, disease, and starvation.
G.» Adults which do not secure a mate or which reproduce in the wrong place for life-

cycle continuity  although they are not vagrants! due to spatial constraints.
Adult reduced fecundity due to food liinitation.
Offspring which abort or are infertile due to biochemical  spatial! constraints.

H.
I.»

bership in the population. Spatial processes do not necessarily involve
mortality; however, they do include inability to find a mate who is a
member of the population, as well as sexual reproduction in inap-
propriate geographic locations for continued membership by the pro-
geny. In energetics processes we include predation, disease, and
starvation  and their interactions!. Such losses from a sexually re-
producing marine population with a complex life history are listed in
Table 4.1.

It is perhaps useful in a conceptual sense to identify separately
these two categories of losses from sexually reproducing populations.
Spatial losses do not involve competition for food resources or avoid-
ance of predators. Yet they can be density dependent. In this sense the
carrying capacity of a population in the marine environment could be
defined be]ow the level of food limitation and without predator control.
Biological interactions involving food or predation are not required for
the definition of absolute abundance  i,e., carrying capacity!, or for
stability and persistence. This conclusion is counterintuitive if popula-
tion patterns are not considered in relation to geography, Once life
cycles are associated with particular features of the physical geography,
however, the argument is a simple one. The losses from a population
because of spatial processes are indicated by an asterisk in Table 4.1.

It is inferred that for marine species with complex life histories
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the proportion of the total losses from the population due to spatial
processes may be much larger than losses due to energetics processes.
Further, it is noted that A* + C* + E* + G* + I* can be sufficient
for population regulation, There is no requirement that abundance of
the population be limited by density dependence on food availability
or predation. Losses due to spatial processes could be sufficient for the
regulation of absolute abundance and temporal variability. For this to
be the case, all that is required is that there be some density-depen-
dent losses associated with the spatial processes themselves, Vagrancy
has to be density dependent on occasion. The existence in principle of
this sort of control is illustrated in Figure 4. I by the limited space for
successful sexual reproduction.

The point being made here is an extreine one. We are not
suggesting that food limitation, predation, and disease are not impor-
tant in the oceans. Rather, we argue that such so-called energetics
processes  acting in a density-dependent manner! are not required for
population regulation. All of the density dependence could be gener-
ated hy spatial processes alone. Further, a large component of popula-
tion losses due to energetics processes may be density independent,
just as a proportion of the losses due to spatial processes may be density
dependent  this point is illustrated in Figure 4.2!. In short, both
categories of losses from populations can be either density indepen-
dent or density dependent.

Margalef �985!, addressing the incompleteness of the equa-
tions of population growth, states  p. 202!, "Volterra-Lotka models
have various disadvantages: they ignore the discontinuity of individuals

Fig. 4.2 Proportional
losses  vagrancy and rnor-
tality! due to spati,d and
energetic processes. Each
of these hvo dchncd cate-
gories of losses from a
population may involve
density dependence and
density independence. In
this representation the
losses due to spati rl pro-
cesses predominate
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Energy

Food limitation,
predation, disease

Competition

Regulation of abundance

Foocucharn selection

Energetics adaptation

 quantification! and space, and operate in a sort of 'ether' of very unreal
properties"  emphasis added!. Leaving out the constraint of discon-
tinuity of individuals of sexually reproducing species  individuals are
members of particular populations which require being at the right
place at the right time! and space may have narrowed the focus on
population regulation questions in an inhibiting manner. Further, the
two types of processes involved in population regulation  i.e., energet-
ics and spatial processes! may be involved in separate aspects of evolu-
tion. In this conceptualization the energetics, or food-chain, processes
lead to intraspecific competition for resources. Such coinpetition gen-
erates selection for a certain class of adaptations associated with food-
chain events. The spatial processes generated by the constraints of free-
crossing in sexually reproducing animals result in relational events
 membership, vagrancy!, which generate what can be defined as life-
cycle selection. Life-cycle selection may be considered to include
sexual selection. Darwin �859, p. 88! defines sexual selection as being
a process, separate from natural selection, that does not involve the
struggle for existence: "This depends, not on the struggle for existence,
but on a struggle between the males for possession of the females; the
result is not death to the unsuccessful competitor, but few or no
offspring."

In the same sense, life-cycle selection involves a metaphorical
struggle to maintain membership in the population but does not
necessarily involve mortality at the time of vagrancy. Life-cycle selec-
tion does not involve intraspecific competition for limited food re-
sources or the avoidance of predators. These contemporaneous popula-
tion regulation processes, and their association with so-called
energetics adaptation and speciation, are summarized in Figure 4.3.

a!! w pop~IHi R I t! p Fig. 4.3 Inferred effects
of energy and space con-

Space straints on population reg-
Constraint of

l ulation of sexually rc-
free-crossing due to producing species in the
evolution of sert

oceans, It is proposed that
Relational processes, the ttvo defined <ntinpo-
membership, vagrancy

nents of population rcgu-
Regulation of abundance lation are part of the
Life-cycle selection tnechanisrns of decoupled

processes of energetics
adaptation and speciation.
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The evolutionary implications of the member/vagrant population regu-
lation hypothesis are developed further in the latter half of this essay.

A recent study by Fleminger �985I on sex change in a copepod
population at certain times of the year illustrates how important spatial
processes can be. The population in question persists in an upwelling
zone off the coast of northern California. The life cycle involves a
diapause phase in deeper water at the late copepodite stage, presum-
ably to ensure persistence of the population in particular geographic
space. In midwinter, following diapause, the copepodites migrate to
the surface layer and metamorphose to adults. Because of the dif-
ference in growth or maturation rates between sexes, few mature
females are available for reproduction in midwinter, Fleminger, from a
detailed analysis of the morphology of the male and female antennae,
concludes that at this time of the year a proportion of the males change
sex, becoming what he calls "quadritheks." "At this time of few
females," Fleminger states, "quadritheks have a greater likelihood of
contributing to the next generation than early males, many of whom
probably die without ever mating."

This latter point forcefully emphasizes the constraint of sexual
reproduction on population regulation. Many males in midwinter,
although presumably good competitors for food and avoiders of pre-
dators, will not contribute to the population because they are in the
right place at the wrong time. The alternative pitfall, being in the
wrong place at the right time for contributing to the population, is easy
to visualize. The term expatriate is used frequently to describe zoo-
plankton that will not be contributing to the next generation of their
source population. Many of these male copepods off California will
perhaps die of old age before successful mating. It is suggested that life-
cycle selection may be a useful term to describe selection processes
generated by population losses that do not involve intraspecific compe-
tition for limited food resources or predator avoidance. Sex change in
midwinter by the quadritheks may be an example,

New terminology in ecology should not be defined without an
obvious need. It will be argued in the concluding three chapters of the
essay that a modest reconceptualization of the regulation of abundance
question  as stated in the member/vagrant hypothesis! provides in-
creased explanatory power for some contentious issues in evolutionary
biology. Separating natural selection into two ecologically distinct
processes  i.e., food chain and life-cycle selection! is useful towards
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that end. The ecological phenomena, or constraints, are distinct; and
their influences are argued to be separable. Natural selection in its
original definition is associated strongly with intraspecific competition
for food resources and avoidance of predators. Thus, food-chain selec-
tion is roughly synonymous with natural selection as defined within
Darwinism.

Natural selection, however, has taken on a different meaning
within the evolutionary synthesis. The ecologica] component of natural
selection has faded into the background, whereas the population ge-
netics component  i.e., natural selection as changes in frequency dis-
tribution in particular traits through time irrespective of the selection
process! has come to the foreground. In modern usage, sexual selection
is a component of natural selection, This contrasts to Darwin's original
treatment  as indicated in the quotation on page 75!. Rather than
restrict the definition to its original sense in discussing the implications
of the member/vagrant hypothesis, we introduce two ecological com-
ponents of the broadly defined natural selection concept: food chain
and life cycle.

The conclusion that physics may predominate over food-chain
processes in the population biology of marine species is not new.
McGowan and Brinton �985!, referring particularly to plankton stud-
ies in the Calfornia Current, make this point:

Thus the discovery of a vast amount of stirring and mixing of
populations led to the speculation that much population biology
and community diversity here was to be understood in terms of
the physics of water movement, rather than biological functions
such as food limitation, energy fiow or competitive interrela-
tionships between populations. This was such a heretical idea at
the time �954! that Johnson and his students felt more data,
particular!y descriptive data, were required before publishing
it.

In the next four chapters some of the accumulated descriptive
studies carried out predominantly since the 1960s are reviewed in
relation to the member/vagrant hypothesis.
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MARINE FISH POPULATIONS

Observations selected from the accumulated fisheries biology
literature provide some support for the member/vagrant hypothesis,
which incorporates the critical role of physical geography in ensuring
sufficient retention at the early life-history stages to permit life-cycle
continuity and thus population persistence. It is recognized that the
nature of the argument being developed here under the rubric "sup-
port" is very much a consistency argument rather than direct evidence
of the role of physics in population regulation.

Population Richness

We may take it as fact that the population structure and richness
of many marine fish species  i.e., the relative degree of population
richness! are determined by constraints at the early life-history stages,
This is well recognized for certain anadromous species such as Atlantic
salmon  e.g., see Harden Jones 1968 and Hasler et al. 1978! and
American shad  Leggett and Whitney 1972; Carscadden and Leggett
1975; Dadswell et al, 1983; Melvin et al. 1985!. In those two species, the
population structure is a function of the number of rivers flowing into
the northern Atlantic, from all land sources for Atlantic salmon and
from the eastern coast of North America for American shad.

Three well-documented sets of observations are considered

important. First, both species home to specific river systems  Figure
S.l!. Second, egg and larval phases are completed for both species
within those river systems; that is, the early life-history stages are
retained by an interaction between the behavioral characteristic of the
species and the particular physical geography of the river system.
Third, there is extensive mixing between populations during the juve-
nile and adult phases of the life histories. The discreteness between
populations at the early life-history stages is easy to visualize. The point
that is stressed here in relation to the subsequent between-species
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of American shad return-
ing to spawn in the rivers
of their origin.  Redrawn
from Dadswel! ct al. 1983!

comparisons is that population richness and pattern for Atlantic salmon
and American shad are defined at the early hfe-history stages.

The anadromous rainbow smelt  O,humerus mordax! is somewhat
less population rich than Atlantic salmon and American shad. For
example, Frechet et al. �983! have identified only three populations of
rainbow smelt in Quebec waters: those spawning in rivers flowing into
�! the Bay of Chaleur, �! the south shore of the St. Lawrence estuary,
and �! the Saguenay fjord. Those authors suggest that the Qutsbec
smelt home, not to specific natal rivers, but to one of several rivers
flowing into an estuary, fjord, or coastal embayment. Ouellet and
Dodson �985! report that the larvae from one of the rivers  the Boyer!
flowing into the St. Lawrence estuary are retained downstreatn of the
natal river, in the St. Lawrence estuary, by vertical migration in
combination with the two-layer circulation system.

The distributional evidence for this anadromous species again
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strongly suggests that population richness and pattern are defined at
the early life-history stages. In this case the geographic area of reten-
tion at the early life-history stage, which is inferred to define the
population structure, is in coastal embayments or estuaries rather than
in the river system itself. As a result, the smelt is less population rich
than the other two anadromous species considered.

The evidence supporting the conclusion that population
richness is determined at the early life-history stages is not so straight-
forward in ocean-spawning species, due in part to the long-held con-
cept of larval drift as first defined by Fulton �889!. In spite of this
conceptual constraint on the sampling design of fish larval studies and
their interpretation, many empirical observations support such a con-
clusion,

The evidence that the population richness and pattern of Atlan-
tic herring  which in fact generated the hypothesis being evaluated! are
determined at the early life-history stages was summarized in Chap-
ter 3  from Iles and Sinclair 1982, Sinclair and Iles 1985!. Retention of
larvae for the first few months of life has been documented for both

coastal embayments or estuaries  Graham 1972, 1982; Grainger 1980;
Fortier and Leggett 1982; Henri et al, 1985! as well as for open-ocean
areas, by Boyar et al. �973! and Bolz and Lough �984! for Georges
Bank and by Zijlstra �970! for Dogger Bank, The mechanism by which
discreteness is maintained  vertical migration in relation to the es-
tuarine circulation! has been well described in estuaries  Graham 1972;
Fortier and Leggett 1982; Henri et al. 1985! but only inferred in the
open-ocean spawning areas. Since tidally dominated circulations are
characteristic of many larval distributional areas of Atlantic herring
populations, it is probable that such features play a role in facilitating
retention,

Atlantic cod is also population rich. Maintenance of discrete egg
and larval distributions from well-identified spawning populations has
been described, for example, for Browns Bank, Sable Island Bank,
Flemish Cap, and Magdalen Shallows off Canada; and for Faroe Bank,
Faroe Plateau, and the Lofoten area off Europe  Table 5.1!. The egg and
larval distributions, however, generally have been interpreted in rela-
tion to drift and dispersal rather than persistence within particular
geographic locations. For example, Hislop �984, p. 311! has concluded
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Table 5.1 Studies supporting egg and larval retention for haddock and Atlantic cod.

PopulationStudy

Atlantic cod
O'Boyle et al. 1984
O'Boyle et al, 1984
Lett 1978
Anderson 1982
ICES 1979'2
1CF.S 1979s
Ellertsen et al. 1986, Wiborg 1952, 1960a, 1960b

Haddock
Smith and Morse 1985
O'Boyle et al. 1984, Koslow et al. 1985
O'Boyle et al. 1984
Saville 1956, ICES 1979b
IGES 1979b

Browns Bank
Sable Island Bank
Magdalen Shallows
Flemish Cap
Faroe Plateau
Faroe Bank
Lofoten area

Georges Bank
Browns Bank
Sable Island Hank
Faroe Plateau
Faroe Bank

'Support inferred from pp. 18 and 19 and Figs. 25 and 26.
bSupport inferred from pp. 19 and 20 and Figs. 28 and 29.

that the high egg production of cod "ensures widespread dispersal of
the spawning products."

The rich literature on Atlantic cod egg and larval distributions
cannot be critically evaluated here, but the data summarized in Table
5, I suggest that population richness and pattern of Atlantic cod are a
function of constraints at the planktonic egg and larval phases of the life
history. The spatial distributions of cod eggs and larvae on the Scotian
Shelf off Nova Scotia at different months are illustrated in Figure 5.2.
The similarity in the patterns of egg and larval distributions at;my one
time, as well as the persistence of the larval distributions over certain
offshore banks between months, led O'Boyle et al. �984! to conclude
that cod eggs and larvae, for these areas at least, are retained in
particular physical oceanographic locations, It was inferred that the
gyral circulation associated with offshore banks contribute to egg and
larval retention, Gagne and O'Boyle �984!, in a more detailed analysis
of the ichthyoplankton data collected on the Scotian Shelf in conjunc-
tion with the groundfish survey data, strengthened this interpretation
of the empirical observations:

Our analvsis of the distribution of one and two year old cod
shows that they are concentrated over the banks identified as
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Fig. S.R Distribution of eggs and larvae of Atlantic cod on the Scotian Shelf during
winter and spring.  Reproduced from O'Bovle et al, 1984!

major spawning areas, i.e. Hanquereau, Middle and Sable
Banks. This strongly suggests that the spawning and the nur-
sery grounds are often within the same geographical area. From
this evidence, we conclude that over most areas of the Scotian
Shelf, cod larvae do not drift from spawning grounds to nursery
grounds; instead they are generally retained within large areas
where both types of grounds are located.

The observations on the tlistributions of cod larvae from May to
August over the Flemish Cap off Newfoundland  Figure 5.3! also
suggest that the planktonic early life-history stages are retained over
the Flemish Cap for several months, For the two distinct populations of
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numbers per cubic meter!
of Atlantic cod larvae on
the Flemish Cap from
May to early August. {Re-
drawn from Anderson
]982!

cod that have been identified on the Faroe Plateau and around the
Faroe Islands, spawning locations and distributions of juveniles less
than a year old are discrete between the two areas  Figure 5.4!. The
ichthyoplankton stages of the two populations are probably retained
around the Faroe Plateau and over the Faroe Islands. Evidence for an
anticyclonic circulation on Faroe Bank, which should enhance egg and
larval retention, is presented by Hansen et al, �986!. Even where the
juvenile distributional area is not coincident with egg and larval dis-
tributional areas, such as the Lofoten and Vestfjord spawning popula-
tion off northern Norway, there is evidence that eggs and larvae are
retained over the offshore banks for a few months.

In the interpretation now accepted, the eggs and larvae drift
passively from the spawning site to the nursery area to the north and
east. An alternate interpretation for this cod population is that at the
planktonic stages they are retained over the banks and within the
Vestfjord for a certain period  Ellertsen et al, 1986! and then, either at
the late larval stage or after metamorphosis, actively migrate to the
juvenile nursery area. It is suggested here that the very existence of the
self-sustaining population in this area is due to the retention charac-
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teristics of the Lofoten-Vestfjord physical oceanography. Following this
logic, the precise location of spavvning is defined, not by the residual
circtdation liiikiiig a spawning area to a nursery area, but by the bank
recircttlation features whereby egg and larval discreteness can be
maintained for a fexv months.

In each of the above examples, the cod populations have Eieen
identified by their adiilt characteristics. lt lore recent distributional
observations by other scientists on the early life-history stages suggest
that the eggs and larvae are retained in well-defined geographical areas
having particular physical oceanographic properties. %fixing between
populations of cod, however, does occur at the adult phase during
summer feeding  M'ise 1962'I and overwinteritig  Templeman 19hZ!.

Fgg and larval retention f' or haddock spawning on offshore
banks has been demonstrated or inferred for Georges Bank, Browns
Bank, Sable Island Bank, I'aroe Plateau, and Faroe Hank  Tab]e 5.1!,
Saville �956! postulates  p. 11! that retention is generated by an anti-
cyclonic eddy system around the Farocs: "It would seem necessary to
postulate such a sx stem in any case to explain the retention of thc
haddock spawniiig products within the area a»d, with the possible
exception of' 1950, there is no evidence to suggest that there is any
appreciable loss of these products bv drift out of the area."

It can be inferred from detailed studies of the oceanography of
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Fig. 5.4 l!istribution  in
numbers per standard
haull of recently meta-
rnorphoscd Atlantic cod
juveniles from discrete
populations on Faroe
Bank and around ibe
Faroc Islands.  He-
produced from ICES
19  9!

teristics of the Lofoten-Vestfjord physical oceanography, Following this
logic, the precise location of spawning is defined, not by the resldttal
circulation linking a spawning area to a nursery area, but by the bank
recirculation features whereby egg and larval discreteness can be
maintained for a few months.

In each of the above examples, the cod populations have been
identified by their adult characteristics. More recent distributional
observations by other scientists on the early life-history stages suggest
that the eggs and larvae are retained in well-defined geographical areas
having particular physical oceanographic properties. Mixing between
populations of cod, however, does occur at the adult phase during
summer feeding  Wise 1962! and overwintering  Templeman 1962!.

Egg and larval retention for haddock spawning on offshore
banks has been demonstrated or inferred for Georges Bank, Brawns
Bank, Sable Island Bank, Faroe Plateau, and Faroe Bank  Table 5.1!.
Saville �956! postulates  p. 11! that retention is generated by an anti-
cyclonic eddy system around the Faroes: "It would seem necessary to
postulate such a system in any case to explain the retention of the
haddock spawning products within the area and, with the possible
exception of 1950, there is no evidence to suggest that there is any
appreciable loss of these products by drift out of the area."

It can be inferred from detailed studies of the oceanography of
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Browns and Georges banks, in the Gulf of Maine area, that larval
behavior as well as circulation is critical to the persistence of the
distributions on the banks. Both banks are highly dispersive environ-
ments. The dispersion time of passive particles, without considering
the circulation, is 10 � 15 days for Browns Bank and ~ days for
Georges Bank  P. Smith, Bedford Institute of Oceanography, personal
communication!. Residual gyres generated by tidal processes are also
characteristic of both banks  Greenberg 1983!. Drogue studies on
Browns Bank at midwater depths show that the residence time, on
average, is 14 days  P. Smith, personal communication!.

The "event" scale of physical oceanographic phenomena  such
as shelf-water entrainment into warm-core eddies and advection of
shelf water seaward due to storms! has been identified as a constraint to
egg and larval persistence on shelf banks in this particular area. Yet
persistent discrete egg and larval haddock  and cod! are observed on
both banks  Figures 5.5-5.7!; and more, larger larvae are observed
within the well-mixed area of Georges Bank than in the stratified water
around the circumference  G. C. Laurence, National Marine Fisheries
Service, personal communication!. In addition, discrete aggregations
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of 0-youp haddock  postlarvae less than one year old! are observed on
at least Georges Bank and Sable Island Bank  Scott 1982, 1984! in the
summer  the situation for Browns Bank is less clear!. Thus, some
behavior has to be attributed to the early life history, particularly on
the smaller Browns Bank, to account for the observed distributions.

It is not clear at this stage how either diurnal or ontogenetic
depth changes by the larvae and postlarvae can account for the ob-
served distributions. There is little shear in the tidal circulation with
depth in the top 30 m of the water column within which most of the
larvae are distributed. However, wind-generated circulation effects,
which are superimposed on the tidal circulation, are depth specific and
may generate sufficient vertical structure to be "used" by vertically
migrating larvae to enhance retention over the natal banks,

Tagging results of haddock indicate that �! the adult distribu-
tional areas are considerably broader than the spawning and egg and
larval retention areas and �! there is some mixing between haddock of
different populations during summer feeding and overwintering  for
example, McCracken 1959; Halliday and McCracken 1970!. On the
basis of the distributional data at various life-history stages, it is tenta-
tively inferred here that haddock population richness  which is consid-
erably less than that observed for herring and cod! is defined at the
planktonic egg and larval phases of the life history. In the northwestern
Atlantic, at least, <M populations exist in essentially every location that
a haddock population spawns; but there are also many geographic
locations where only cod populations can persist  e.g., the many so-

MARCH 1977 1982

Fig. 5.6 Distributions of three size classes of haddock larvae of the Georgcs Bank
population during March,  Reprixluced from Smith and Morse 1985!
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JUNE 1977-1QS2

Fig. 5.7 Distributions of three size classes of hadrloek larvae of the Gcorges Bank
population during June,  Reproduced from Smith and Morse 1985!

called local cod populations maintained in coastal embayments!. This
difference in population richness between species whose early life-
history requirements are similar suggests that there may be very subtle
differences in the behavior of the larvae that allow cod populations to be
more numerous.

Winter flounder populatio~ structure has not been well de-
scribed. There has been, however, an excellent study on the early life
history of a selected well-defined populatio~. Pearcy �962! elegantly
demonstrated the interaction between ontogenetic changes in winter
flounder behavior at the early life-history stages in relation to the
estuarine circulation that permits maintenance of a discrete early life-
history distribution within the Mystic River estuary, From tagging
experiments it has been concluded that winter flounder are rather
stationary and that the species is population rich  Perlmutter J.947!.
Saila �961! showed that winter flounder return to the same area each
year to spawn. It is thus not possible to conclude for winter Hounder
that the population structure itself is a constraint of requirements at the
egg and larval phases  since all phases are fairly discrete from con-
tiguous populations!; but the behavioral features identified at the early
life history, which are linked to physical oceanographic features, sug-
gest that they are aiding retention of the population in specific geo-
graphic areas rather than permitting dispersal through drift.

Similar evidence on egg and larval retention in relation to
population patterns can be inferred for yellowtail flounder  Lirnrrnda
ferrtsginea!. Studies on juvenile and adult characteristics and migra-
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tions  Lux 1963! have led to the conclusion that yellowtail flounder are
generally sedentary and that separate populations are sustained in
close proximity to each other, For example, separate populations of this
species are observed on Georges Bank, from Nantucket Shoals to Long
Island, and from Cape Cod to Cape Ann. Smith et al. �978! describe
vertical distribution of yellowtail larvae and ontogenetic changes in
behavior for the Middle Atlantic Bight population. They indicate that
vertical movements and feeding are not directly related. The younger
larvae stay below the thermocline, but intermediate-size larvae move
through it and can be found throughout the water column. Larvae
greater than 10mm apparently spend some time on the bottom, There
is little dispersal at the larval stage due to the surface-layer and wind-
driven currents, Smith et al. �978! state,

Our conclusion is supported by Royce et al, �959!. Similarities
in patterns of distribution between eggs and larvae led them to
conclude that larvae were demersal before much horizontal
drift occurred. It seems worth noting that the smallest larvae,
those least able to swim with directed movements, did not
ascend to the surface at night. They remained below the shallow
thertnal gradient, where they were unafi'ected by wind-driven
circulation.

On the basis of this limited evidence on yellowtail larval dis-
tributions and the more extensive literature on the population patterns
of yeHowtail flounder, it is again argued that the richness and geo-
graphic pattern observed are a function of events at the early life
history.

Atlantic mackerel  Scomber scombras! population structure
was initially described by Garstang �899! and Williamson �900! in the
eastern Atlantic aud Sette �943! in the western Atlantic. Subsequent
studies have not markedly changed their major conclusions. The Atlan-
tic mackerel is not population rich, consisting of only two large popula-
tions in the western Atlantic and perhaps two or three in the eastern
Atlantic. Large-scale migrations are characteristic of this species, and
during the overwintering adult phase there is mixing between popula-
tions. The western Atlantic contains two extensive but definable egg
and larval distributional areas: the southern Gulf of St. Lawrence  Lett
1978! and the Middle Atlantic Bight  Berrien 1978!. The distribution of
mackerel eggs in the Middle Atlantic Bight is shown in Figure 5.8 and
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Fig, 5.8 Distrih<>tion <>f Atlantic m <ci<-
erel eggs in thc 'Ali<l<lie Atlantic Bight.
 Hcpro<lucerl from Berri< n 19< S'!

of larvae in the %orth Sea in Figure 5.9. The egg and larval retention
areas f'<ir Atlantic mackerel as a whole are illustrated in Figure 5.10.

It is proposed here that the egg a»d larval retention areas used
by this species involve larger-scale circulation f'eatures, of which there
are»ot many within its distributio»al limits. As a result, only two
populations can bc sustained, for example. in the western Atlantic.
Again, the population structure of Atlantic mackerel is inferred herc to
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Fig. $.9 Distribution
from l958 to 1965 of At-
lantic mackerel larvae in
the North Sea. The solid
straight lines across the
North Sea represent the
Continuous Plankton Re-
corder routes,  He-
produced from Johnson
1977'
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be defined at the early life-history stages  in this case in relation to large
physical oceanographic current systems!. The discreteness of the egg
and larval distributions in the northeastern Atlantic in relation to either

population structure or well-defined physical oceanographic features is
not well understood  see Hamre 1980 and Johnson 1977 for reviews!.

Shortfin squid and Atlantic menhaden are population poor. For
each species the distributional liinits of the species itself define the
population. Clearly, however, the physical oceanographic systems
used by these species at the early life-history egg and larval phases are
in each case unique. It is hypothesized by O'Dor �981!, Rowell et al.
�984!, and Trites �983! that shortfin squid use the interphase between
the Gulf Stream and the slope water as the larval distributional area
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Fig. 5.10 Larval retention areas for Atlantic mackerel, a population-poor species.

 there is only one such feature!. Atlantic menhaden use the continental
shelf from Cape Cod to northern Florida as an egg and larval distribu-
tional area  see Kendall and Reintjes 1975 for a review!.

The final example chosen is the European eel because it has
been so extensively studied and, perhaps incorrectly, considered to be
an anomaly with respect to its population structure. The European eel,
like the shortfin squid and the Atlantic menhaden, is population poor.
There are disagreements in the literature concerning the systematics of
eels in the northern Atlantic  Williams and Koehn 1984!. This uncer-
tainty does not, however, significantly influence the conclusions drawn
here. As indicated in Chapter 2, Schmidt �930! observed no dif-
ferences in meristics of European eel from his extensive sampling of
rivers throughout Europe. These observations were anomalous to his
observations on herring, cod, and Zoarces sp., and there have been
ingenious attempts to account for the homogeneity of the observations
 for example, Wynne-Edwards 1962!. In the present perspective, how-
ever, the European eel results are clearly not anomalous, but rather
part of an ordered sequence of population richness. Also, the underly-
ing causes of the lack of population richness are plausibly interpretable.

For this species the egg and larval retention area is the North
Atlantic Gyre itself  Figure 5.11!, and there is only one such physical
feature within the distributional range of the species  here we consider
the European and American eels to be separate species!. The distribu-
tional details of the early life history and the observations on homoge-
neity in the meristics of adult eels are described by Schmidt �922!. His
conclusions about the European eel have recently been questioned by
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Fig. S.ll Distribution of larvae of European eel isohd lines! and American eel
 dotted lines!.  Reproduced from Schmidt I922!

Boetius and Harding �985! and Harding �985!. Although the pub-
lished data by Schmidt indicate remarkable uniformity in meristics
between eels sampled from a wide range of rivers throughout Europe,
the unpublished data and some subsequent work by the authors de-
montrate less homogeneity. In addition, the larval distribution data in
the North Atlantic Gyre suggest that the spawning location is more
extensive than what Schmidt hypothesized. The subsequent research
on the American eel, however, has tended to confirm the conclusion of
panmixis for eels  Williams and Koehn 1984; Kleckner and McCleave
1985; references therein!.

At this stage in the debate the general conclusions of Schmidt
on panmixis and a single larval distributional area for each of the two eel
species in the northern Atlantic has been accepted. This interpretation
is supported in a recent review by McCleave et al.  in press!. It is noted,
however, that the strength of the conclusions has been weakened for
the European eel  but not the American eel! by the analyses of Boetius
and Harding. Future studies will undoubtedly clarify this question,
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In sum, there is a continuum in population richness from, for
example, Atlantic salmon to European eel. In this comparative analysis
it is clear that in general terms the degree of population richness is a
function of constraints at the early life-history phases involving well-
defined physical oceanographic or geographic features  rivers, estu-
aries, coastal embayments, tidal-induced circulation features, banks,
coastal current systems, major ocean currents, oceanic-scale gyres!.
When there are many such physical features  to which the early life
history is behaviorally adapted to permit retention! within the distribu-
tional range of the species, the species is population rich. With few
appropriate physical features, the species is population poor, The
extremes in the continuum forcefully and simply demonstrate that it is
the early life-history discreteness itself that defines the population
richness.

The life cycles of Atlantic salmon and European eel are almost
mirror images of each other, and for these two species population
richness is generated by the early life-history discreteness rather than
by the juvenile and nonreproductive parts of the adult phases. I'here is
extensive mixing between populations at the nonreproductive adult
phase for salmon, and isolation of parts of a panmictic population at this
part of the adult phase of eel. It is the continuity/discontinuity at the
early life-history phase that leads to population richness. There is, iu
addition, sufficient evidence to join these extreme examples and thus
describe the interspecies patterns in population richness as a con-
tinuum  Figure 5. 12!. Discontinuity at the early life-history stages in
relation to particular oceanographic features, in conjunction with the
ability of adults to home to these features for reproduction, generates
the observed differences in population richness.

This summary of species-specific differences in population
'n'"" "'~" Fig. 5. i2  :ontinuum in

population richness of sc-
m 8 lected anadromous and

marine spcccies in thc
northc:rn Atlantic:

NUcSSER OF LARYAL RETEHTIOH AREAS mmT



Marine Fish Poputatioos / 9$

richness is in no way exhaustive, but rather a taste of the overall
literature. The conclusion, however, that population richness is de-
fined at the early life-history stages to retention-diffusion processes is
well supported. Burton and Feldman �982!, from a consideration of a
different component of the marine literature  that on the population
genetics of estuarine and coastal zone invertebrates!, have also con-
cluded that processes during the pelagic early life-history stages influ-
ence population structure.

The member/vagrant hypothesis accounts for the difference in
population richness between species in strictly ecological terms. The
evidence from the marine fish literature is, in our view, convincing.
The empirical observations on population richness and their inter-
pretation suggest that this process has little to do with speciatiou.
Checkerspot butterfly and Atlantic herring are probably not in the
process of speciation to a greater degree than the satyrnine butterfly
and European eel. It is suggested here that differences in population
richness are a function of differences in the number of geographic
settings that allow life-cycle closure. In this sense descriptions of
population pattern and richness are not necessarily evidence of specia-
tion in action. This interpretation is consistent with the conclusion of
Goldschmidt �940, p, 396!:

Microevolution, especially geographic variation, adapts the
species ta the different conditions existing in the available range
of distribution, Micmevolution does not lead beyond the con-
Anes of the species, and the typical products of micrcevolution,
the geographic races, are not incipient species.

We will return to a fuller discussion of this aspect of population
regulation in later chapters. For now, it is enough to say that the
interspecific differences in these simple geographic patterns and
richness of populations are not generated by geographic barriers within
the distributional limits of the species, Members of different popula-
tions can share a common distributional area for much of their life cycle
yet sustain reproductive isolation at the time of spawning. Richness is
rather a function of the number of oceanographic features that can
sustain members at the early life-history stages given the particular
behavioral characteristics of the species.

Absolute Abundance

The third feature of populations addressed by the member/
vagrant hypothesis is absolute abundance. In Chapter 3 some evi-
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dence presented for Atlantic herring indicated that abundance is at
least partially a function of the geographic scale of the physical
oceanographic feature associated with spawning and early life-history
distributions. In qualitative terms the sanie conclusion can be dragon
for other marine fish species  Atlantic cod, haddock, and yellowtail
Aouiider!. Absolute abundance of populations appears to be partially a
function of the geographic scale of the spawning ancl larval retention
area rather than the geographic range at the other stages of the life
cycle. Populations of marine fish are frequently observed to be mixed
during the nonspawning periods  i.e., during the juvenile phase, adult
summer-feeding, and overwintering!. In this sense populations of dif-
ferent orders of magnitude may share a common distributional area at
the same time; this is well recognized for anadromous species such as
Atlantic salmon and American shad, but less so for marine species such
as Atlantic mackerel, Atlantic herring, and Atlantic cod.

This simple observation is of interest, Fish feeding or overwin-
tering side by side can be members of different populations. Some of
the fish may be at the high end of their abundance scales, others at the
low end of theirs; yet they are all sharing the same feeding and predator
environment. It is difficult to envision how food limitation or predator
control could operate selectively between populations. Evidence for
the hypothesis relative to the definition of absolute abundance is
limited and largely of a qualitative nature except for the Atlantic
herring observations  Figure 3.6!.

Additional support from the fisheries biology literature for the
member/vagrant hypothesis deals with the variability in absolute
abundance of fish populations. Several studies have inferred that inter-
annual variability in abundance in year-class strengths is due directly to
physical oceanographic processes that cannot lead to match/mismatch
but can only be interpreted by advection. These studies conclude that
the variance in year-class strengths is a function of variability in the
retention of larvae in the appropriate distributional area due to advec-
tive and diffusive losses. A wide variety of fish species have been
considered: Atlantic herring  Iles and Sinclair 1982!, Atlantic men-
haden  Nelson et al. 1977!, Atlantic croaker  N orcross et al. 1984!, Black
Sea turbot  Popova 1972!, Pacific mackerel  Sinclair et al, 1985c!, Pacific
hake  Bailey 1981!, northern anchovy  Methot 1983!, Pacific cod  Tyler
and Westreim 1985!, and spiny lobster  Pringle 1986!.

The recent studies on recruitment variability of Labrador cod
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 Sutcliffe et al. 1983! can be explained by variable advective losses of
larvae from the appropriate distributional area rather than by the
authors' "food-chain" hypothesis  Sinclair et al. 1986!. It is not neces-
sary that larval mortality actually occur, but rather that the larvae be in
the appropriate geographical environment to be able to contribute to
their natal population after metamorphosis. Methot �983, p. 749!
states for northern anchovy, "Adverse larval drift would not necessarily
cause increased mortality during the age interval examined... but
may affect the fraction of the surviving larvae which are entrained in
the range of the juvenile habitat," In this interpretation by Methot, as
well as in the study on Pacific mackerel by Sinclair et al. �985c!, larvae
advected or diffused out of the appropriate larval distributional area of
the population quite simply become lost fish which cannot contribute
to the popul.ation's gene pool,

Methot's conclusion is fully consistent with the above-cited
studies and is further supported by the repeated observation that larval
abundances estimated late in the larval phase are not correlated with
subsequent recruitment to the population  Sissenwine 1985!. Rosen-
berg �984! supports the inference by Iles and Sinclair �982! that
interannual variability in the diffusive characteristics of the larval
retention area of a herring population infiuences subsequent recruit-
ment to the population.

The combined time series observations over several decades on

relative survival of Pacific mackerel eggs, larvae, and postlarvae  Age I
abundance divided by the number of eggs spawned by the mature
biomass!, on plankton abundance in the California Current, and on the
relative strength or transport of the Current itself, provide a rare direct
opportunity to evaluate the importance of food and physics on the
generation of year-class variability, Chelton et al. �982! evaluate the
use of a sea-level index  San Francisco, Los Angeles, and San Diego! as
a measure of the temporal variability of the strength of the California
Current, With the index the response of the California Current to El
Nino-Southern OsciBation  ENSO! events is described over several
decades  Figure 5.13!. With the extensive data from the CalCOFI
program the relationship between zooplankton abundance and the
strength of the California Current is also documented. High zoo-
plankton abundances of larger size categories are associated with peri-
ods of high transport in the California Current  i.e., periods of rela-
tively lower sea level!  Figure 5.14!.
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There is also good information on both the relationship between
large and small zooplankton  the latter being the food for many fish
larvae! and the relative survival of Pacific mackerel during their first
several months in the plankton. High survival rate of mackerel is
associated with time periods of reduced transport in the California
Current  i.e., higher sea levels!  Figure 5. 15!.

In sum, relatively high survival is associated with low advection
and low food abundance. A component of recruitment variability can
thus be attributed directly to the physical processes associated with
ENSO events  without food-chain interactions!, It is interpreted by
Sinclair et al. �985c! that reduced transport in the California Current
enhances retention of the early life-history stages within the appropri-
ate geographic area for the popu1ation. Mortality itself is not implied,
but variable rates of vagrancy are, as a function of the physics.

The final source of fisheries biology support for year-class vari-
ability is on the timing of spawning and the duration of the larval phase
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Fig. 5. 13 Interannual
variability in  a! transport
of the California Current
aud  b! sea level index.
Reduced southern trans-
port during El Nino
events is reflected by in-
creased sea level.  Re-
produced from Chelton et
al. 1982!
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Fig. 5. 14 Interannual
variability in  a! estimated
zooplankton abundance
«nd  d! southward trans-
port of the California Cur-
rent. Years of strong
southward flow are char-
acterized hy higher-than-
average abundance of zoo-
plankton.  Reprod»ced
from Chelton ct al. 1982!
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variability in a survival in-
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itself. Recent studies of an eastern boundary current area  Parrish et al.
1981!, the north temperate Atlantic  Sinclair and Tremblay 1984!, and a
tropical environment  Johannes 1978; Owen 1984! conclude that the
spawning times of a wide range of fish species are defined in relation to
the constraint of egg and larval retention in appropriate distributional
areas rather than in relation to high food availability, Johnson et al.
�984! draw the same conclusion for the spawning time of blue crabs in
the lower Chesapeake Bay. They suggest that hatching, which peaks in
July � August, is timed to the northerly flow of surface water  p. 426! and
thus provides "a mechanism for retention of larvae within the vicinity of
the bay mouth, or at least to prevent their loss from the MAB [Middle
Atlantic Bightj via the southward drift." These studies support the
hypothesis that the physics in support of retention in particular geo-
graphic space is more of a constraint on life-history features than is food
availability.

Three examples are provided for the duration of the larval
phase. The larval phase of the western rock lobster  Panulirus cygnus
George! population on the west coast of Australia lasts 9 � 11 months and
involves current systems thousands of kilometers in extent, yet the
larvae return to the appropriate juvenile distributional area along the
west coast  several hundreds of kilometers in extent!  Phillips 1981!.
The larval phase as a whole in this example cannot be considered to be
for dispersal, but rather for retention  albeit within a very large
oceanographic environment! by selective advection, and thus for per-
sistence of the population on the west coast of Australia. Ontogenetic
changes in behavior at the several larval stages, in relation to the
physical oceanography of the area, are interpreted to permit per-
sistence of the population in a particular geographic location. Also, life-
history events are coincident with physical phenomena permitting
retention, and thus persistence, rather than with food availability. The
particular time of spawning  Phillips, p, 34!,

places the phyllosoma larvae in the southeastern Indian Ocean
at the time of lowest zooplankton abundance and hence food
availability. One would expect that a species would evolve its
biological patterns of activity  particularly those associated with
reproduction! to make maximum usc of times of maximum food
availability.... That this is not the case [for] Panuhrus cygnus
presumably indicates an overriding need to achieve successful
rccruitrncnt in thc prevailing water circulation of the south-
eastern Indian Ocean.
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Other species of the same genus, for example P. interruptus  Johnson
1960! in the California Current, have somewhat shorter larval phases
 presuinably because the life cycle takes place in geographically
smaller oceanographic systems!. The mean larval phase �5 months! of
another lobster species, Jasus edtt;artLsii, from New Zealand, is even
longer than that for P. cygnus  Lesser 1978!. The details of the distribu-
tion in relation to physical oceanographic processes for the New Zea-
land lobster are not so well described, but it may be that the between-
species differences in duration of the spiny lobster larval phase are
defined in relation to the spatial scale of life-cycle continuity.

The second example involving duration of larval phases is the
marked between-population differences for Atlantic herring � � II
months!  Sinclair and Tremblay 1984!. This difference is interpreted to
be a function of two constraints:  I! the larvae of each population are
retained within a particular oceanographic environment; and �! meta-
morphosis is seasonally limited. If the larval retention area is good for
growth, the population can spawn in the spring and metamorphose
within the acceptable seasonal envelope. If growth conditions of the
retention area are less good, the larval phase has to be longer and the
population must spawn earlier  with respect to the season of meta-
morphosis! to be able to metamorphose within the appropriate period
 either in the winter or in the autumn!. In this interpretation of the
observations the most importan t constraint on the species with respect
to the ability to maintain a population is the existence of a geograph-
ically stable larval retention area. If the physics is appropriate to
maintain a discrete larval distribution for the first several months of the
larval phase, there is sufficient plasticity in the life history of the
species to stretch the duration of the larval phase  and adjust the time of
spawning! to account for the particular growth constraints.

The third example is the difference in the duration of the larval
phase between the American eel  one year! and the European eel �.5
years!. The growth of the American and European leptocephali is
shown in Figure 5.16. The larval distributional areas were described
from Schmidt's work above  Figure 5,11!. The European leptocephali
travel farther to return to their spawning rivers than do the American
leptocephali. The difference between the two species in the duration of
the larval phase appears to be a constraint of the physical geography
involved in life-cycle closure, rather than the result of differences in the
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Fig. 5, l6 Growth of American and European eel larvae.  Reproduced from
Harden-Jones 1966, based on data irom Schmidt 1922!

feeding environment. In fact the two species share parts of the same
environment at this phase of the life history.

In sum, the fisheries biology literature provides some support
for that part of the member/vagrant hypothesis which affirms the
critical role of physical geography in ensuring sufficient egg and larval
retention to permit population persistence. As stated early in the
chapter, what is here called support is a consistency argument rather
than direct evidence.



~ ~ ~ OO ~

ESTUARINE, ISLAND, CORAL REEF, AND
BENTHOS POPULATIONS

We begin this chapter by considering the estuarine literature,
in particular to evaluate the ability of diverse species to maintain
persistent populations in this semi-enclosed yet physically dynamic
environment. For plankton species or for species with a pelagic stage in
the life history, the obvious question is: how are populations sustained
in the face of the strong flushing characteristics of estuaries? As a result
of this unavoidable question there is in estaurine studies a much
stronger focus on the retention of pelagic stages than one finds in the
open-ocean literature, and behavior is considered crucial, in contrast
to the inferred passive dispersal of coastal and open-ocean marine
plankton.

The semi-enclosed nature of estuaries and their proximity to
research laboratories and field stations have prompted numerous stud-
ies on retention of populations within estuaries, starting with those of
Rogers �940!. The literature supporting the concept that separate
populations can sustain themselves within individual estuaries or es-
tuarine systems is summarized in Table 6.1. Two categories are consid-
ered: zooplankton species, and benthic species with pelagic stages of
the life history. The estuarine zooplankton literature, including studies
on population maintenance and Hushing rates, has been reviewed by
Miller �983!; and the literature on retention/dispersal of pelagic stages
ofbenthic species in estuaries is discussed in detail by Kennedy �982!.
Phytoplankton retention mechanisms in estuaries have also been
noted. Anderson and Stolzenbach �985! describe selective retention of
two species of dinoflagellates in a well-mixed estuarine embayment.
They state  p. 47! that "tidal mixing is very efficient and that  he cells



MARINk; POPULATIOtV S104 / Sinclair !

Study Species LocaNon

Zooplankton
Barlow 1955
Bosch and Taylor

1970, 1973
Jacobs 1968
Trinast 1975

Great Pond, Massachusetts
Chesapeake Bay, Virginia

Acartia tonsa  copepod!
Podon polyphemoides

 b ranchipod!
Acartia tonsa  copepod!
Acartia californtensis

Pseudodiaptomus hussei
 copepod!

Acar tia longipattela
 copepod!

Acartia natalensis  copepod!
Rhopalophthalarnus

tenanatalis mysid!
Mesopodopsis slabberi

 m ysid!

Sapels Island, Georgia
Upper Newport Bay,

California
Sundays River estuary,

South Africa
Wooldridge and

F.rasm us 1980

Benthic species
Bouslle1d 1955 M i rim ichi estuary,

New Brunswick
Balanus improrisus

 barnacle!
Balanus crenatus  barnacle!
Balanus balanotdes  barnacle!
C rassostrea t-irginica  oystcr!
Rhithropanopeus harrisii

 crab!

Carriker 1951
Cronin 1982;

Cronin and
Forward 1982

Oittel and
Epifanio 1982

New Jersey estuaries
Newport River estuary,

North Carolina

Delaware Bay, DelawareUca spp.  crab!
Pinniza chaetopterana  crab!
Pinnixa sayana  crab!
Hi ppolyte pleurocantha

 caridean shrimp!
Ogyrtdes limicola

 caridean shrimp!
Palaemonetes spp.

 caridean shrimp!
Hexapanopeus

angustifrons  crab!
iVeopanope sayi  crab!
Pinnixa chaetopterana  crab!
Pinnixa sayana  crab!
Pinnotheres maculatus  crab!
Pinnotheres ostreum  crab!
Rhithropanopeus harrisii

 crab!
Sesarma reticulatum  crab!
Uca spp.  crab!
Lithodes aequi spi na

 crab!
Crassostrea cirginica

 oyster!

York River estuary
and lower Chesapeake
Bay, Virginia

Sandifer 1973,
1975

Portland Inlet,
British Columbia

James River estuary,
Virginia

Sloan 1985

Wood and Hargis
1971

Table 6.1 Estuarine studies describing retention of zooplankton and pelagic life-
history stages of benthic species.
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would be flushed from the salt pond in the absence of a behavior-
related retention mechanism."

The behavior of the pelagic stages that permits retention, and
thus geographical persistence, is remarkably diverse and species spe-
cific. The details are not described here, but the ability of planktonic
species, or a species with a pelagic phase of the life history, to maintain
self-sustaining populations within a particular geographic space  in this
case an estuary or an estuarine system! is very well documen.ted. De
Wolf �973, 1974!, in a detailed studv of the larval stage of several
species of barnacles, has argued �974, p. 415! that "retention of larvae
in estuaries can be explained by a mechanical process, rather than by
the swimming behavior of the larvae induced or released by tide-
coupled environmental factors," However, one might consider vari-
able sinking rate itself in relation to the tidal circulation to be a
behavioral trait.

It is to be noted that not all estuarine benthic species have
pelagic phases that are retained in individual estuaries, or even in
estuarine systems, Larvae of the blue crab  CalIt'nectes' sapidtts!, for
example, an extensively studied species, are flushed out of the many
estuaries along the Middle Atlantic Bight. Individual estuaries do not
then have self-sustaining populations of blue crabs, but are parts of a
larger geographical system which sustains life-cycle continuity  see
Sulkin and Van Heukelem 1982, Epifanio and Dittel 1982, and Dittel
and Epifanio 1982!.

The recurrent theme in the estuarine population studies is that
behavior  both daily and ontogenetic changes! in relation to physical
oceanographic processes can permit retention. Figure 6.1 illustrates a
well-described example of migration behavior to enhance retention
within an estuary; it shows that crab larvae  stage 1 zoea and stage 4
zoea! of Rhithropanopeus harrisii migrate vertically as a function of the
tidal cycle. For many endemic species in estuaries the mechanisms of
retention have not been studied but are inferred. Miller �983, p. 106!,
for example, states:

One endemic form, however, Eurytemoru herdmani, is dis-
tributed in a zone of the St. Lawrence F.stuary centered just
downstream of the null point. A population of a species of this
genus is found at equivalent parts of a number of estuaries. The
mechanisms by which they are retained within the estuary are
obscure. The vertical center of distribution for the older life

cycle stages is deep in the salt wedge. A balance between
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Fig. 6. l Vertical migra-
tion of hvo stages of crab
larvae. stage 1 zoea  solid
line! and stage 4 zoea
 dashed line! of Rhithra-
panopens harrisii. Arrows
indicate low tides,  Re-
produced from Cronin
and Forward l982!

E

cl z
C!

Date i1977!

upstream and downstream movement is probably achieved by
some form of vertical migration: ontogenetic, diel, or possibly
without a timing pattern co~mon to the whole population.

Strathmann �982! has argued that it is retention within the natal
estuary that is selected for in pelagic stages of benthic invertebrates,
rather than dispersal for colonization of new habitats. This interpreta-
tion is not necessarily at odds with the studies on large-scale dispersal
capabilities of larval stages of benthic animals by, for example, Schel-
terna �974! and Jablonski and Lutz �983!, Retention and dispersal are
two sides of the same coin. On an ecological time scale it is argued here
that retention within specific geographic space to permit persistence of
sexually reproducing populations is what is selected for. The unavoida-
ble dispersal of larval stages out of the appropriate distributional area of
the estuarine population is considered to be an artifact, albeit one that
may be of considerable importance on an evolutionary time scale,

In sum, because estuarine species are relatively easy to study, it
has been repeatedly demonstrated that both planktonic species and
pelagic phases of benthic species use, with remarkable creativity, the
estuarine physical processes to ensure persistence of populations in
particular geographic space. The empirical evidence is compelling that
many species can maintain relatively discrete populations within both
stratified and unstratified estuarine circulations and also that there is

considerable loss of individuals from the populations. The same sorts of
phenomena are probably occurring in the open ocean, where the
physical discontinuities that permit retention, and thus population
persistence, are less obvious.
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Oceanic islands are a second marine environment in which the

persistence of populations with a pelagic phase of the life history is an
obvious problem. For sexually reproducing species inhabiting the very
narrow shelf areas around oceanic islands, which in some cases can be
separated from other similar habitats by a thousand kilometers or
more, the intuitive conclusion is that the populations of marine species
around such islands are self-sustaining. If intuition is correct, there
must be mechanisms by which the pelagic phases are retained. Be-
cause of this simple argument, as mentioned above for estuaries, the
oceanic island marine literature places considerably more emphasis on
larval retention to permit population persistence than on larval drift
and dispersal. As is the case of semi-enclosed estuaries, the scientist
can see the physical discontinuities  in this case widely separated
oceanic islands! to which species have generated their particular popu-
lation structure.

Boden �952! and Boden and Kampa �953! conclude that the
complex circulation around Bermuda enhances retention. Emery's
�972! study of a stable eddy system in the downstream wake of the
Barbados provides further support for the physical basis of retention.
Sale �970!, on the basis of observations on the distributions of larval
Acanthuridae oR' Hawaii, also suggests that eddies contribute to larval
retention. In describing the differences in distributions between larval
fish species and planktonic crustaceans in relation to oceanographic
processes around Hawaii, Leis �982! proposes diverse mechanisms for
both active larval retention for certain species and passive for others  at
least on the spatial scale of his observations!. He concludes that oceanic
current eddies by themselves are unlikely to be a sufFicient mechanism
for retention in that they are not stationary, He also concludes that for
the species exhibiting an inshore-neritic distributional pattern, "rela-
tively active swimming by the animals" is required in conjunction with
"a tidal eddy and possible nearshore upwelling." Again, the recurrent
theme that may be generalized is the existence of specific behavior
patterns at diverse life-history stages in relation to physical
oceanographic processes, patterns that effectively retain the pe1agic
phases in an appropriate geographic area to ensure population per-
sistence.

Sale �980, pp, 372 � 379! reviews the literature on the life-
history characteristics of coral reef fishes, He concludes that it is not yet
possible to generalize on the spatial scales of populations and the
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associated spatial scales of larval retention and drift. Nevertheless, for
some species there is evidence that active behavior is associated with
physical oceanographic processes rather than passive drift.

Larval studies within the coastal zone also indicate that active
behavior is involved in maintaining appropriate distributions. Marliave
�981! makes a connection between the vertical migration of larvae of
the soft sculpin, GiIbertidia sigalutes, and retention. Recent studies of
larval stages of near-shore fish off southern California by Barnett et al.
�984! describe behavioral differences as being related to diverse phys-
ical oceanographic processes that enhance retention, Marliave �986!
demonstrates limited planktonic dispersal for several fish species in-
habiting the rocky intertidal zone in the northeastern Pacific  !cean.
He argues that behavioral mechanisms minimize offshore losses and,
possibly, longshore dispersal,

The timing of events in the life history has been linked to
retention. Lobel �978! suggests that the spawning of some Hawaiian
fish is timed to correspond to periods of high levels of mesoscale
turbulence in order to increase the probability that the larvae will
return to their spawning site  mesoscale includes tens to hundreds of
kilometers!. Johannes �978! and Watson and Leis �974! report that fish
reproductive activity around Pacific islands is timed to correspond to
periods of low net current velocities, Thus, the temporal pattern in
reproductive behavior has been interpreted to enhance larval reten-
tion. Barnet t et al. �984! suggest that the timing of the planktonic stage
of the fish Seriphus pohtus is associated with the season of maximal
cross-shelf water motion caused by internal tides. They infer that such
motion in relation to ontogenetic changes in behavior enhances larval
retention in the appropriate geographic area for population per-
sistence.

There is also a concomitant loss of larvae that are diffused and
advected away from the appropriate distributional area for the popula-
tion. However, Thresher and Brothers �985! observed no obvious
relationship between length of the larval phase for Pacific oceanic
island marine species and breadth of distribution:

Analysis of the relationships between duration of the pelagic
larval stage  as indicated by otoiith microstructiire!, adult size,
and extent of geographic distribution for Indo-M'est Pacific
angelfishes  Pomacanthidae! indicates that, contrary to wide-
spread assumptions, neither adult size nor larval duration sig-
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nificantly correlates with distribution, either individually or
jointly in a multiple regression,

They also suggest, as do Strathmann �982! and Palmer and Strathmann
�981! for benthic invertebrates, that in pomacanthids "selection for
long distance dispersal is unlikely to be the principal factor underlying
the evolution of a long duration pelagic larval stage,"

This lack of evidence for colonizing ability due to duration of
larval phase indirectly supports the argument that it is retention that is
being selected for in the duration of the larval phase rather than
dispersal for colonizatio~, The longer larval phases for a particular
oceanic island species may be a function of the extent of the physical
system used for retention  i.e., the larvae must travel farther to get
back to the natal island! or poor growth conditions within the larval
retention area  i.e., the larvae pass slowly through this phase of the life
cycle!. Victor �986! suggests that the ability of a coral reef fish to delay
metamorphosis may be an adaptation for maximizing the return of a
planktonic larvae to coastal waters.

The above summaries of population persistence in what could
be considered special environments address the first aspect of the
member/vagrant hypothesis, the processes regulating the very exis-
tence of populations of species having complex life histories in the
oceans  as well as the particular population pattern and richness!. For
both estuaries and widely separated oceanic islands we conclude that
certain aspects of life histories  timing of spawning, larval behavior,
ontogenetic changes in behavior, duration of larval phase! are "spatial"
adaptations to permit population persistence in a particular geographic
space.

There is evidence from another special marine environment,
the coral reef, that may support the third aspect of the hypothesis, i.e.,
the regulation of the temporal variability in population abundance. The
coral reef fish literature is not in complete agreement about the impor-
tance of competition for energy resource in the regulation of population
abundance, Findley and Findley �985! conclude that populations of
butterfly fish of different species are not resource limited. Williams
�980! finds no evidence for resource limitation of pomacentrid reef fish
populations, He concludes that abundance is a function of events
during the planktonic phase of the life history and that the population
question should be looked at in relation to the life cycle as a whole.
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Although Talbot et al. �978! consider coral reef fish at the
community rather than the population level, their remarks are nev-
ertheless pertinent to generalizations on population regulation of reef
fish. Competitive interactions between species, they state  p, 425!,
appeared unimportant in explaining the distribution of species be-
tween reefs. They suggest that "nonequilibrium conditions are charac-
teristic of coral reef fish communities and that because of these condi-
tions, high within-habitat diversities are maintained." Robertson et al.
�981!, in their experimental study on the availability of space for the
territorial damselfish  Fupornacentrus plamfrons!, conclude that
abundance is below the carrying capacit> of the environment: "The
results of both experiments indicated that a surplus of suitable sub-
strate existed in the experimental areas and that R. plamifrons was not
generally limited by the availability of habitable space."

Victor �983!, from an analysis of recruitment patterns of the
bluehead wrasse  Tkalassoma bifasciatum! on coral reefs in the San
Blas Archipelago  Caribbean coast of Panama!, concludes, "[B]ecause
recruitment did not reflect patterns of mortality on the reef, the
findings do not support the view that reef fish populations are resource-
limited." Doherty �983!, using an experimental approach, has also
concluded that population abundance of territorial damselfishes
 Pornacentrus toardi and P. ftacicauda! are not resource limited. His
experiments "support a nonequilibria1 view of reef fish communities,
rather than hypotheses that emphasize the importance of competition
among populations usually at carrying capacity"  p. 176!.

Although the literature on benthic populations in the open
ocean is not extensive, there is some evidence of egg and larval reten-
tion for commercially important benthic species on continental
shelves: the studies by Lough �976! for Cancer magister, Nichols et al,
�982! for Cancer pagurus, Johnson �960! for Panutirus interruptus,
Johnson et al.  l984! for Cattinectes sapidus, Efford �970! for Emerita
anakga, Makarov �969! for several decapods, and Sinclair et al.
�985b! for three scallop species. Nichols and co-workers, however,
interpret their results in relation to drift, not to retention.

The question of spatial scale is important to the difference in
interpretation. As has been the case for zooplankton  see Chapter 7!,
the definition of the spatial integrity of populations has not been
considered an important question for marine benthic species. Recent
studies by Davidson et al. �985!, Campbell and Mahn �983!, and
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Sinclair et al. �985b! suggest that discrete populations of  respectively!
snow crab, American lobster, and several species of scallop do exist.
Geographically discrete aggregations of sea scallops, which may be self-
sustaining, are illustrated in Figure 6.2. Coherence in landings of
American lobster within several geographic areas during this century
suggests that there may be several self-sustaining populations in the
Atlantic provinces of Canada  Figure 6. 3!. The underlying mechanisms
controlling the inferred population definition have not been described.

In sum, where the physical discontinuities in the ocean can be
readily visualized  such as in estuaries and oceanic islands or reefs!, the
evidence is substantive � particularly in estuaries � that pelagic pha-
ses of the life cycle of marine species can be retained in a particular
ocean space to permit persistence of populations. In these special
marine environments population pattern and richness are clearly a
direct function of spatial constraints. In addition, there is evidence that
abundance, for some reef fishes at least, is not resource limited. The
coral reef fish literature on population regulation suggests that energet-
ics processes are not critical, but that spatial processes, as defined in
relation to the member/vagrant hypothesis, may be important.

Fig, 6,2 Distribution of' Ptacopecten mageVanicus 6shing areas.
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Fig. 6.3 Areas sustaining
geographic populations of
American lobster. The
areas are associatcrl statis-
tically on the basis of co-
herence in the temporal
trends in landings over
several decades.,'Re-
produced from Campbell
and Mohn 1983!
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OCEANIC ZOOPLANKTON POPULATIONS

The literature on even the existence of populations of zoo-
plankton in the oceans is scant compared with what has been written
about other biota, such as marine fish and terrestrial aninaal. It was
noted in Chapter 2 that during the late 1800s and early 1900s there was
considerable interest in intraspecific geographic population patterns,
particularly by naturalis ts in Germany, which eventually led to the new
systematics involving the Rassenkreis «nd the biological species con-
cept. However, the population richness of marine zooplankton was not
extensively studied at that time. Other than the studies by Schmaus
�917! and Schmaus and Lehnhofer �927! on Rhincalanus cornutus, it
was not until the 1950s that detailed studies on the population structure
of marine plankton were carried out  see the introduction of Fleminger
and Hulsemann 1973!. Fleminger �973!, in the context of evaluating
the difficulties in the systematics of Fuculanus, makes the point that
"population thinking" itself is poorly developed in marine plankton
studies. There is, he says, a "widespread lack of an adequate basis for
viewing the planktonic taxon in the perspective of a biological popula-
tion.

Geographic Distribution

The zooplankton species for which at least some aspects of
population structure have been described are listed in Table 7,1, Two
points are made, First, self-sustaining populations of zooplankton spe-
cies do exist, and have in several cases been described on the basis of
both life-history distributional data and morphological differences.
Second, in many cases the discontinuities between populations paral-
lel geographic discontinuities.

Brinton �962! identifies the several distinct morphological
forms of the euphausiid Stylocheiron affine in the Pacific Ocean as
geographic races  or, following the terminology of this paper, as popu-
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Table 7.1 Zooplankton studies in which population richness has been described or
inferred.

Study Species

Lindley 1980

Mauchline 1960
Mauchline 1965, 1966
McGowan 1963
Schmaus 1917; Schmaus

and Lehnhofer 1927

lations!. At least two of the forms, the "California Current" form and
the "central" form, are associated with current systems and identifiable
water masses. The euphausiid Thysanoessa tongipes is found in the
Pacific Ocean as two forms: the "spined" form is more restricted to sub-
Arctic waters, being predominant in the Gulf of Alaska, while the
"unspined" form is distributed within the North Pacific Drift and the
California Current  Brinton 1962, p. 201!. Geographically distinct pop-
ulations of Ettphausia gibboi des  Brinton 1962! have been described for
the North Pacific Drift and for the Peru Current  even though, mor-
phologically, individuals from the two populations are similar!  Figure
7,1!. Similar geographic discontinuities have been described by Brin-
ton in the distributions of putative populations of Zttphausia eximia
 Figure 7. 1!, Fuphausia recurUa, Euphausia brevis, and Thysartoessa
gregaria. David �955! has described morphologically different popula-
tions of the chaetognath Sagitta gazetlae on different sides of a frontal

Allen 1959
Berkes 1976
Brinton 1962
David 1955
Fleminger 1967
Fleminger 1973
Fleminger and Hulsemann 1974
Fleminger and Hulsemann 1977
Hulse mann 1985
Jones 1965
Jones 1969
Karnclla and Cibbs 1977
Kulka et al. 1982
Lee 1971, 1972

Pandalus borealis  shrimp!
Several euphausiid species
Several euphausiid species
Sagitta gazeQae  chaetognath!
La bidocera j ollae  cope pod!
Eucalanus subtenuis  copepod!
Pontelli na plumata tcopepod!
Calanus helgolandicus  copepod!
Drepanopus forci patus  copeporl!
Candacia pachydactyla  copepod!
Thysanoessa longicaudata  euphausiid!
Lobianchia dotletnt  small pelagic fish!
Several euphausiid species
Centropages typicus  copepod!
Temora longicornis  copepod!
Thysanoessa inermis  euphausiid!
Thysanoessa raschtt  euphausiid!
Meganyctiphanes noroegica  euphausiid!
Thysanoessa raschii  euphausiid!
Lima<ina heltcina  pteropod!
Rhtncalanus cornutus  copepod!
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Fig. 7. I Distribution of
populations of Eaphaasia
gihhaides and E. evirnia in
the PaciFic.  Reproduced
from Brinton l962!

zone between current systems in the sub-Arctic Ocean. Fleminger
�973! infers from morphological and distributional data that there are
discrete populations of Eucalanus subfenuas in the Atlantic, Pacific,
and Indian oceans. He states, "Grouped sainples falling within the
hydrographic limits of any one ocean do not differ significantly... and
serve to emphasize the stepped or discontinuous pattern of the means
from the different oceans."

From the distributional data of Fleminger and Hulsemann
�977 and references therein! it can be inferred that there may be
several self-sustaining populations of Calarius helgolandicus in the
Mediterranean Sea, the Black Sea, the Middle Atlantic Bight, the
North Atlantic Drift, and the North Africa upwelhng zone. The same
authors have also described separate populations of Ponfellina plumata
in the Atlantic and Pacific/Indian oceans  Fleminger and Hulsemann
1974!, Jones �965! provides morphological evidence that there are
separate populations of the copepod Candacia pachydactyla to the east
and west of southern Africa. Hulsemann �985! has identified separate
populations of Drepanopus forcipatus in the Southern Ocean on the
basis of morphometric and distributional information. Karnella and
Gibbs �977!, also on the basis of distributional and morphological data,
infer the existence of discrete populations of the lanternfish  Lob-
iandiia domini! in the eastern North Atlantic Central Gyre, the west-
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em North Atlantic Central Gyre, a»d the Mediterranean  the small
size of this fish, maximum of 38 mm standard length, justifies including
it in a discussion of zooplankton evidence!. There may well be addi-
tional distinct populations of this species in the southern Atlantic,
southern Indian, and eastern South Pacific oceans  Karnella and Gibbs
1977, p. 376!,

McGowan �963! describes two morphologica11y distinct popu-
lations of the pteropod Limacina helicina in the North Pacific Drift and
in the North Pacific Sub-Arctic Gyre and notes a behavioral difference
between the two populations: the population in the non-recirculating
system  at least in the surface waters! migrates vertically, but the gyre-
based population does not. This difference in behavior can be plausibly
related to the constraint of population persistence i» the hvo differing
physical systems.

The above studies indicate the existence of more than one self-
sustaining zooplankton population within the distributional limits of
the species. In addition, Fleminger and Hulsemann �974! have de-
scribed several panmictic species in the genus Ponfetlina. They argue
on the basis of morphological information that for several species there
is but a single self-sustaining population within the distributional limits
of the species, as is the case for European eel. They state  p. 111!,
"Absence of conspicuous geographical variation indicates suScient
transport and advection to maintain panmixis [emphasis addedj within
each species except the Atlantic anti India»-Pacific populations of
plumata," They also discuss the physical oceanographic mechanisms
that may sustain the particular geographical patterns of the various
observed panmictic populations of the different Pontellina species
 p. 112!: "The circulation systems and physical conditions known to
maintain these lenses of eutrophic tropical water and the pools of
oligotrophic tropical-subtropical waters are the obvious mechanisms
sustaining the geographical distribution of the four species of Pon-
teltina." In three of the four cases the species distribution is also the
population distribution.

In sum, populations of diverse zooplankton species apparently
sustain themselves in relatively fixed geographic locations in the open
ocean, In most of the above cases the mechanisms that achieve per-
sistence in the face of diffusion and advection have not been well

established; the emphasis, instead, has been on describing large-scale
patterns from a biogeographical perspective. There is, however, a
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growing literature, generally on a much smaller spatial scale, dealing
with the connection between zooplankton population persistence and
physical oceanographic processes.

Population PE.rsistence

Before reviewing the evidence on the mechanisms of zoo-
plankton population retention, let us first consider some aspects of the
pattern of distribution of coastal-zone copepod species. Fleminger
�967, 1975! and Fleminger and Tan �966!, in a rich series of publica-
tions, have described the distribution of coastal-zone planktonic
copepods of the genus Labidocera in the western hemisphere. In
Fleminger's 1967 report, the discontinuities between three of the
species  Lahidocerajollae, L. diandra, and L, kolpos! are defined in
detail  Figure 7.2!, The distributional discontinuities are sharp, with no
sample yielding more than one species. In this coastal zone charac-
terized by considerable advection and mixing  Inman and Brush 1973!,

Fig, 7.2 Distribution of
three species of Labido-
cera o8' the coast of Cal-
ifornia and Mexico,  Re-
drawn from Flcrningcr
1967!
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105'110'
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geographically persistent patterns in zooplankton species distribution
are sustained.

The detailed biogeographical studies by Fleminger on La-
bidocera are perhaps the most complete ever made of any zooplankton
genus, The results indicate considerable biological structure, in this
case at the species level, in a highly diffusive and advective environ-
ment not characterized by sharp physical boundaries. The Labidacera
species must have life-history behavioral features that ensure retention
within their appropriate coastal zone. Within the limits of distribution
of the various Labidocera species there may well be a number of self-
sustaining populations.

There is some evidence in support of zooplankton population
retention in relation to physical oceanographic processes from the
ecological  rather than systematics and biogeographic! literature on
marine zooplankton. In studies dealing with the mechanisms of per-
sistence of plankton species in particular geographic areas it is often
inferred  but not always specifically stated! that a population is being
studied, The discreteness of the group in morphological terms is not
usuany evaluated. The key ecological questions relating to the per-
sistence  and retention! of zooplankton populations were somewhat
paradoxically but clearly stated in 1905 by Damas, the ardent propo-
nent of fish larval drift. By that time, it had already been observed that
every plankton species has its own characteristic geographical distribu-
tion, Given the prevailing view of physical oceanography at the time,
with its strong emphasis on large-scale circulation and mean Ilaw,
Damas asked: Why are the species of plankton animals in their dis-
tribution limited to distinct areas of the sea? Why is it that these
animals, which we know may be carried far away with the currents, are
not within a short time evenly distributed from pole to pole? Damas
�905, p. 22! concluded,

The species maintains itself due to the existence in these areas
af a circulatory current which periodically brings back a certain
proportion of the individuals which are entrained in the con-
tinual movement of the water to the surface of the ocean....

The mechanism of the circulation plays, thus, the principal role
in the conservation of the species in this area.~

Helland-Hansen and Nansen �909, pp. 3~16! provided
same support for Damas's conclusion hy describing the recirculation of
water and the water masses in the Norwegian Sea  the particular study
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area of Damas's zooplankton work!. Somme �933, 1934! further elabo-
rated the above concepts in the same geographic area as well as in the
Lofoten area of coastal Norway, but he was perhaps overly influenced
by the prevalent physical oceanographic concepts and emphasized
drift and dispersal of plankton away from the spawning areas. He did
not address how temporal persistence is maintained in the face of such
dispersal. The same emphasis on drift in relation to residual circulation
was made by Bedfield �939! and Redfield and Beale �940! iii their
distributional studies on the pteropod Liiiiticina retroeersa and several
chaetognath species in the Gulf of Maine.

None of the above landmark studies attached much importance
to vertical differences in the circulation to account for the persistence of
the life-history distributions; the emphasis was on depth-averaged
surface-layer residual circulation. If a gyre was described, persistence
in zooplankton distributions could be explained. If not, plankton were
assumed to drift with the inferred residual current.

The contemporary reviews by Rose �925! and Russell �927!
show that vertical migration of zooplankton species was actively studied
throughout this early period. None of these studies, however, referred
to the effect of vertical shear in the circulation on the horizontal

distribution of a vertically migrating plankton, nor were the on-
togenetic changes in vertical distribution and behavior linked to ver-
tical circulation effects. The emphasis in these earlier studies on ver-
tical migration of zooplankton was physiological  do animals regulate
their migration in relation to light, temperature, salinity?! rather than
distributional.

Vertical shear in the circulation in relation to persistence of
distributions of zooplankton populations was first considered by Ot-
testad �932! for copepods and Mackin tosh �937! for macroplankton iii
the Antarctic Ocean. Ontogenetic changes in vertical distributions of
various life-history stage were hypothesized to ensure persistence of
the populations  or species!. Marshall �979, p. 430! states, in a review
of this literature, "In the Southern Ocean such ontogenetic migrations
between deep winter and shallow summer levels tend to maintain
populations within their proper bounds."

Later studies in which persistence of zooplankton distributions
in particular geographic space has been "explained" by links between
animal moveinent  ontogenetic and daily! and both vertical and hori-
zontal physical oceanographic processes are summarized in Table 7.2.
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Table 7.2 Zooplankton studies in which the ruechanisms of population maintenance
in restricted geographic areas have been dcscribcd.

Study Species Location

California upwelling
zone

Northurnbcrland coastal
waters, U.K.

North Africa upwelling
zone

North Africa upwelling
zone

Ligurian front
Ligurian front
Greenland Sea
Georges Bank

Aldredge et al, 1984

Allen 1959, 1966

Calanus pacificus
 copepod!

Pandalus borealis
 shrimp!

Calanus carinatus
 copcpod!

Several copepiid species

Binet and Suisse de
Sainte Claire 1975

Boucher 1982

Several copepod species
Several copepod species
Several copepod species
Pseudocalanus spp,

 copepod!
Calanus pacijicus

 cop epod!
Several radio/arian

species
Several euphausiid

species
Several inacroplankton

species
Meganitcti phones

noroegica
 euphausiid!

Several cuphausiid
species

Several copepod species
Several copepod species
Calanus cari natus

 copepod!
Pandalus jordani

 shrimp!
Calanus marshallae

 copcpod!

Boucher 1984
Boucher et al. 1987
Damas and Koefoed 1907
Davis 1984a

California upwel ling
zone

Eastern North Pacific

Fleminger 1985

Kling 1976

Kulka et al. 1982

Mackintosh 1937

Mauchline 1960

Bay of Fundy

Southern Ocean

Clvde Sea

Rockall TroughMauchline 1985

Weddell Sea
Oregon upwelling zone
North Africa upwelling

zone
Oregon upwelling zone

Ottestad 1932
Peterson et al. 1979
Petit and Courties 1976

Rothlisberg and
MiHer 1983

Wroblewski 1982 Oregon upwelling zone

Particularly noteworthy are the studies by Peterson et al. �979! and
Wroblewski �982!, which describe in considerable detail the mecha-
nisms of retention of zooplankton populations from several species
within the upwelling zone off the Oregon coast. Prior to these studies it
was presumed that zooplankton abundances increase either down-
stream or offshore from the main upwelling center due to drift in
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relation to the residual circulation. However, Peterson et al. �979,
p. 468! conclude,

Through various behavioural responses, each of these dominant
copepods [Calanus marshallae, Pseadocalanus sp,, Acartia
clanst, Acartia longiremis, and Oithona simtlis] has a different
mechanism by which its population is maintained in the upwell-
ing zone. Some populations complete their entire life cycle
within 10 km of the shore, where offshore transport is minimal.
Others develop further offshore but return to lay their eggs
close to shore. For all copepods, reproduction and naupliar
development occur in locations that minimize seaward advec-
tive losses,

As they summarize in their abstract, "The population of each zoo-
plankton species appears to be maintained within the upwelling zone
by a specific relationship between its distribution and the circulation,"
Peterson et al. �979! propose that diel vertical migration at particular
life-history stages of Calantts tnarshallae reduces transport out of the
upwelling zone, Wroblewski �982!, in a simulation model, reproduces
most of the empirical observations on C. rnarshallae by Peterson et al.
�979!. The simulations demonstrate how diel vertical migration by
adults can interact with upwelling currents to increase residence time
of egg-laying copepods in the near-shore zone, For the other copepod
species described in this study, however, diel migration was not ob-
served, even though ontogenetic changes in vertical distribution were
taken to be important in maintaining persistence within the upwelling
zone.

Aldredge et al. �984!, in a field study using a submersible,
observed a persistent aggregation of Stage V copepodites of Calantts
pacificus californicus at a depth of 450m, about 100m above the bottom
of the Santa Barbara Basin. Density of these juvenile copepods was
estimated to be as high as 26 million per cubic meter, The anim;ds were
in a state of diapause, Aldredge and co-workers relate the diapause
stage in deep water to population persistence in dynamic, seasonally
variable upwelling systems. Citing the life cycle of another species,
they state:

Diapause at depth by C. carinatus has also been associated with
annual upwelling cycles off the coast of Africa. Early develop-
mental stages of this species inhabit upwelled surface waters of
thie Guinea Current and adjacent waters. At the end of the
opwelling season, Stage V copepodites descend to below 500m
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and remain there until the onset of the next upwelling, Current
patterns at the depth of diapause have been found to flow
toward or paral]ei to the coast and thereby act to conserve the
resting Stage V copepodites within the region of seasonal di-
atom blooms.

The life cycle of these two copepod species  C. pacificus californicus
and C. carinatus! is thus a function of constraints imposed by the
physical geography.

Boucher �982! describes persistent distributions of several
populations of copepod species in two upwelling areas off Cap Ghir
 Morocco! and Cap Blanc  North Mauritania!. From the comparative
results of two sampling strategies  fixed station observation versus
sampling along the path of a drogue! vertical migration is shown to be
important in maintaining the observed spatial distributions for several
species  Centropages, Candaeia, and Pteuromamnia populations!. It is
further inferred that populations of Euterpina, Cortlcaeus, and Temora
also use vertical migration behavior to maintain a persistent distribu-
tion in spite of the residual circulation. Boucher concludes  p, 205! that
the study "provides evidence that behavior resists dispersion of the
organisms by the currents," and  p. 206! that the "results show the
degree of relative independence of zooplankton to entrainment by a
current. '

Boucher �984! in a similar study describes the spatial pattern of
zooplankton populations in relation to the Ligurian haline front off
Nice, France. Again, persistent geographic patterns for populations of
Calanus helgolandicus, Euchinelta rostrata, Pkuromamma gracilis,
and Cavotinia inflexa are explained by interactions between species-
specific behavior and dynamic features of the environment. Dif-
ferences in distributional responses to the same environmental fea-
tures lead Boucher to conclude that differential behavior is important
in generating the observed persistent spatial patterns  ontogenetic
migration for C, hetgotandieus and E, rostrata, diurnal migration for P.
gracdus and C. inPexa!. He states  p. 482!, "Maintenance of a fixed
localization by the cohorts despite the complex dynamics of the water
masses and the geographical displacements of the front itself implies
active swimming by the organisms."

The follow-up study by Boucher et al. �987! in the same area
considers a broader group of zooplankton taxa and evaluates the
changes in the physical structure over an annual cycle, as well as the



Zoopiankton Populations / 123

impact of the changes on the zooplankton spatial distributions, Similar
conclusions are drawn. Species-specific behavior in relation to par-
ticular aspects of the physical environment generates diverse per-
sistent spatial patterns on an annual time scale. They state:

This second set of data confirms that copepods with similar
morphology  Centropages typicus and Temora styhfera, for
instance! do not respond in the same manner to the same
dynamical environment. For these reasons hydrodynamical
features are insufficient to explain the observed distributions.
Other ecological requirements arId behavior are involved.

Kulka et al. �982!, in a study of several species of euphausiids
 including Meganyctiphanes norvegica, Thpsanoessa inermis, and
Thysanoessa longicaudata! in the Bay of Fundy, note that the vertical
migratory behavior  ontogenetic and diel! of populations of each spe-
cies is different in different geographic areas. They conclude  p. 333!,
"The vertical migratory pattern of each population is different and is
adapted to maintain position in separate local hydrographic condi-
tions." Further, they suggest specifically that vertical migration pat-
terns are mechanisms to ensure persistence of populations in particular
geographic space.

It is tempting to generalize that the complex patterns observed
in ontogenetic and diel vertical migrations of marine zooplankton
species are partially mechanisms for population persistence in par-
ticular geographic space. Hardy and Gunther �935! and Hardy �953;
1967, chap. 15! suggest essentially the opposite, that zooplankton mi-
gration in relation to vertical current shear is an adaptation for dispersal
although vertical migration may also enhance persistence in particular
areas. They recognize the role of vertical migration in population
persistence but do not stress it. The vertical migration behavior has
been interpreted to allow avoidance of poor food environments and
thus efficient samphng of a patchy food resource  Isaacs et al. 1974!.
Evans �978! has elaborated on Hardy's hypothesis using a simulation
approach. Other generalizations have stressed the role of predator
avoidance  Zaret and Suffern 1976; Ohman et al. 1983; Gliwicz 1086! or
of optimizing metabolic processes in relation to thermal stratification
 Mclaren 1963; Enright 1977; Enright and Honegger 1977!. Koslow and
Ota �981!, however, in a study of the vertical migration of Calanus
pacificus, Rhinocalanus nasutus, and Fuphausia pacifica, conclude
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 p. 108!, "No single hypothesis can explain the diverse migratory be-
haviour of these zooplankters." Longhurst �976!, in a relatively recent
review of vertical migration, draws the same general conclusion.

However, a "population persistence" hypothesis of vertical mi-
gration is not inconsistent with the remarkable complexity of be-
havioral patterns both between populations of the same species  e.g.,
McGowan 1963 and Kulka et al. 1982! and between species  as reviewed
by Longhurst 1976!. One would expect diversity in behavior patterns
within and between species in light of the wide range in oceanographic
environments within which the many zooplankton populations are
distributed. Such a hypothesis cannot be rigorously evaluated at this
time, but it is consistent with many of the empirical observations cited
in this essay.

The part played by behavior, including vertical migration, in
generating aggregations associated with reproduction is an important
one. Mauchline and Fisher �969!, in their exhaustive review of the
biology of euphausiids, discuss the problems of maintenance of popula-
tions in particular geographic areas and the critical importance of
behavior, They state that for Meganyctiphanes norvegica  p. 347!,
"Aggregations for breeding with subsequent summer dispersions of the
populations appear to be a feature of the distribution of this species
within any one geographical area; it may also be a feature of many more
species but, at present, adequate data are lacking." In their opinion,
swarming, at both surface and subsurface  which is a component of
vertical migratory behavior!, must pla> an important role in mainte-
nance of population structure  p. 350!:

As Sir Alister Hardy suggested many years ago, the possibility
that social behavior of these animals plays a considerable role in
maintaining populations cannot be excluded, not only in coastal
areas but in the open ocean. The general area of occurrence is
apparently dehned by the water masses but many species occur
in two water masses and so scope for social mechanisms of
population maintenance is obviously present,  Emphasis
added!

The reluctance of biological oceanographers to accept that
planktonic species have complex behavior, coupled with the heavy
emphasis on passive drift, is reAected in a short note by I<ice and
Kristensen �982! on surface swarms of crab rnegalopae. They describe
an aggregation of megalopae several kilometers across, with the ani-
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mals "restricted to the near-surface layer but distributed fairly evenly
in a horizontal plane at densities of perhaps 100/m ." They stress
 p. 238!:

Of much greater interest than the origin of the megalopae is the
fact that they had maintained or re-established dense aggrega-
tions after such long periods of pelagic life....

It is difficult to imagine what possible advantage there
could be in the portunine megalopae forming dense aggrega-
tions either during the pelagic phase or at the time of sett!e-
ment which would certainly have occurred within a few days, It
seems much more likely that the aggregations were chance
happenings,  Emphasis added!

It is stretching credibility to interpret as a product of chance the
cohesiveness suggested by these observations, which imply a well-
organized behavioral activity of the animals. From the perspective of
the life-cycle continuity necessary for persistence of populations within
particular geographical constraints, it is not difficult to imagine possi-
ble advantages to swarming. Williams and Conway �984!, in a detailed
study of vertical distribution of Calanus helgolandicus in the Celtic
Sea, state that the importance ofbehavior has been underrated  p. 63!:
'The seasonal and vertical migrations of C. helgolandicus are part of a
more complex pattern of inherent behavior than has been reported
previously... however difficult this is to discern in the natural popula-
tions, it always expresses itself."

It appears that the inherent behavioral pattern varies with
maturation stages, Harris �963! has described b> experiment the
differences in vertical migration behavior of Calanus frnmarc4cus in
summer and winter. During the summer experiments, under condi-
tions of constant light or constant dark the copepods continued to
migrate vertically, Animals collected in the winter months, however,
remained at the bottom of the experimental containers and did not
demonstrate vertical migratory behavior.

Foxton �964!, in an analysis of seasonal variation of zooplankton
distributions in Antarctic waters, supports the earlier conclusions of
Ottestad �932! and Mackintosh �937! concerning vertical migration:
"It may be as Mackintosh �937! has suggested that the most important
result of migration is of naoigational importance in that species utilize
the northerly flowing surface water by summer and the southerly
flowing warm deep current by winter in such a way that the bulk of the
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population is maintained within its optimum geographic range." Van
der Spoel and Heyman �983!, from a biogeographic perspective, also
conclude that vertical migration is important in population mainte-
nance in particular geographic space  p. 167!:

Vertical migration is executed by many representatives and this
migration is brought forward in this book as a behavior warrant-
ing the geographic stabihty of populations. Consequently,
when explaining phenomena in plankton, one should always
consider both the ability, and the inability of a specimen to
maintain a stable geographic position.... Geographic locality,
hydrological conditions and specific behavior may lead to com-
pletely different results of shift in different populations, In
some cases the vertical migration may add to the horizontal
stability, in other cases it does just the reverse: stimulate the
horizontal displacement of populations.  Emphasis added!

Marshall �979, p. 431!, with reference to deep ocean plankton,
addresses the issue of population persistence which was so clearly
defined earlier by Damas:

The life-history strategy must sustain the populations of a spe-
cies in the face of a moving environment. Clearly, the pattern
must enable enough of the young to grow up in the right
ecological surroundings. Current speeds are likely to be greater
at mesopelagic than at bathypelagic levels, but many species
from both zones spend their early life in the still livelier surface
waters. How do species keep in their living space'?

Marshall subsequently summarizes the literature on the diverse life
cycles in deep-ocean pelagic species that permit population mainte-
nance in particular geographical space in the face of diffusion and
advection. Many of the life cycles involve daily, seasonal, or on-
togenetic vertical migration.

There is thus a small but persistent literature, beginning with
Damas and Koefoed �907!, that has considered the importance of
vertical migration to population persistence within the constraints of a
diffusive pelagic environment, The diverse extant hypotheses, how-
ever, have tended to attribute this ubiquitous behavioral pattern to
energetics processes  primarily in relation to food consumption and
predator avoidance!. We point out here that the geographical patterns
in the distribution of morphologically defined zooplankton populations
have frequently been associated with physical oceanographic systems



Zooplankton Popnlotions l 127

 Table 7.1!. Also, several detailed studies have concluded that on-
togenetic changes in behavior are associated with population per-
sistence in particular geographic space in relation to constraints of the
local physical oceanographic processes  Table 7.2!. Finally, we suggest
that vertical migration behavior in marine zooplankton may frequently
be associated with population persistence, rather than  or in addition
to! being an adaption to energetics processes  food, predation!.

Relative Abundance

A final component of the zooplankton literature is pertinent to
the general hypothesis under consideration, It concerns the control
either of relative abundance of individual zooplankton populations or of
the biomass of particular size fractions of the zooplankton as an aggre-
gate.

Several recent studies have concluded that continental shelf
zooplankton populations are not food limited. Mclaren �978! finds that
growth dynamics of seven species of copepods from Loch Striven,
Scotland, are not food limited but can be described by temperature
alone. Davis �984b! concludes that the phytoplankton standing crop
on Georges Bank is unlikely to limit growth and reproduction in
Psettdocalanws sp. or Paracalanus parvtts. Ohman �985! draws the
same conclusions for a Pseudocalantts sp. population in Dabob Bay,
Washington. Longhurst et al. �984! observed that in the eastern
Canadian archipelago many Arctic zooplankton species descend to
deep water prior to the slowing of algal production in the near-surface
waters, which suggests that copepods are not constrained by food
availability,

However, several studies have demonstrated food limitation of
biological processes but not of population abundance itself  Landry
1978; Huntley 1981; Runge 1981; Frost et al. 1983; Peterson 1985!.
Huntley and Boyd �984!, in a synthesis of the zooplankton literature,
conclude that the growth of marine particle-feeding zooplankton is not
likely to be limited by the availability of food iu the coastal regions.
They infer that zooplankton abundances in the open ocean are likely to
be food limited.

Evidence from systematics studies, however, suggests that
some oceanic copepod species are not food limited. Frost and
Fleminger �968!, in their revision of the genus ClatssocaLanus, discuss
the lack of differences in feeding appendages between syrnpatric spe-
cies  p, 89!;
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Also noteworthy is the absence of interspecific differences in
the structure and armature, though not in the size, of the
feeding appendages. Despite significant differences in the
shape of the forehead and rostrum, the oral appendages were
found to be highly conservative and uniform throughout the
genus. There is morphological evidence that the species of
Ckrosocatanus are all particulate grazers feeding in a similar
way..., This evidence also suggests that the sympatric species
of Claosocalanus are not feeding competitively on a limited
food supply.

The overall literature is di6cult to interpret in relation to
population regulation, GeneraHy the evidence for food limitation in-
volves growth of individuals and fecundity, not absolute abundance of
the population itself. The benthic literature provides examples in
which the control of individual growth rates is decoupled from the
control of numbers  Ebert 1968, 1982; Spight 1974!. In this sense,
demonstrating that growth and fecundity are food limited, for example,
does not necessarily mean that abundance itself is food limited. How-
ever, the contrary observation � that growth and fecundity are not food
limited � does logically lead to the conclusion that abundance cannot
be food limited.

Thus, in these cases at least, where food limitation of growth and
fecundity processes has been convincingly ruled out, population num-
bers must be controlled by other factors. Predation is usually put
forward as the most probable alternative. Ohman �985! states this as
follows  p. 15!: "The food limitation paradigm is not applicable to
Psesidocalansis sp, for which predation is a more likely mechanism of
population regulation." Both Ohman �985! and Davis �984c! argue
that predation is sufficient to regulate the observed population levels of
herbivorous copepods  in Dabob Ba> and on Georges Bank, respec-
tively!, but they do not evaluate the role of advective and diffusive
losses. An alternate mechanism of regulation that usually is not consid-
ered involves spatial processes, i.e,, losses from the appropriate geo-
graphic area for the population in question. There is support for this
mechanism of population regulation of marine zooplankton from the
Continuous Plankton Recorder program.

The interannual variability in zooplankton abundance in the
northeastern Atlantic has been analyzed in considerable detail by
Colebrook �978, 1979, 1981, 1982a � c, 1984, 1985! and Colebrook and
Taylor �984!. Colebrook �982a! has described the annual fluctuations
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for the years 1958 � 1980 of various plankton species in the northeastern
Atlantic and the North Sea. Persistence is observed in the geographic
distributions of diverse species even though there are considerable
seasonal and interannual differences in relative abundance and a sig-
nificant downward quasi-linear trend. Colebrook �985!, in au examina-
tion of seasonal variations in the pattern of year-to-year fluctuations in
abundance of Pseudocalanus elongatus, Acartt'a clattsi, Calantts ftn-
marchictts, and hyperiid amphipods in the North Sea, concludes that
population abundances are defined during the winter and are related to
"inherent limitations in rates of population increase and possibly to
generation times." Over the thirty-Eve years of observation there has
been a coherent gradual �5% � 50%! decline in numbers of essentially
all populations of zooplankton species in the northeastern Atlantic and
the North Sea  Colebrook 1985, table I!. The analysis suggests that
"there may be a relatively weak link between average levels of primary
and secondary production."

The accumulated observations suggest that both the trend in
zooplankton abundance  which is coherent over a very large spatial
scale! and the interannuaf variability  which is controlled by events
during the winter when many of the species are not feeding! may be
controlled by advective losses from the appropriate distributional area
during the period of reduced growth and diapause. Control by preda-
tion is possible, but one would not expect to observe coherence be-
tween essentially all species in their downward trend due to predator-
prey interactions, nor to observe that abundance is controlled during
the winter season for all species. However, one would expect co-
herence between species if population control is primarily a function of
the physics of retention of populations in particular geographic space.
Also, if advective losses from populations of zooplankton are determin-
ing the trend and the variance, the impact of such loss could reasonably
be expected to be most critical during the winter season of limited or no
growth in numbers.

In sum, it has been concluded on the basis of the accumulated
continental shelf zooplankton literature that food is frequently not
limiting, There is some evidence from the only large space/time scale
study on zooplankton population dynamics  the Continuous Plankton
Hecorder program in the northeastern Atlantic! that physical
oceanographic processes are critically important in the control of abun-
dance.
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In what sense do the diverse studies of marine zooplankton
support the member/vagrant hypothesis'? Populations of zooplankton
species have been identified in only a few cases. In most cases the
geographic extent of the populations is associated with well-defined
physical oceanographic systems. Also, in a few studies persistence in
particular geographic space has been related to both ontogenetic and
daily changes in vertical distribution. Studies have involved per-
sistence of populations on large scales such as the Southern Ocean, as
well as on smaller scales such as the Oregon and California upwelling
areas. There is a small literature, but one of long duration, that has
considered the behavior of plankton  particularly vertical migration! as
important to population persistence in the face of the physical con-
straints of diffusion and advection,

Population pattern and richness, to the degree that they have
been described in the open ocean, seem to be readily exp1ained by
spatial processes. This is not a new generalization, and is perhaps to be
expected. However, when joined to the fisheries literature the general-
ization is of interest, It strengthens the conclusion that population
pattern and richness for fish can be defined at the planktonic egg and
larval stages in relation to the same sorts of physical oceanographic
constraints that generate pattern in zooplankton populations. In addi-
tion, given the greater knowledge of population richness in marine fish
and the association of their early life-history stages with, in some cases,
srna11 oceanographic features  see Chapter 5!, it is probable that popu-
lations of zooplankton exist on smaller spatial scales than generally have
been studied. The geographical extent of zooplankton populations has
not been a question of interest to marine ecologists, and as a result it is
poorly described and understood.

A different body of the zooplankton literature approaches regu-
lation of abundance indirectly. Usually neither the geographic scale of
the population is known, nor is abundance itself described. Rather,
density  numbers per unit volume! is studied in relation to food avail-
ability. It has been generalized that for coastal and continental shelf
zooplankton food is usually not limiting for growth and reproduction.
The lack of evidence for food limitation of such growth processes
strongly suggests that other factors must be involved in the regulation
of abundance. The empirical observations resulting from the most
substantive study of interannual variability of zooplankton abundances
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in both shelf and open-ocean environments in the northern Atlantic
have been interpreted in relation to physical oceanographic processes
 without food-chain linkages!, These sturlies are consistent with the
member/vagrant hypothesis. Other workers, however, have favored
predator control of abundance when food limitation cannot be demon-
strated, Undoubtedly, the direct roles of physics on vagrancy and
predators on mortality are important in the regulatiou of abundance. It
is perhaps premature to compare their relative importance.
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SUMMING UP THE EVIDENCE

In suminarizing the evidence to support the member/vagrant
hypothesis, we first make two points:
~ The literature just cited in Chapters 5 to 7 as evidence for the

member/vagrant hypothesis of population regulation has not been
arranged in an appropriate form to test null hypotheses. The ques-
tions addressed, the hypothesis defined, and the evidence cited
constitute in many respects a consistency argument about an alter-
nate view of population regulation in the oceans,

~ The hypothesis does not negate the importance of food limitation or
predator control of numbers in marine populations where they are
shown to be critical. Rather, it infers that such factors  which are
defined here as energetics processes! need not act in a density-
dependent manner for population stability. The hypothesis does
infer, however, that for marine species having complex life histories,
spatial processes predominate in the regulation of the four aspects of
populations that are addressed.

Four characteristics of marine populations have been discussed:
richness, pattern, absolute abundance, and temporal variability. In
support of the hypothesis being introduced, several subject areas have
been considered. fisheries populations, estuarine populations, oceanic
island and reef fish populations, and zooplankton populations.

In no single subject area is the literature sufFiciently com-
prehensive that the evidence in support of the general hypothesis is
convincing. For example, zooplankton population richness and pattern
have been poorly studied, but there are several detailed studies on the
mechanisms by which zooplankton populations sustain themselves in
particular geographic areas by interactions with physical oceano-
~.aphic processes. In contrast, the literature on population richness
and pattern for marine fish is well developed, but the bulk of the
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literature  see Harden Jones 1968; Cushing 1975! stresses the impor-
tance of dispersal at the egg and larval phases by drift with the residual
currents and thus does not support the hypothesis, We infer that the
deeply engrained emphasis on fish egg and larval drift has been self-
fulfilling to the degree that the sampling designs have frequently been
defined to demonstrate drift and the empirical observations have
sometimes been misinterpreted.

The literature as a whole  zooplankton to fish, estuaries to the
open ocean!, however, is mutually supportive. In geographic areas
where the obvious constraint on population persistence is the ability
not to be advected or dispersed away from the oceanic island or the
estuary, the specialty literature is full of examples of how populations of
the various species do indeed manage to persist.

The fisheries literature clearly demonstrates that there are
marked differences between species in population richness. There is a
continuum in this characteristic of species from Atlantic salmon, for
example  highly population rich!, to Atlantic cod  moderately popula-
tion rich!, to Atlantic mackerel  population poor!, to European eel  a
single population throughout the distributional limits of the species!. It
is clear that population richness is defined at the planktonic phase of
the life history rather than at the juvenile or nonreproductive periods of
the adult phases,

The geographic discontinuities at the early life-history stages,
in conjunction with the ability of adults to home to particular
oceanographic features, define population structure. The evidence is
not so complete as one would want for any particular species, but when
a comparative approach is taken the evidence is persuasive. For Atlan-
tic salmon, American shad, and striped bass, species whose egg and
larval phases are completed in a particular river system, that river
system itself supports a self-sustaining population. For smelt, whose
eggs and larvae drift from the individual spawning rivers to a common
downstream estuarine or coastal zone larval distributional area, the
complex of rivers flowing into the larval retention area  rather than the
individual rivers! is the geographic unit which supports a self-sustain-
ing population,

The mirror images of Atlantic salmon and European eel life
histories forcefully make the point that it is the early life-history
geographic discontinuity/continuity features that define population
richness rather than nonreproductive adult geographic discontinuity/
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continuity features. Adult eel distributions are markedly discontinuous
prior to their spawning migration, yet the species is population poor;
adult Atlantic salmon distributions are continuous during parts of the
oceanic phase of the life cycle, yet the species is population rich. In the
past the anadromous/catadromous life-history distributions have been
considered, not as part of a life-history continuum, but as a paradox
 Baker 1978!. From the continuum perspective introduced here the
underlying constraints on population richness  in this case from one to
many populations! are simply interpreted. Population richness, which
the evolutionary synthesis interprets as speciation in action, has not
previously been accounted for in the ecological literature.

Perhaps it is useful to view the population richness charac-
teristic of marine species having a planktonic stage from a plankton
perspective, The other life forms of a population  postlarval, juvenile,
and adult phases! are, from this view, parts of a cycle that are necessary
for the long-term temporal persistence of the larval distribution in
particular geographic space. This shift in emphasis from adult to larva
puts homing, which permits population richness, into a different per-
spective. Homing of adults to specific spawning sites allows temporal
persistence of the larval distribution in particular geographic space.
The weak link in the cycle of many species may be the planktonic
phase, The ability of the egg and larval components of the life cycle of a
population to persist and maintain an aggregated distribution at shorter
tiine scales  weeks to months! is the key, in this view, to the population
richness question. The spatial scale on which the planktonic phase of
the life cycle can be coherent, and the corresponding number of
physical oceanographic  or geographic! systeins underlying that co-
herence within the distributional limits of the species, defines the
degree of population richness. Further, it is the particular behavioral
characteristics of the species  both ontogenetic changes and those
within a particular stage of the life cycle! in relation to the physical
oceanographic features of the environinent that define the spatial scales
of coherence in the planktonic phase of the life cycle. It is clear from
comparing the closely related species of Atlantic cod and haddock  cod
being considerably more population rich! that subtle differences in
behavior must be involved,

It is this area � mechanisms of persisteiice of plankton distribu-
tions in particular geographic space  he it an upwelling zone, the
fringes of an oceanic island, or an estuary! that is well developed in
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the flanking literature to fisheries biology, Representative studies from
the estuarine  Table 6,1!, the oceanic island marine fauna, and marine
zooplankton  Table 7.2! literature amply demonstrate that plankton can
persist in fixed geographic locations in spite of the average residual
circulation, It is inferred that the animals are much more influenced by
the variability in the circulation and mixing characteristics of their
particular environment, and the vertical structure of these features,
than they are by the depth-averaged residuals. Platt and Harrison
�985!, in a very difFerent context  resolving the order of magnitude
differences in estimates of open-ocean primary production by two
different methods!, stress the "crucial importance of giving at least as
much emphasis to the variances as to the means in discussing non-
linearly coupled systems,"

In sum, the fisheries literature, in particular, tells us that popu-
lation richness is defined at the planktonic phase of the life cycle. The
zooplankton literature on population ecology and the special environ-
ments literature on estuaries and oceanic islands  which are amenable
to detailed study! tell us how plankton can use behavior in conjunction
with the particular physics of the area of distribution to persist in a
highly diffusive environment. Life-history features  such as timing of
spawning, duration of the larval stage, and the existence of diapause!
are interpreted to be associated with physical oceanographic con-
straints to population persistence in particular geographic space. From
consideration of the combined literature, both questions of the regula-
tion of population richness and pattern can be answered in general
terms. Control of absolute abundance and its temporal variability can
perhaps be considered as corollaries of the hypothesis accounting for
richness and pattern,

The existence of self-sustaining populations, and the geograph-
ical pattern of the population structure of a given species, is, we argue,
a function of the ability of the planktonic phase of the life cycle to
maintan an aggregated distribution in the face of dispersal by diffusion.
The spatial scale of the dispersaVretention balance and the specificity of
appropriate spawning areas for particular populations, then, may par-
tially define absolute abundance of the population. The characteristic
mean abundance of a population, following this argument, may be
physically constrained.

Much of the evidence to support this part of the general hypoth-
esis is indirect. Mean abundances of populations of Atlantic herring,
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Atlantic cod, and haddock in a qualitative sense are a function of the
size of the larval retention area, rather than a function of features of the
distributional areas of the juvenile and adult phases  which are fre-
quently shared among populations of different levels of abundance!.
Further, marine fish larvae have infrequently been shown to be food
limited. Rarely, however, can the losses from the appropriate distribu-
tional area be separated out from mortality due to predation. As such,
the relative iinportance of spatial processes versus energetics processes
in generating the total losses from a population cannot be evaluated on
the basis of the present literature. Further, continental shelf zoo-
plankton appear in many cases not to be food limited. For the most
comprehensive study on interannual variability in zooplankton abun-
dance, the predominant influence is argued to be large-scale variability
in ocean circulation and mixing.

For the northeastern Atlantic, persistence in particular geo-
graphic areas of overwintering components of populations  both conti-
nental shelf and open ocean! is critical to both the seasonal dynamics of
the populations and the long-term trends. Analysis of this massive
overall data set on zooplankton abundance has led Colebrook �985! to
conclude that there are weak links between phytoplankton and zoo-
plankton dynamics. If continental shelf zooplankton are in many cases
not food limited, other processes must be involved, Again, predator
control may be sufficient, as has been argued by Davis �984c! for
Georges Bank zooplankton populations and by Ohman �985! for
Dabob Bay. An alternate controlling factor of absolute abundance and
its variance is the direct control by spatial processes.

Brander and Dickson �984! have observed that Atlantic cod
density  abundance per square kilometer at fishable sizes, i.e., juve-
niles and adults! is considerably higher in the North Sea than in the
Irish Sea, Yet, cod growth rates between the two areas are very similar.
The egg and larval distributional area for cod in the Irish Sea is
characterized by a restricted seasonal envelope of phytoplankton
growth as well as by markedly higher diffusion caused by geographic
differences in the dissipation of tidal energy, Given the above argu-
ments that fish larvae are not food limited, it may well be that geo-
graphic difference in the physical oceanography of the spawning and
early life-history distributional area accounts directly for the dif-
ferences in absolute abundance between seas,

Absolute abundances of populatioris with complex life histories
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are interpreted here to be defined at sexual reproduction in relation to
spatial constraints for continued membership of the progeny in the
population. If the hypothesis is robust, vagrancy is at times density
dependent, Following this line of argument and the literature cited
earlier, we argue that absolute abundance is largely physically con-
strained. Variability around the inferred physically constrained mean
level of abundance has been repeatedly observed in diverse fish and
invertebrate populations to be associated with variability in advection
and, presumably, mixing.

As already argued for marine fish, the deeply engrained as-
sumption that the role of the larval phase in species with complex life
histories is for passive dispersal has influenced the manner in which
benthic ecologists have studied populations and their regulation of
abundance. The pelagic phase of the life cycle has very often been
considered as a "black box," and the source of recruitment to the study
site as an unknown. The spatial scale of much of the work being done in
benthic population studies may be inappropriate for the questions
being addressed in this essay. If the spatial scale of the population is in
reality hundreds of kilometers of shoreline, a single study site in any
particular location within the distributional area may not encompass
the appropriate scale of environmental parameters  either biotic or
abiotic! that are in fact regulating absolute abundance and temporal
variability, Caffey �985!, in a study of spatial and temporal variability of
intertidal barnacles, concludes that variable recruitment 6am the
larval phase is critical to the population dynamics of benthic species
with complex life histories. The benthic ecologists may frequently be
working on too small a spatial scale. At the other extreme, the popula-
tion geneticists and paleobiologists may be working at too large a spatial
scale.

The assumption that larvae of benthic species are widely dis-
persed is being re-evaluated by population geneticists  see Hedgecock
1986 for an overview! and is at present a point of contention. In this
essay, we argue that the genetic structure of marine invertebrate
populations should not be inferred from apparent dispersal capabilities
of the life history. Because of these questions of scale in benthic
invertebrate studies, which are partially a function of the assumption of
passive drift at the larval stage, the whole question of geographic self-
sustaining populations has received short shrift. Nevertheless, there
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are studies in the benthos literature that support the hypothesis  cited
in Chapter 6!.

Complex hfe histories are predominant in the marine environ-
ment. Given the initial constraint of sexual reproduction, life histories
at the population level must be geographically constrained  mem-
bership requires being in the appropriate geographic location!. Com-
plex life histories are usually described in relation to morphology, and
the life history can be presented as a morphological cycle  "history"
unfortunately emphasizes the linear time element rather than the
spatial cycle!. In the perspective being pursued here, the cycle concept
is stressed; the complex life history has both a morphological cycle and
a geographical cycle, The two cycles, through behavior, permit popula-
tion persistence. Simply put, complex life histories are the mechanism
by which populations persist in particular geographic space. The com-
plex life histories  or cycles! generate the persistent patterns induced
by the constraint of sexual reproduction. In that these constraints are
considered to be fundamental, the population regulation hypothesis
developed from them  even though developed predominantly on the
basis of evidence from the pelagic environment! should be of general
significance in the oceans.

There is an overall trend within the evolution of sexually re-
producing animal species toward the collapse of complex life histories.
Garstang �929! describes this temporal trend for the molluscan phy-
lum in some detail, He states  p. 80!:

When we pass from the more primitive and ancient groups of
Mollusca to the more modern ones, the larva na longer hatches
as a simple trochosphere, but is provided with a shell and foot
from the first, and the simple girdle of cilia which constituted
the prototroch is replaced by a much more powerful organ, the
celum....

'Dere are of course many Gastropods and Bivalves in
which, even under marine conditions, the free-swimming lar-
val stage has been secondarily reduced in association with a
marsupial or incubatory mode of development..., Finally, the
pelagic stage may be suppressed altogether, and the whelk
emerges from the confinement of its brood-chamber as a dimin-
utive adult, ready at once to pursue its definitive career.

Garstang does not elaborate on the underlying causes of this trend
through time other than to state  p. 81!, "Although, ~~th fuller knowl-
edge of the facts and of the bionomical conditions, it may be possible to



l40 / Sinctair / hfARLVE POPLATIOXS

explain the cases of reduction or obliteration of the larval stage in terms
of adaptation, it seems more probable that there has been a secular
change tending to depreciate the value of dispersal as the sea became
stocked with an increasing number and variety of specialised habitats."

We shall consider in Chapter 11 an alternate interpretation of
the causes for the secular trend in the collapse of complex life hIstories.
The requirement for life cycle closure within a changing spatia] struc-
ture  and an emphasis on retention rather than dispersal! is considered
important.

The point to be made here is that the relative importance of
physical oceanographic processes and food-chain events in the regula-
tion of abundance might be expected to vary as a function of the degree
of collapse in the life history. Populations of species with free-living egg
and larval stages may be predominately regulated by spatial constraints
to life cycle closure. In contrast, food-chain constraints, under the
member/vagrant hypothesis, would be predicted to be more cri tical for
populations of species with collapsed life histories.

With the more complete internalization of the complex life
history, as in sharks and marine mammals, for example, the constraint
of a diffusive environment at on.e link in the cycle is removed or at least
minimized. Population regulation  richness, pattern, absolute abun-
dance, and variability! for these species categories may well be funda-
mentally different. It will be argued in later chapters, however, that
some aspects of the hypothesis are of general significance in ecology
and evolution, in both marine and terrestrial environments. Before
addressing such implications it is useful to indicate a paradoxical aspect
of the member/vagrant hypothesis, particularly in view of the key role
of dispersion in terrestrial ecology,

There is a disturbing quality of the emphasis in this essay on
retention in the hypothesis on population regulation. Some aspects of
life cycles would appear to be adapted for dispersal, such as pelagic
eggs; yet it is being argued that advection and diffusion are ultimate
constraints in the definition of populations, as well as in the regulation
of abundance. It may well be that these coupled processes cannot be
considered separately, that they are two components of a single phe-
nomenon. Holton �978! has discussed the frequent occurrence of
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coupled phenomena in physics such as continuity/discontinuity. Such
phenomena have to be considered together to be adequately under-
stood, Here, the emphasis has been focused on retention rather than
dispersal.
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IMPLICATIONS FOR ECOLOGICAL QUF.STIONS

The member/vagrant hypothesis addresses four aspects of pop-
ulation regulation; two species-level characteristics  pattern and
richness!, and two population-level characteristics  mean absolute
abundance and temporal variability!. To understand why a species
separates into self-sustaining populations in particular spatial patterns
is important when one addresses the questions of abundance and
temporal variability for a single population. The constraint of sexual
reproduction is central to pattern and richness.

Life cycles may be considered spatial mechanisms that ensure
persistence given the particular constraints of the physical geography.
The life cycle has both morphological characteristics and particular
spatial or geographic settings. This conception of life cycles may be
considered to be an ecological extension of Bonner's �965! treatment in
his essay, Size and Cycle. He states  p. 3!.

The view taken here is that the life cycle is the central unit in
biology. The notion of the organism is used in this sense, rather
than that of an individual at a moment in time, such as the adult
at maturity. Evolution then becomes the alteration ofhfe cycles
through time, genetics the inheritance mechanisms between
cycles, and development all the changes in structure that take
place during one life cycfe.

In Bonner's synthesis, genetics, evolution, and development are
tightly linked in his focus on life cycles, but the ecological framework is
left out, Yet, many features of complex life cycles are interpretable only
in relation to the constraints of the physical geography. Closing the
cycle to ensure sexual reproduction in an appropriate geographical
setting for subsequent continuing closures is in a certain sense a
struggle against the diffusive and advective processes in the marine
environment. The constraint of sexual reproduction and the con-
comitant requirement for life-cycle closure in particular geographic
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space are, in the member/vagrant hypothesis, the driving forces that
generate pattern and richness.

From this perspective, before studying the factors that are
important in the regulation of abundance of a particular population of a
sexually reproducing species, it is essential to first identify the spatial
integrity of the population. Is in fact a population being studied at all in
sampling a particular study area'? Individuals of several different popu-
lations of the same species can be mixed together during parts of the
life cycle  this is a problem for mobile animals!. It is critical to define
the appropriate spatial scale of the study in relation to the geographical
distribution of the population. For capclin, say, which home to a broad
area of coastline extending over hundreds of kilometers, the early life-
history events in any single bay may not refiect the distributional area of
the population as a whole,

The scale of investigation has to match the scale of the phe-
nomena being addressed. If the geographical extent of the population
is not known, this needs to be recognized and the implications thought
out. Regulation of abundance of the population cannot be understood
without first understanding its geographical extent. The importance of
various processes affecting losses from the population may, however,
be addressed at a range of spatial scales below the scale of the popula-
tion distribution itself. The debate over the relative importance of
density dependence versus density independence almost always in-
volves investigations of processes on these smaller spatial scales. This
method of investigation may in itselfhave contributed to much of the
confusion in the literature,

Energetics and Spatial Presses

In the member/vagrant hypothesis two kincls of processes in-
volved in the regulation of abundance of individual populations are
defined: energetics processes and spatial processes. Both can involve
density-dependent and density-independent population events. How-
ever, if there is density dependence in the spatial processes for a given
population  for example, if the vagrancy rate increases with increasing
abundance!, abundance can be controlled without evidence of density
dependence in energetics processes.

There is a tendency to associate all energetics processes with
density dependence without verification, This tendency is misleading,
Pepin �985! and Kean �982!, in experimental studies of predation on
fish larvae, did not observe density-dependent mortality, and Taggart
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�986! did not observe density-dependent mortality in a detailed field
study on capelin larvae. Clearly there can be density-independent
mortality due to starvation, predation, and disease. The opposite
phenomena, density-dependent spatial losses from a population  such
as reproduction in the wrong area for the population at higher levels of
abundance!, may be less well recognized in the marine literature,

The total accumulated toss of individuals in a given year class of a
population from the egg stage to maturation and successful sexual
reproduction comprises �! spatial loss from the population  which does
not imply immediate mortality!, �! death due to starvation as a result
of competition for food resources, and �! death by predation and
disease. For the oceans it is inferred, from the indirect evidence cited
in the previous chapters, that spatial loss  which involves physical
pdlCsses and behavior! frequently predominates in the regulation of
population abundance in the oceans. Competition for food resources or
avoiding predators may generate a relatively small component of the
overall loss empirically observed from egg to successful sexual repro-
duction. Fecundity, in this sense, is considered to be predominantly a
function of accumulated life-cycle losses due to spatial processes rather
than predominantly a function of intraspecific competition for limited
resources or food-chain events,

In succeeding chapters the argument is developed that the
inferred predominant mode of population regulation for marine species
with complex life histories  spatial losses from the population at various
stages of the life cycle! is critical to the process of speciatiorr, whereas
the mortality generated by competitive phenomena is critical to ener-
getics-related adaptation. Speciation and adaptation in this treatment
may be decoupled even though both phenomena involve aspects of
population regulation. If the member/vagrant hypothesis is valid, in-
traspecific competition for limited resources can play a minor role in
the population biology of many marine species, in particular those with
complex life histories. MacCall �984! has rigorously developed the
dual role of spatial and energetics constraints on the population biology
of northern anchovy in the California Current. Many of the points that
are elaborated in descriptive terms here have been worked out in a
quantitative sense in MacCall's study.

Much of competition theory has come from first developing
theoretical equations of population growth  based to a large degree on
data from human societies! arrrI ther> testing the theoretical rela-
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tionships by experiment, frequently using nonsexually reproducing
species  the first two experiments testing the equations were made on
the bacteria Escherichia coti and the yeast Saecharornyces cereoisiae;
see Hutchinson 1978, p. 23!. Following the simple development of
concepts introduced here, competition for limited resources would be
logically invoked for populations of species with the asexual mode of
reproduction. The bifurcation that occurred with the evolution of sex
 i. e,, the constraint of relation between individuals of the same species
within the tiine frame of a generation! radically changed the "numbers
game" and imposed new geographical constraints as well: where you
are suddenly became perhaps more important than how competitive
you are.

The development of competition theory in ecology by first
observing human populations and then testing on asexual organisms
may well have been based on false premises about the generality of the
observations. In addition, many of the classic experiments designed to
test the role of competition for limited food resources in population
regulation � whether they used asexual species  bacteria and yeast! or
sexual species  Drosophila melanogaster, the water flea Moira mac-
roscopa, Paratnerium spp., the flour beetle Tribolium conf@sum!�
involved bounded physical systems in which the hypothesized critical
role of spatial loss of individuals from the population was eliminated by
the experimental design  see Hutchinson 1978, pp. 21 � 28, for a histor-
ical review of this literature!. In this respect the experiments may not
be applicable to population regulation in the oceans. Since such de-
velopments were fully consistent with the putative role of intraspecific
competition for resources in evolutionary theory, some comfort un-
doubtedly was derived from the overall coherence between the two
disciplines.

In that ecological generalizations  in particular, generalizations
about regulation of population abundance! are used generally without
qualification in flanking disciplines such as population genetics, bio-
geography, paleontology, and developmental biology, it is important
that the role of competition be satisfactorily resolved. It is more than an
in-house quarrel. The wrong generalizations involving population reg-
ulation and competition may have pervaded the literature in the above-
mentioned fields; one can cite, for example, Mani �982! in population
genetics, Valentine �985! in paleobiology, and Brown and Gibson
�983, chap, 3! in biogeography. The 1anguage of modern ecology,
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particularly as expressed by Hutchinsou, is seductive but may well be
based on false premises.

Life-History 'Iheory

The member/vagrant hypothesis has implications for some as-
pects of marine ecology other than population regulation. Life-history
theory, which is a blending of population regulation and the life-tables
of the demographer, emerged in the 1960s as a result of the seminal
paper by Cole �954!. Within ecology it has become an identifiable field
of study within which fitness is measured somewhat in the abstract
 i.e., usually without reference to spatial or geographic constraints!.
The field has been hailed as a success story in modern ecology  Stearns
l982! because of its power in elucidating diverse life-history phe-
nomena. The life-history traits frequently evaluated in relation to
fitness are life span, age at maturity, fecundity at age, and age-specific
mortality rates. With the use of optimization approaches and the
implicit assumption that there is competition for limited resources,
trade-offs between growth and reproduction in diverse hfe histories
can be analyzed.

The hypothesis presented here suggests that there may be
fundamental problems with the life-history theory approach, in the
oceans at least. The evidence, as it has been marshalled, does not
support the assumption that competition for limited resources is neces-
sarily the major factor in the regulation of population abundance.

More importantly, what is left out of life-history theory may be
critical to the understanding of specific traits. Just as population genet-
ics has tended to ignore the phenotype, life-history theory to a large
degree ignores geography. Complex life histories in this essay are
considered mechanisms for population persistence within specific geo-
graphic constraints, In this perspective the morphological cycle from
egg to adult is paralleled by a geographic space cycle within which
population persistence is possible. The geographical constraints are
viewed as being critical to such life-history features as life span, age at
maturity, and timing of spawning, The distances to be traveled for life-
cycle closure of the population, for example, within the geographicaV
morphological cycle may have important implications on whether se-
melparous or iteroparous reproduction, or whether a short or a long
larval phase, i's characteristic of a particular species.

It seems fruitful when interpreting life-history features to con-
sider the simple developmental constraints of size � that, given fixed
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cell division, it takes longer to be bigger  Bonner 1965! � along with the
geographical constraints of population persistence introduced in this
essay. Life-history theory, to the degree that it may be based on false
premises  in those cases in which competition for limited resources is
not critical! could, because of the ingenuity of the practitioners, gener-
ate reasonable explanations for incomplete reasons when applied to
marine species. Also, more complexity than is required may be in-
voked in the interpretation of empirical observations of life histories.

Two additional areas of marine ecology to be discussed here in
relation to the population regulation hypothesis involve perceptions in
biological oceanography. There is a strong emphasis in biological
oceanography on analyzing communities in relation to fluxes of energy
and chemical constituents, Population dynamics, which involves look-
ing at numbers of individuals of particular species in addition to en-
ergy, is not well developed. Platt �985! discusses the utility of the
Sheldon biomass spectrum  Sheldon et al. 1972, 1973, 1977! in marine
ecology, relative to other conventional approaches that involve the
identification of organisms to populations of species. Platt appears to
agree with Bahr �982!, who asserts that the premises of systematics
"are obsolete, having been established before the theory of evolution;
many existing species have yet to be named; at best its application in
nature is subjective." Platt �985, p, 62! adds:

Two other weaknesses are of direct relevance here, One relates

to a further aspect of its obsolescence: it is out of step with that
school of ecological thought that attaches importance to the
macroscopic view and recognizes that organisms must obey
basic thermodynamic laws. The second is simply that a conven-
tional taxonomic description of a typical pelagic sample is
highly demanding on time, And not to put too fine a point on it,
after the job is done the investigator is not always certain what
to do with the result.

These conclusions by a respected marine ecologist perhaps
reflect a particular trophic-dynamics school within biological oceanog-
raphy. Are they well foundedP It is not the utility of the Sheldon
biomass spectra approach to marine ecology  which has more than
proven its worth! that is taken issue with, but rather the imputed
obsolescence of conventional population ecology which involves iden-
tifying living particles at some higher level than their diameter. The
perspective on population regulation developed here implies that the
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conventional approach is far from obsolete if the aim of marine ecology
includes understanding such fundamental questions as patterns in
living particles in time and space. The patterns that are empirically
observed are hypothesized to be generated by the constraint of sexual
reproduction and the challenge of physical oceanographic processes to
life-cycle closure of populations of species with particular behavior.
Such patterns, particularly if food is not limiting, may not be based on
energetics constraints. C:onsideration of populations of particular spe-
cies may not be out of step with either the big picture or thermody-
namic constraints. There are many marine ecological questions that
may be most efficiently addressed by the Sheldon particle spectrum
approach, but this does not imply that the conventional approaches of
population dynamics involving the identification of'individuals to spe-
cies are obsolete. The energetics approach  including the analysis of
particles! on its own may not be sufficient to account for f'eatures of the
macroscopic view.

The second point addresses perceptions on the stability of
spatial patterns in the oceans. The member/vagrant hypothesis infers
persistence of populations of marine organisms in specific geographic
space in relation to physical oceanographic processes on an ecological
time scale up to decades. Steele and Henderson �984!, in contrast,
conclude, "The assumption by fisheries management of a natural per-
sistence in stocks [i.e., populations] is questionable." They base their
conclusion on a limited selection of empirical observations on decadal
variability in biological properties in the oceans  with a heavy emphasis
on pelagic fish! and a model which includes variable physical forcing,
density-dependent regulation at high abundance, and predator regula-
tion at low abundance. Steele �985! in a subsequent review article
amplifies the above conclusion.

We take issue with the selection of initial empirical observations
with which the model results are compared. Steele and Henderson
�984! and Steele �985! chose highly selective examples from the
literature to represent biological temporal variability in the oceans.
They point out that Atlantic herring landings off the west coast of
Sweden have been observed to vary dramatically in essentially an all-
or-none sense  at pulses of a few decades! for several hundred years.
However, relative constancy has also been observed in herring land-
ings that track recruitment variability at dozens of other precise spawn-
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ing sites in the northeastern Atlantic over much of the same period.
The Swedish herring was, and still is, recognized as an anomaly in
herring fisheries variability  as is the Plymouth herring; Cushing 1961!.
Does one emphasize the dozens of herring spawning populations that
have shown persistence in their spawning location and relative biomass
 interannual variability well within an order of magnitude until purse-
seining became the dominant fishing method!, or, as Steele and Hen-
derson have done, the two populations which come and go?

A second example used by Steele and Henderson to illustrate
biological instability is the so-called Russell Cycle observations off
Plymouth at the mouth of the English Channel  Southward 1980!.
Plankton species composition, hydrographic variables, and fish species
composition observed at this fixed station Ripped in the 1930s and then
in the 1970s returned to almost the pre-1930 condition. However, this
geographic area is coincident with a biogeographic boundary. At tens of
kilometers north and south of the fixed station, changes in at least the
species composition of the commercial fish landings have not occurred
 unfortunately, there are no comparable time series on plankton and
hydrographic variables!, The Russell Cycle may be an artifact of sam-
pling very close to a biogeographic boundary which oscillates spatially
to a certain degree. A fixed station off Nantes or Liverpool would have
shown persistence in populations  at least for commercially important
species! of constant species composition in the landings, albeit a dif-
ferent mix between the two locations,

That considerable variability is a characteristic of marine popu-
lations is not questioned, nor is the evidence that eastern boundary
currents in particular are characterized by species composition
changes on an ecological time scale; but we do wish to balance the
record. Huxley �881! argues that herring spawning populations have
persisted off the Yarrnouth area for centuries  p. 612!:

There is historical evidence that, long before the time of Henry
the First, Yarmouth was frequented by herring fishers...,

As long as records of history give us information herrings
appear to have abounded on the east coast of the British Islands,
and there is nothing to show, so far as I am aware, that, takingan
average of years, they were ever either more or less numerous
than they are at present.

The fisheries in question were based on spawning populations that
horne to very precise locations. In other words, in this area at least,
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population persistence in particular geographic space has been well
documented. Huxley also makes the point, as do Steele and Hender-
son, that in other areas  in particular off Bohuslanl this temporal
persistence is not observed. Mackerel spawning has occurred annually
in the northwestern Atlantic in two well-identified continental shelf

areas since before the 1900s. Separate persistent haddock populations
have been observed scientifically since the 1920s on Georges Bank and
Browns Bank, Populations of Atlantic cod have been observed on the
Grand Banks for hundreds of years, and  ;atanus firnnarchicus popula-
tions have been spawning regularly in the Lofoten since plankton nets
were designed, Colebrook has observed persistence in plankton popu-
1ations in the northeastern Atlantic since the 1940s. Even in. highly
dynamic eastern boundary currents, population persistence may occur
in specific geographic locations. Devries and Pearcy �982! state that,
off Peru, "the distribution of anchoveta and hake vertebrae in surface
sediments roughly parallels the distribution of niodern day popula-
tions." In addition, they observe biogeographical shifts in spatial
boundaries rather than internal shifts in species composition during
glaciation/deglaciation changes.

These examples of persistence of population patterns in highly
dynamic physical environments need equal treatment in the Steele
and Henderson analysis. If the disruptive effects of fishing are taken
into account and the anomalies are considered as anomalies, a strong
case can be made for persistence of marine populations in time and
space. To the degree that the biological conclusions of these authors are
dependent on the examples se1ected, they are in our view suspect and
not supported by much of the literature cited in this essay.

Terrestrial Eiiviixinments

To what extent are the concepts developed in the population
regulation hypothesis applicable to the terrestrial environment? As
indicated above, evolution of higher forms has repetitively involved
internalization of complex life cycles, To a certain degree, it can be
generalized that evolution on land for vertebrates has in this way
insulated populations from many of the geographical constraints that
exist for complex life histories in the oceans. Nevertheless, for many
terrestrial species, including primitive man, geographical population
structures are well described. Populations in many, if not most, species
are associated with specific geographic space, particularly during re-
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production. As in the oceans, population richness varies between
species  as summarized by both Mayr and mensch!. Some of the pro-
cesses regulating populations  especially the generation of population
pattern and richness! may be common to both marine and terrestrial
environments.

During the late nineteenth century and first few decades of the
twentieth, systematists devoted much more attention to terrestrial
populations  especially birds! and their geographic patterns than to the
marine species. The key difference between the two systems, ter-
restrial and marine, has been the subsequent developments within
ecology of the study of these populations. Fisheries ecologists, due to
the management implications of the population concept, have since the
work of Heincke, Hjort, and Schmidt incorporated the populations of
the systernatists into their ongoing research and have gone beyond the
simple morphological description of populations which dominated
population systematics.

This has not occurred in general terms in terrestrial ecology.
The existence of population richness  and the differences between
species in this characteristic! and some aspects of the geographical
patterns were well described, However, with a few notable exceptions,
little is known about the persistence in time and space of the popula-
tions, their absolute abundance, or their temporal fluctuations. Popu-
lation dynamics studies for terrestrial species have monitored popula-
tion density  numbers of individuals per unit area or volume! more
frequently than absolute abundance; except for terrestrial ecologists
who manage wild game, they simply do not have an analog of the port
sampling scheme of the fisheries biologist which allows the populations
to be studied at the appropriate time and space scales of the biological
phenomena.

In sum, there has not been in ecology, for terrestrial environ-
ments, the logical outgrowth of the paradigm shift of new systematics,
i.e., population systematics. To a certain degree terrestrial ecologists
still implicitly use the typological species concept of the early nine-
teenth century in their day-to-day activities  Kingsland 1985!, Individ-
ual variability is recognized, but population thinking in Mayr's terms is
not the norm.

Given the lack of appropriate evidence for the persistence of
terrestrial populations and their absolute abundance and temporal
variability, it is difFicult to determine the degree to which the general
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population hypothesis for the oceans is applicable to land. The em-
pirical observations on animal movement do imply that geographical
constraints of populations of many terrestrial species parallel the ocean
situation. It has been repeatedly documented that dispersal distances
 i.e., the distance between birthplace and breeding place! are skewed
toward short distances, a surprising fact given the mobility of the
species studied, Most individuals move a short distance from their
birthplace; only a few move farther. Murray �967!, in a simple model
involving space limitation for mating and behavior, reproduced the
skewed dispersal distance observations for vertebrates,

A sampling of almost every issue of an ecological journal con-
tains examples supporting limited dispersal of individuals of terrestrial
species, Trexler �984!, in a study of a chrysidid wasp species, observed
that only one of several hundred marked Trichrysis tridens migrated
between undisturbed host population sites. Newton and Marquiss
�983! in their study of the dispersal of sparrowhawks between natal and
breeding areas, report that most of the birds settled to breed in the
general area where they were born, and recoveries fell off rapidly with
increasing distance from the birthplace. They also found that changes
in the median dispersal distance between years were not correlated
with sparrowhawk population densities, suggesting that competition
does not influence distribution.

There is indirect evidence that dispersal out of the appropriate
distributional area is important in the regulation of populations in
terrestrial environments. Emlen �986!, for example, reports on a
comparative field test of the hypothesis that bird communities are
resource limited  p. 125!: "A fundamental concept of population biol-
ogy, generally taken for granted in current ecological research, holds
that the consuming biomass of animals inhabiting a delineated area
tends to stabilize at or fluctuate around a level determined by the
availability of resources, notably living space and food." He evaluates
this concept by comparing what he calls "matched habitat patches"
within continents and on islands. He observes that bird biomasses are
higher on islands than on similar areas on continents, and thus infers
that resources cannot be limiting. The bounded nature of islands
appears to generate a fence effect which minimizes dispersive losses
from the populations. The argument is similar to that developed in this
essay for populations in the oceans, Vagrancy of birds on islands from
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their populations is minimized by well-marked physical discontinuities
 the encircling water/land boundary!.

The member/vagrant hypothesis, because of its roots in the
richness and pattern characteristics, may help clarify the repeated
observations on limited dispersal for terrestrial species. Baker �978!
has produced an exhaustive synthesis of animal movement in all en-
vironments. In it he develops the familiar-area hypothesis to account
for the observation on return migration  p. 853!:

All terrestrial vertebrates and some invertebrates... seem to

spend the major part of their lives within a familiar area,
whether or not they perform a seasonal or ontogenetic return
migration....

ParadordcaBy... the best evidence in support of the
familiar-area hypothesis is found for birds, Avian migration is so
spectacular, takes place over such long distances, and in many
cases is so linear, that at Arst sight it might seem unlikely that it
can be accommodated within a model based on the familiar-area

thesis.

A major difficulty that Baker has in generalizing his hypothesis
is the evidence from the oceans, Supposed dispersal at the egg and
larval phases of marine fish, for example, is inconsistent with his
hypothesis. Baker does not view the phenomenon of animal movement
from a population dynamics perspective. Prom such a perspective the
present synthesis, which emphasizes egg and larval retention at appro-
priate spatial scales for population persistence, may complement
Baker's thesis.

Shields �982, 1983! does look at animal movement from a
population dynamics perspective, albeit with an evolutionary bent. He
addresses the general question of why birth-site phr'lopatry is so preva-
lent in the animal kingdom. A joint consideration of the general marine
population hypothesis defined here and the rich presentation of both
concepts and data by Baker and Shields leads to a simple interpretation
of both return migration and philopatry in terrestrial environments,
First, however, the essence of Shield's hypothesis on philopatry needs
to be presented.

After reviewing, and finding unsatisfactory, other models of
philopatry, Shields �983! introduces his own genetic model. He sug-
gests  p. 148! that "inbreeding can be an adaptive response to spatial
heterogeneity in the genetic environment independent of ecological
scale"  emphasis in original!, In essence he argues that small dif-
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ferences in the genome "induce enough outbreeding depression to
favour increased inbreeding." Thus, following concepts of natural se-
lection that are now accepted, philopatry is selected for. Following
these arguments, he states  p. 150!, "Population subdivision and isola-
tion by distance characteristic of so many organisms, in spite of their
enormous capacities for dispersal and increased panmixia, Bnally be-
comes explicable."

In the genetic model of Shields, increased inbreeding itself is
the primary function of philopatry, and increased outbreeding the
function of "vagrancy." Shields �983! tests his genetic hypothesis on
philopatry/vagrancy by analyzing relative f'ecundities in philopatric and
vagrant species. He states  p. 152!: "Philopatry, which is effective in
producing relatively intense inbreeding should occur in, and only in,
low-fecundity organisms. Wider outbreeding resulting from vagrant
dispersal should be limited to high-fecundity organisms."

The hterature on the fecundity and life-history features of
benthic marine invertebrates, as reviewed by Thorson �950!, supports
the hypothesis. However, in essentially all of the studies that Thorson
reviewed it was assumed that the pelagic egg and larval phases are
adaptations for large-scale dispersal. The possibility that eggs and
larvae are retained in a relatively restricted geographic area to ensure
persistence of populations was not considered. In this sense, then, the
benthic invertebrate literature is unfortunately not a rigorous test of
the hypothesis. Shields �983, p. 154! reflects current thinking when he
states, "Normally, one can assume that pelagic larvae [of marine inver-
tebratesj will disperse vagrantly as they are passively carried by local
currents." He continues:

Many of the marine Ashes, like their invertebrate counterparts,
are very fecund �0' and 10s offspring/lifetime!. These high-
fecundity species normally produce pelagic eggs, free-swim-
ming larvae, or both, Their pelagic propagules are then subject
to passive dispersal in ~~ter currents.

From the review of the marine literature in this essay, and the
general population hypothesis generated, the above generalizations on
philopatry in relation to fecundity do not adequately reflect the marine
observations. Fecundity, following the member/vagrant hypothesis, is
a function of the diffusive nature of the particular pelagic environment
within which the population life cycle persists. In highly diffusive
environments high fecundity is required to ensure population per-
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sistence. In less diffusive environments, or for marine Ash species that
attach their eggs to the bottom  such as herring!, a lower fecundity will
permit persistence; the fecundity of'herring, for example, is lower than
cod fecundity, It is argued here that most marine species, irrespective
of their relative fecundity, are philopatric.

The observation that most sexually reproducing terrestrial ani-
mal species are characterized by both return migrations  Baker 1978!
and philopatry  Shields 1982, 1983! is a function of fundamental ecologi-
cal constraints. Persistence of populations of sexually reproducing
animals demands philopatry, which is a manifestation of the biological
species concept itself. The degree of inbreeding  and the general
reduction of fecundity! may be a result of the collapsing of the complex
life history and resultant shrinking of the geographical space scale
within which populations persist, rather than a result of natural selec-
tion due to "outbreeding depression."

The genetic model of Shields and the familiar-area model of
Baker are fully consistent with the life-cycle ecological constraints we
suggest here. High fecundity, however, in this hypothesis, is primarily
a function of geographical constraints  i.e,, level of diffusion! at par-
ticular phases of complex life cycles, rather than a function of the
degree of outbreeding being selected for  as hypothesized by Shields!.
The characteristic spatial scale of diverse populations, which is a func-
tion of the life-cycle geographical constraints, will produce a con-
tinuum in the degree of inbreeding. Very small populations with life
cycles associated with small geographic space will be characterized by a
higher level of inbreeding than larger populations  even of the same
species! with life cycles associated with larger geographic space. In-
breeding itself, following these arguments, is not selected for, but is a
result of the particular constraints of the spatial scale of the population's
life cycle.

In short, some elements of the member/vagrant hypothesis of
population regulation in the oceans may he relevant to terrestrial
systems. Spatial patterns in terrestrial populations, and their absolute
abundances, have not in general terms been accounted for in the
terrestrial ecological literature, nor has the trend in the collapse of life
cycles by the internalization of early life-history stages, The spatial
fabric on which population persistence through life-cycle continuity is
maintained on land clearly involves the structure generated by plants
and trees as well as the physical geography itself.
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This is a fundamental difference between oceanic and ter-

restrial environments. In the pelagic environment in particular, phys-
ical features predominate in generating population pattern, richness,
absolute abundance, and variability. Other species, however, are still
of considerable importance in permitting life-cycle continuity and
population persistence. Red hake juveniles inhabit living scallops, and
haddock larvae are frequently observed in association with jellyfish,
and parasitism as a mode of existence by definition involves other
species for population persistence,

Nevertheless, for the pelagic environment it is probable that
physics  including the characteristics of the bottom! predominates over
biological structure as the spatial fabric for population regulation in the
broad sense used in this essay. In the terrestrial environment spatial
structure generated by living material is no doubt of critical importance
in population regulation. It is emphasized here that the spatial dimen-
sion itself, both physical and biological, in relation to the constraint of
free-crossing of individuals within populations, may be critical to ter-
restrial population regulation, For asexual species, however, energy
would be expected to be the factor of ultimate importance in the
regulation of abundance.

Van Valen �973a, 1973b, 1976! offers a rich and imaginative view
of ecology and evolution in which competition for food is a core
component. The basic arguments in support of the ultimate control of
abundance by food availability are presented in his discussion of pat-
tern and the balance of nature  Van Valen 1973b!. The conclusions from
his analysis are, however, an important component of the other two
papers, whose concepts include "The Red Queen's Hypothesis,"
which has generated considerable discussion in the ecological and
evolutionary literature, He argues �973b, p. 36! that two aspects of
distributional pattern strongly suggest that terrestrial herbivores are
food limited  his analysis assumes that there is little disagreement at
other trophic levels that abundance is food limited!:

Some ubiquitous patterns apply to terrestrial herbivores as well
as to other animals and strongly suggest that the ultimate
regulation of this trophic level as a whole, like that of other
trophic levels, is by resources, in this case food, The patterns
are that there are more small animal individuals than large
ones, and that communitics with greater primary productivity
have snore animals,
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He is referring to density  numbers of individuals per unit area or
volume! in the above generalization on numbers. He cites other evi-
dence in support of food limitation, but these two "patterns" are the
key components of the case, He concludes that it is nevertheless
disturbing that evidence for food limitation for terrestrial herbivores is
intuitively very hard to accept; in short, "the world is green," whereas if
food is limiting, one expects to see some denuded forests. He states
 p. 41!: "The problem is sufficiently acute that I give it a name, the
Enigma of Balance. How can it be that some species regulated even
ultimately by food do not periodically greatly reduce their food by
overeating?"

There is, however, no enigma if food is not usually either
ultimately or proximally limiting to population abundance of sexually
reproducing species, It is the evidence of food limitation  the two
patterns identified above! that may have been misleading. First, the
existence of more small animals than large animals does not necessarily
imply or demand food limitation. Rather, it may be a product of spatial
scale and the constraint of necessary encounter for sexual reproduc-
tion, Sexually reproducing small animals must be more numerous  i. e,,
have higher density! if sufficient encounter is to occur to ensure
reproduction and population persistence. In this sense numbers in
relation ta size are physically constrained. Sexual reproduction gener-
ates a cast to rarity that is size dependent. Food limitation is not the
only logical explanation of this empirically observed pattern. 13educ-
tive logic can be dangerous if key elements of the phenomena are left
out  in this case space and relational constraints between individuals!.

Second, is it indeed correct in the oceans that communities of
higher primary productivity have more animals  not higher biomass of
herbivores but mare individuals in the component populations!? The
population abundance of a copepod species in the oligotrophic North
Pacific Gyre may be greater than the population abundance of a similar
species on the eutrophic Georges Bank. Neither population is neces-
sarily food limited. In the marine environment it is not well established
that population abundances are higher in eutrophic than in
oligotrophic waters, Even with respect to biomass there is some reason
to conclude a weak coupling between trophic levels. Sinclair et al.
�984!, for example, observed essentially identical trawlable fish bio-
masses in the Gulf of St, Lawrence and the Scatian Shelf, even though
the gulf is considered to be more productive at the primary level.
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More important, and equally relevant to the oceans and the
terrestrial systems, is that higher primary production may well lead to
higher biomasses at other trophic levels, hut not necessarily to more
abundant populations of the component species. Increased food avail-
ability in the system may lead to increased numbers of populations  and
thus to a higher biomass than in less productive areas! rather than
increased size of the individual populations. This subtle point is impor-
tant in the context of the development of Van Valen's other papers on
evolutionary biology, Population regulation can well be due to spatial
phenomena and still be consistent with the observation that animal
biomass as a whole is a partial function of photosynthetic energy,
Higher levels of plant food in this sense may lead to more populations of
different species  i.e., a higher diversity of populations and/or species!
without the individual population abundances themselves being food
limited, Speciation and adaptation are responsive to events at the
population regulation level of organization rather than to overall energy
availability.

ln sum, deductions that are logical at the energetics level are
not necessarily valid at the numerical level. Biomass at trophic levels
may be ultimately food or energy limited. Does this imply at the
population level that abundance is food limited, even ultimately' Van
Valen argues in the affirmative. We say that the jump may not be valid,
No one would question the generalization that herbivore biomass per
unit area is lower in the north temperate forests than in a tropical
rainforest, and that this difference is food based; but it is proposed that
population abundance of a given sexttallt/ reproducing herbivore spe-
cies in the less productive environment does not have to be food
limited. Spatial constraints involving population persistence via suffi-
cient encounter of individuals may ultimately be limiting to abun-
dance. In this sense there may be, not an "enigma of balance," but
faulty logic.

In other words, the manner in which living genomes ensure
free-crossing, in relation to spatial constraints and behavior, may limit
population abundance without the requirement for competition for
food, Energy Howing through an ecosystem in this view may have little
to do with regulation of population abundances of sexually reproducing
species, and it is the regulation of abundance that is central to the
mechanism of evolution.
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ECOLOGICAL COMPONENTS OF EVOLUTIONARY THEORY

The member/vagrant hypothesis, and the evidence that sup-
ports it, infers that competition for resources is frequently not critical
to population regulation in the oceans. If this is accurate, what are the
implications for evolutionary theory? The remainder of the essay deals
with this question,

To evaluate the potential significance to evolutionary theory of a
change in perspective on population regulation in the oceans, it is
necessary to clearly define the present role of population regulation in
the evolutionary synthesis. The concepts are subtle, and thus may be
more clearly presented within a historical sketch that traces the histor-
ical development of the natural history ar ecological components of
evolutionary theory from Darwin to the synthesis. For a detailed
review of the development of evolutionary concepts within the syn-
thesis itself, see Eldredge �985!.

Changing Role of Natural Selection

Because Darwin had to refute the theory of special creation of
species, certain of the stronger arguments in support of creatioqisrn
had to be given particular emphasis. The features of species that
supported the creation theory were:
~ the sterility of hybrids between species in contrast to the relative

vigor of mongrels produced from the mating of varieties;

~ the discontinuous geographic distributions of species and genera
 which favored the multiple creation concept!; and

the lack of intermediate forms in the fossil record.

Darwin in his proof of evolution, The Origin of Species �859!, ad-
dressed these three points head on. He downplayed the reality of the
species as a special level within systematics  including the importance
of the sterility/fertility discontinuity between species and varieties!
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and upgraded the importance of varieties; he emphasized the powers of
dispersal and migration of species  to counter the multiple creation
concept!; and he questioned the completeness of the fossil record. The
strength of his rebuttal, although necessary in 1859 to refute the
creationist theory, may have had a constraining influence on subse-
quent developments in systematics, biogeography, ecology, and pal-
eontology.

Darwin took a two-pronged approach toward the first point. On
the one hand, he emphasized the continuity between varieties and
species:

I look at the term species, as one arbitrarily given for the sake of
convenience to a set of individuals closely resembling each
other, and that it does not essentially di8'er from the term
variety, which is given to less distinct and more fluctuating
forms.  p. 108!

On the other, he de-emphasized the importance of hybrid sterility
between species:

1n all other respects, excluding fertility, there is a close general
resemblance between hybrids and mongrels. Finally, then, the
facts briefly given in this chapter do not seem to me opposed to,
but even rather to support, the view that there is no fundamen-
tal distinction between species and varieties.  p. 290!

Darwin's hypothesis on the mechanism of evolution, natural
selection, does not deal with the origin of reproductive isolation  per-
haps the key characteristic of speciation!. Natural selection, through
competition for limited resources, results in survival of the organisms
that are better adapted to their environment, but as a concept it does
not address the origin of reproductive isolation itself.

In the overall argument in The Origin of S pecies this weakness is
not pointed out by Darwin, but it has been the focus of much of the
subsequent debate in the evolutionary literature. For example, Fisher
�958b! discusses Darwin's analysis of the origin of diversity due to
natural selection. He states that Darwin "is leading towards the prob-
lem of the diversification of species within a genus, which has more
recently been called 'speciation,' and he does not attempt any detailed
discussion of how the fission of a single interbreeding population into
two can be brought about"  p. 291!.

Mayr �957b! draws a similar conclusion, and infers that the root
of the problem was Darwin's concept of species themselves. Darwin,



Keolarlonary Theory   163

he says, "had fallen down in his attempt to explain the multiplication of
species because he was not fully aware of the multiple aspects of
species. Nor did he realize that multiplication of species, and origin of
discontinuities, is not the same as simple evolutionary change"
 p. 385!. Mayr �957a! goes further: "Having thus eliminated the spe-
cies as a concrete unit of nature, Darwin had also neatly eliminated the
problem of the multiphcation of species. This explains why he made no
effort in his classical work to solve the problem of speciation"  p. 4!.

Two threads can subsequently be traced, First, systematists
actively studied population patterns and richness in relation to the
weakened species concept of Darwin. Second, the nature of reproduc-
tive isolation between species was described in considerable detail.
The generalizations that emerged are paradoxical. 1n the search for the
support of Darwinism, the naturalists reinforced the species concept.
Their accumulated observations led to the Rassenkreis and the biolog-
ical species concept of the new systematics, that species are groups of
relatively discrete self-sustaining populations. Reproductive isolation
rather than morphological discontinuities became the critical dis-
tinguishing feature of sexually reproducing species. The downplaying
of the species category was reversed, and the importance of reproduc-
tive isolation  a broader concept than hybrid sterility! was emphasized.
What was retained was the identification of population richness as
evidence of speciation in action or micro-evolution.

This shift to the biological species concept itself  including the
emphasis on the origin of reproductive isolation! disturbed the overall
balance of the interactive arguments of The Origin of Species. Natural
selection with a stripped-down species concept works. The emphasis is
on morphological adaptation. However, with the enriched species
concept defined within the new systematics in relation to reproductive
isolation, the emphasis shifted to include speciation. Natural selection
was elevated to do a job in the evolutionary synthesis that it did not have
to do in either Darwinism or neo-Darwinism, From a careful reading of
Dobzhansky �937! and Mayr �942! it is clear that the mechanism of the
origin of reproductive isolation, and the putative role of natural selec-
tion in this aspect of speciation, was not satisfactorily resolved.

Dobzhansky �937, chaps. 8 and 9! treats the issue of the origins
of reproductive isolation and hybrid sterility. Most of his discussion
deals with how reproductive isolation is maintained. The mechanism of
the origin of isolation itself, the essence of speciation, is dealt with
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rather briefly and with some difficulty. Dobzhansky recognized that
the role of natural selection in the origin of the isolation mechanisms
per se was open to question:

The spread within a population of genes that may eventually
induce isolation between populations is probably due to their
properties other than those concerned with isolation. What
these properties are is a moot question, and here is the weakest
point of the whole theory,  p, 258!

He states that genes which strengthen reproductive isolation "may be
favored by natural selection"  p. 258!.

Mayr �942! also squarely faces the question of the mechanism of
the origin of reproductive isolation in his chapter on the biology of
speciation:

A species is defined by us as a rcproductively isolated group of
populations, and it is obvious from this definition that species
must possess isolating mechanisms which safeguard this re-
productive isolation..., The question is: What are these biolog-
ical barriers and how do they originate?  p. 247!

Mayr covers much of the same ground as Dobzhansky in de-
scribing what the barriers are but sidesteps how they originate. In a
short section on selective factors and species formation  pp, 270 � 273!
purportedly addressing this key question, he states:

We are merely concerned with the question of how selective
factors influence the establishment of discontinuities and what

selective factors tend to enlarge the gaps between incipient
species. Competition and predation are generally listed as the
two most important factors to be considered in this connection.
A survey of this field indicates, unfortunately, that our knowl-
edge of the actual influence of these factors on the speciation
process is still very slight. In fact it is surprising how badly
ecologists have neglected these questions.  p. 270!

His subsequent review of the evidence does not clarify the role of
natural selection in the origin of reproductive isolation  i.e., of specia-
tion!.

Stebbins �950! was perhaps the most explicit of the principal
contributors to the evolutionary synthesis in distinguishing between
the different processes involved in adaptation and speciation: "The
processes responsible for evolutionary divergence may be entirely
different in character and genetically independent of those which
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produce isolation mechanisms and consequently distinct species"
 p. 190!. This conclusion appears later in the book in stronger terms:
"Descent with modification and the origin of species are essentially
different processes"  p. 249!. The ecological aspects of the mechanism
of the origin of reproductive isolation are not, however, well under-
stood.

The recent literature indicates that this issue, i.e., the role of
natural selection and adaptation in the origin of reproductive isolation,
is still a point of contention. Ringo et al. �985!, for example, have taken
an experimental approach using Drosophila sp. to evaluate the role of
adaptation in speciation. The experiment is a test of Carson's "founder-
Hush-crash" hypothesis of speciation. The study is not conclusive, but
they state, "The initial establishment of reproductive isolation occurs
easily as a by-product of adaptive processes; we concur with Templeton
that adaptation is still alive and well and playing a critical role in the
origin of species"  p. 675!. However, they also state that the process
leads to a plateau and infer that reproductive isolation may not be
completed by micro-evolution, The study, a useful introduction to the
more recent literature on the mechanisms of the origin of reproductive
isolation  i. e,, speciatiou!, focuses attention on perhaps the most crit-
ical unresolved problem in evolutionary theory.

In sum, Darwin's treatment of the species concept itself  includ-
ing the sterility/fertility discontinuity! generated surprising develop-
ments. These include a strengthened species concept based on re-
productive isolation, a larger role for natural selection  i.e., in the
origin of reproductive isolation as well as adaptation!, and an emphasis
on geographic isolation.

Darwin's treatment of the other two areas of evidence in support
of creation of species  discontinuous distributions and the lack of gradu-
alism in the fossil record! has had equally strong influences on subse-
quent research. In ecology and biogeography there has been a marked
emphasis on dispersal. The relative importance of dispersal in explain-
ing biogeographical patterns is now at the heart of a major split within
this discipline. We argue here that in ecology the emphasis on disper-
sal, particularly in relation to marine fish, has inhibited the under-
standing of population regulation. The present lively debate within
paleobiology on the reality of stasis in the fossil record  a punctuated
equilibrium versus gradualist interpretation of the fossil record! is a
direct result of Darwin's treatment. Darw in's "proof" of evolution and
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his eB'ective rebuttal of creationism have left a dramatic legacy. The
weakened species concept was turned around quickly; the discon-
tinuity in the fossil record is being resolved at present.

This essay addresses the ecological aspects of the generation of
reproductive isolation and the importance of dispersal, They do not
appear to have been satisfactorily resolved, and represent perhaps the
final aspects of the legacy of what could be called Darwin's overkill. All
of these aspects of his rebuttal of the evidence for special multiple
creation  the species concept, generation of reproductive isolation,
importance of dispersal, and continuity/discontinuity in the fossil rec-
ord! should eventually receive a more balanced treatment than is given
in the evolutionary synthesis. In its present conception, however,
natural selection has been assigned a larger role in evolution than
Darwin gave it � i.e., as the mechanism of speciation within a strength-
ened species concept,

Ecological Basis of Natunil Selecbon

Natural selection, the mechanism of evolution, was deduced by
Darwin and Wallace from two observations;

~ relative temporal stability in the abundance of populations;

~ high potential rate of population increase due to excess fecundity.
From these coupled observations they deduced that there must be
intense intraspecific competition for resources  or in the avoidance of
predators!. Van Valen �982! has structured Darwin's arguinent in the
form of deductive logic. Because he clearly identifies the role of compe-
tition for limited resources in his analysis, the structure of the argu-
ment is quoted in full:

Dl. L is the amount of resource R available,

D2. 1H is some minimum amount of resource R  see Al!.
D3, 1V is the maximum stable number of population W, as

determined by L.
D4, Struggle for life occurs in population W when even at

least one member of W dies because of having an insu%-
cient amount of a resource and this lack is due to the size

of W being greater than 1V.
AI. If any individual in population W does not receive at least

some minimum amount M of some resource R, this indi-
vidual will die because of having an insufficient amount of
a resource.

A2. At any finite size of a population W, the number of next-
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generation offspring produced is greater than the size of
the parental population,

A3, The size of W will increase until it exceeds 1V.

A4, Whenever the size of W is greater than N, one or more
individuals in W do not receive at least 1lf.

A5, lV is finite or 0.

Cl. The number of offspring produced in W will sometimes
be greater than X  A2, A3, A5!.

C2. One or more individuals in W will sometimes not receive

at least M  Cl, A4!.
C3. Strugg!e for life occurs in W  Cl, C2, Al, A4. D4!.

Extension of the argument to natura! selection involves as-
suinptions on variation and fitness, extension to genotypic
change involves heritability.  pp. 32~29!

The above analysis of the deductive structure of natural selec-
tion as developed by Darwin  and Wallace! allows one to precisely
identify the ecological component of natural selection. About the
controversial role of competition in population regulation, Van Valen
states, "Probably most ecologists on both sides of the perennial contro-
versy on the frequency and importance of competition will accept A3 as
a touchstone"  p. 329!, But A3, which says that the size of a population
will increase until it exceeds its maximum stable abundance  which is
somewhat tautological!, is dependent on D3 and Dl, which say that the
maximum stable abundance is determined by available resources. It is
precisely this issue that we are disagreeing with in the member/vagrant
hypothesis: contrary to D3, we do not think that N is necessarily
determined by L.

The critical assumption, then, is that population abundance is
defined ultimately as a function of limited resources. For geograph-
ically constrained sexually reproducing populations in the oceans the
logic is flawed: the maximum stable abundance of a population is not
necessarily determined by available resources. In this sense intense
intraspecific competition is not the only inference that can be drawn
from the coupled empirical observations of temporal stability in num-
bers and high reproductive output. As developed in the first half of this
essay, spatial processes in relation to animal behavior may limit the
abundance of animals in the appropriate geographic area of population
distribution.

A second ecological aspect of natural selection  i.e., one in
addition to the assumed critical importance of competition in popula-
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tion regulation! is Darwin's associated treatment of absolute abundance
and the amount of individual variability: "It is the common, the widely
diffused, and widely-ranging species belonging to the larger genera,
which vary most, and these will tend to transmit to their modified
offspring that superiority which now makes them dominant in their
own countries"  p. 170!. In essence Darwin argues that natural selec-
tion results in increased abundance, giving the more abundant species
the greater range of variability. Fitness as manifested at the population
level is increased abundance. Because Darwin believed that abun-
dance is a reflection of natural selection, he was not sympathetic to the
argument that the more important events in evolution occur in small,
peripherally isolated populations. This second ecological aspect of
natural selection thus has three components: population richness is a
function of abundance; innovation in evolution predominantly occurs
within the central core of the distribution of the species; and absolute
abundance is generated by natural selection.

These three components have been substantially modified in
the evolutionary synthesis. First, the aux.umulated studies of the popu-
lation systematists do not demonstrate that population richness is a
function of the overall abundance of individuals in a species. Mayr
�942, p. 236! makes this point: "The often-made statement that 'aburi-
dant species are more variable than rare ones' is not necessarily correct.
Some very rare polytypic species are much more variable than some
common monotypic ones." Second, the synthesis gives peripherally
isolated populations a major rather than a minor role in the evolution of
novelties.

The third point, absolute abundance, is treated inconsistently
in the synthesis. The Fisher school of mathematical population genet-
ics, which emphasizes the function of adaptation by natural selection,
is strictly Darwinian; it believes that the result of natural selection is
increased abundance of population and of the species, In Fisher's
fundamental theorem of natural selection, which forms the basis of
much of population genetics, absolute abundance is treated very much
in a Darwinian manner, For example, in the second edition of his 1930
contribution to the synthesis, Fisher analyzes the results of natural
selection on the Malthusian parameter �958a, p. 45!;

The balance left over when from the rate of increase in the mean

vahie of M [the Maith»sia» parameter] prod»ced by Nat»ral
Selection is deducted the rate of decrease d»e to deterioration
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in environment, results not in an increase in the average value
af M, for this average value cannot greatly exceed zero, but
principally in a steady increase in population,

In other words,

Any net advantage gained by an organism will be conserved in
the form of an increase in population, rather than in an increase
in the average Malthusian parameter, which is kept by this
adjustment always near to zero.

It is important to note that "population" in his definition is the
total number of individuals of the species. Thus, natural selection acts
by increasing the fitness of individuals, and this leads to increased
abundance, which is essentially identical to Darwin's concept of natu-
ral selection. Other contributors to the synthesis  Dobzhansky 1937,
Mayr 1942, Wright 1931! do not act as if this is really what is happening
as a result of natural selection.

In sum, natural selection plays a different role in the evolution-
ary synthesis from what Darwin gave it because of the changing species
concept, which has expanded to include the generation of reproductive
isolation during speciation. The associated ecological aspects of natural
selection  absolute abundance, population richness, and the relative
importance of central versus peripheral parts of the distribution! have
also been significantly modified. Perhaps the only constant has been
the putative role of intraspecific competition as the backbone of natural
selection. The role of natural selection in evolution has changed sub-
stantially since 1859, but its underlying mechanism  survival of the
fitter animals through competition! has remained constant. It is the
evidence for the importance of this mechanism in the oceans that we
are questioning in this essay.

Pavblems with the Evolutionary Synthesis

Before considering life-cycle selection and its putative role in
speciation in the next chapter, it is useful to summarize some problems
with the evolutionary synthesis. It is noteworthy how rapidly points of
contention are currently being identified, given the somewhat decep-
tive finality of the post-synthesis discussions. Mayr �980!, speaking of
paradigm shifts, states that the evolutionary synthesis was not "still
another revolution but simply the final implementation of the Darwin-
ian revolution"  p. 43; emphasis added!. The ink was hardly dry on that
article  which was probably written in 1974 although not published
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unti1 1980! before doubts surfaced about the sufficiency of the synthesis
to account for all evolutionary phenomena.

One sees a parallel here. Vigorous research by naturalists in
support of Darwin's inference that populations are incipient species led
first to a strengthened biological species concept defined in relation to
reproductive isolation and then to dissatisfaction with natural selection
 Gulick 1890; Heincke 1898; Kyle 1900!. Today, vigorous research on a
broad front in support of the evolutionary synthesis is generating
anomalies that require considerable footwork by the synthesists for the
anomalies to be accommodated under their umbrella  see Stebbins and
Ayala 1985 for a recent review!. A listing of the characteristics of species
provides a framework for highlighting some of these problem areas
within the synthesis,

To begin with the obvious, it is species, and thus their defining
features, that are the product of speciation. The key features of the
biological species concept are:

1. reproductive isolation
2, frequent sterility of hybrids
3. component population richness  from one to many!
4. mean number of individuals

5, morphology
6. duration

The first four are characteristics considered on ecological time scales,
Adaptive components of morphology itself, with the exception of mor-
phological features that ensure reproductive isolation. are not a neces-
sary result of speciation events. For paleobiologists, however, specia-
tion events can be traced only to the degree that there are
morphological changes, Morphology and duration, therefore, are char-
acteristics of species as studied on geological time scales. On both time
scales there is a geographical frame of reference for the distribution of
the species, but in general, with a few notable exceptions  for example,
Coope 1979 tor Coleoptera!, geographical changes in component p~u-
tation structure cannot be described on geological time scales.

These, then, are the six features that a theory of speciation
should account for within a geographical framework on the two time
scales of study. As already indicated, the evolutionary synthesis, like
Darwinism, still has difficulty with reproductive isolation and sterility
of hybrids. They are not directly selected for or against, according to
the synthesis; that is, they are not a result of adaptation. The generation
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of reproductive isolation and hybrid sterility by natural selection is not
adequately accounted for by, for example, Dobzhansky �937! or Mayr
�942!  see the first section of this chapter!. These aspects of species,
and thus speciation itself, are considered in the synthesis as by-prod-
ucts or incidental results of natural selection of the fitter animals in

relation to particular environmental requirements.
It is perhaps not surprising that the sexual aspects of speciation

are fuzzy in the evolutionary synthesis, since the constraint of sexual
reproduction itself is not satisfactorily understood in spite of a rich
literature. Darwin  l859!, in a discussion of hermaphrodites, recog-
nized that the essential need for sexual reproduction between individ-
uals "is a general law of nature  utterly ignorant though we be of the
meaning of the law!"  p. 143!. Mayr �982a! has identified the inter-
pretation of the near ubiquity of the sexual mode of reproduction as one
of the important unresolved questions. This in itself, in view of the fact
that the key feature of speciation is reproductive isolation, has to be
considered a problem with the synthesis.

The third characteristic, population richness, even though a key
component of the synthesis, is also not handled adequately. There has
been limited explanatory power relative to species-specific differences
in population richness. It bothered both Mayr and Hensch that same
species are not polytypic, yet the interspecific differences in popula-
tion richness have not been explained.

Descriptions of the very existence of population richness for
most species were the substantive contribution to the synthesis by the
systematists and ecologists  natural historians at the time!, yet the
overall theory  and subsequent developments! has not persuasively
accounted for the between-species differences. Mayr �942!, in the
section on population richness, states, "The conclusion from this evi-
dence is that a high proportion of the species in the well-worked animal
groups have been found to be polytypic but that a certain percentage of
species does not break up into distinct geographic races." In other
words, many species such as checkerspot butterfly and Atlantic herring
are composed of many populations, yet some species comprise a single
or only a few populations, such as the satyrnine butterfly and the
European eel. Since population structure was considered evidence of
speciation in action, species without such patterns were thought to be
somewhat anomalous. Rensch �959! asks the "why" question: "Con sid-
ering the geographic race formation as the most frequent and, in many
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groups, quite usual precursor of species, we still have to ask whether
recent animal forms without geographic variation... have passed
stages of a different kind. A sure answer can rarely be given"  Rensch's
italics!, Rensch, hy referring to "recent animal forms without geo-
graphic variation," is effectively inferring that such species as satyrnine
butterfly and European eel are more recently evolved than check-
erspot butterfly and Atlantic herring.

More recently, Carson, in his paper on the genetics of specia-
tion at the diploid level �975!, addresses the same question, i.e., the
reason for the difference between panmictic and polytypic species that
Mayr did not address and Rensch could not explain. He argues that this
difference in the fundamental characteristic of diverse species is due to
the inferred existence of two systems of genetic variability  open and
closed systems!: "The difference between polytypic and monotypic
species may in a large measure be because the monotypic species lacks
an open-variability system or has an insignificant one." Carson in this
way argues that geographic population pattern and richness structure
are a function ofbetween-species differences in genetic constraints. It
is clear that the evolutionary synthesis has not accounted for the
empirical observations on species-specific differences in population
richness. As indicated in Chapter 5, the member/vagrant hypothesis
accounts for this third characteristic of species in strictly ecological
terms.

The fourth characteristic identified, the mean number of indi-
viduals in a species, is addressed next. The role of absolute abundance
of animals in a population is difficult to grasp in the evolutionary
synthesis. As summarized in the previous section, Darwin �859! be-
heved that absolute abundance or commonness was of key importance
in the evolution of species by natural selection, even though it was
unrelated to fecundity itself. He considered abundance to be an indica-
tor of competitive success.

Subsequent developments have treated abundance in radically
different ways. Its treatment falls into two categories depending on the
relative emphasis the scientist places on adaptation and speciation.
Fisher, in the development of his fundamental theorum of natural
selection, was interested in adaptation, not speciation. In his mathe-
matical treatment, absolute abundance of populations reflects the re-
sult of increases in itness due to natural selection. He stresses the
importance of large populations and defines X in his mathematical
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development of the genetical theory of natural selection as the total
number of individuals of the species. Only large numbers can incorpo-
rate into the gene pool the mutations of extremely low mutation rate
that he considers essential for phyletic evolution  or adaptation!.

Wright �931!, in contrast, is particularly interested in specia-
tion. He deals with small populations, and N in his mathematical
development is the number of individuals in the population that can
effectively, rather than potentially, interbreed, clearly a much smaller
number than Fisher's. Wright, in his "three-phase shifting balance"
theory, proposes that populations are sufficiently smaH that random
drift is important in determining gene frequencies. It was this dis-
agreement on the definition of N that, as much as anything, led to the
falling out of these two founders of theoretical population genetics  see
Bennett 1983, pp, 40 � 48!.

It is not differences in mathematics that separate the two schools
of theoretical population genetics, but rather emphasis on two different
aspects of evolution  adaptation and speciation!, and thus differences in
their underlying assumptions. However, it should not be overlooked
that even in the subject matter of common interest very different
conclusions were reached, Wright �934!, for example, concluded that
"adaptative advance [as well as speciation] was attributed more to
intergroup than intragroup selection." Fisher found Wright's argu-
ments fallacious, The theories developed could hardly be more dif-
ferent. Fisher relies solely on individual selection, Wright on a form of
group selection. Fisher emphasizes the importance of large popula-
tions for adaptive modification; Wright believes that small populations
are more important for this process, Fisher stresses the importance of
natural selection; Wright stresses the importance of random genetic
drift. Fisher emphasizes outbreeding; Wright emphasizes inbreeding.

These differences, which focus on the relative importance of
population abundance in evolutionary processes, are sustained within
the evolutionary synthesis, Simpson stresses the importance of phy-
letic evolution  see Gould 1980 for an analysis! and thus implicitly
follows Fisher's school of population genetics. Mayr �954! stresses the
importance of small, geographically isolated populations and thus fits
well into the Wright school. Lewontin �980! analyzes the differences
between the two approaches and concludes that evaluating their rela-
tive value is very difficult: "Competing hypotheses must be judged on
the basis of a guess about the product of a relatively 1;u ge but unknown
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number, the effective size of a population, and a relatively small but
unknown number, the migration rate, or the selection coefficient, or
the mutation rate for genes, which makes it extremely difficult to
distinguish between various hypotheses"  p. 62!.

Given the radical differences between the two approaches, and
the key role of the mathematical models of the theoretical population
geneticists in the development of the evolutionary synthesis, it is
pertinent to question how satisfactory the synthesis really is, particu-
larly as it relates to the central issue of the role of absolute abundance in
adaptation and speciation, Part of the reason for the differences in
treatment of the role of absolute abundance seems to have been the
necessary coupling of adaptation and speciation, which is required if
intraspecific competition for resources is the mechanism far the origin
of species  i.e., the origin of reproductive isolation!. However, it is also
to be noted that neither approach within the synthesis  the big N versus
small N schools! generates a hypothesis to account for one of the key
characteristics of species, the number of individuals  N itself!, This is a
generally unstated limitation of the synthesis. Each of the two schools
of population genetics within the evolutionary synthesis treats com-
rnonness in a different manner, yet neither approach accounts for
empirically observed species-specific absolute abundances.

The fifth characteristic of species, morphology, has been the
focus of much of the attention in evolutionary theory. Perhaps a major
problem in the treatment of morphology in the evolutionary synthesis
is its failure to explain why speciation does not necessarily involve
substantive differences of form. Why does speciation sornetirnes in-
volve such minimal morphological adaptation  other than features asso-
ciated with reproductive isolation!? The very observation that specia-
tion has occurred without such adaptation is a strain on the gradualist
theme of the synthesis. The copepod species of'the Labidoeera jollae
group  Fleminger 1967! and the European/American eel species are
good examples of limited morphological adaptation during speciation.
In addition, substantive morphological differences can occur between
populations of the same species  see Hedgecock 1986 and Palmer 1985
for a review of this literature!, Morphological adaptation and speciation
can be decoupled,

The difRculty emphasized here is the explanation of speciation
with limited morphological adaptation, rather than the accounting for
the adaptive value of particular morphological features  which has been
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criticized by Bateson [1909] and Gould and Lewontin [1979], both
papers using the metaphor of Pangloss!. In addition, saltations in form
seem required from the accumulated evidence  as, for example, during
paedomorphic events!. Yet, within the synthesis the inferred existence
of such saltations sits uncomfortably. Neither the relative lack of mor-
phological change during some speciation events nor the inferred
requirement for substantial change in form in the historical record is
readily accommodated.

The sixth characteristic listed, duration of species, has been the
subject of intense discussion during the past decade. Under gradualism
one would not expect to observe what Simpson �944! has defined as the
bradytelic mode of speciation, which includes the existence of" iminor-
tal" forms. Stasis itself may be considered an unexpected observation
within the synthesis. Dover �985!, in response to a book review by
Dawkins, summarizes this issue succinctly:

If we accept, for the moment, that stasis is a widespread obser-
vation in the geological record, and if too we accept that the
forces behind selection are the only means for promoting bio-
logically useful novelties throughout a population..., then it is
surprising that little significant evolution occurs over periods of
time that may span from hundreds of thousands to millions of
generations, in a diverse range of species. The point is not that
evolution is gradual *'during the times that it is actually happen-
ing"  Dawkins' emphasis! but that it seemingly is not happening
for most of the time. This was the message of the infamous
Chicago meeting, which many of us took home, and which
demands an explanation.  p. 19!

In the remainder of his letter Dover briefly reviews how stasis has been
incorporated into the evolutionary synthesis. The arguments, as he
points out, are not convincing. Stasis in the face of natural selection as
the mechanism of evolution demands an explanation of an ecological
nature. In addition, the teinporal pattern of extinction in the oceans has
been difFicult to reconcile with natural selection as the principal gener-
ating force.

In sum, the evolutionary synthesis has to strain to account for
the fundamental characteristics of species, as well as speciation and
extinction itself. This perceived strain may be a product of the very
nature of the synthesis. It was an attempt to patch up Darrvinism,
which itself did not treat species and speciation clearly, the emphasis
having been on the proof of evolution itself and on the generation of
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morphological adaptations. This is not to say that the synthesis does not
treat the six features listed above, but rather that the explanatory power
in relation to these species' characteristics is liinited in some cases and
strained in others,

Four additional points are worth noting, the last two taken from
Stebbins and Ayala �985!. First, the present heavy emphasis on the
importance of small, peripherally isolated populations in evolution is
restrictive, Second, the key role of'intraspecific competition for limited
resources  relative to population regulation! in natural selection, as
clearly analyzed by Van Valen �982!, lacks empirical support in the
ecological literature. Third, the degree of genetic heterozygosity is
much larger than expected. Finally, molecular evolution is observed to
be relatively constant  the molecular clock concept!.

Concluding Remarks

ln the first section of this chapter it is pointed out that Darwin
did not adequately address the concept of speciation in the Origin. He
avoided the issue by defining species themselves in a particular man-
ner. Thus, natural selection involved only adaptation; and evolution in
essence was considered to be adaptation. Subsequent field studies by
natural historians and systematists resulted in a strengthened species
concept involving reproductive isolation between groups of popula-
tions  i.e., the biological species concept of the new systematics!. Part
of the synthesis involved the incorporation of speciation  the origin of
reproductive isolation! into evolutionary theory. Evolution is consid-
ered in the synthesis to comprise the processes underlying both adap-
tation and speciation, Natural selection, as a result, plays a larger role
in the evolutionary synthesis than in Darwinism. Reproductive isola-
tion, as well as adaptation, is selected for. Also, geographic isolation
barriers are considered to play a major role in the process of speciation,

In the second section of the chapter the ecological components
of natural selection are briefly summarized. Natural selection in Dar-
winism involves population regulation. Intraspecific competition f' or
limited resources, and avoidance of predation, generates natural selec-
tion  given individual variability within populations and a heritable
component for the variability in traits!. Natural selection is a deduction
based on the empirical observations of stable abundance and high
fecundity, The ecological conceptualization of natural selection as de-
fined by Darwin has not substantially changed within the. evoliitionary
synthesis, The role of absolute abundance and small populations does,



Fvolotionary Theory I 177

however, receive a different emphasis in the synthesis from what
Darwinism gives it.

In the third section of the chapter, it is argued that the charac-
teristics of species, or the results of speciation, are not well accounted
for within the synthesis. The argument, in essence, infers that the
theory dealing with the process of speciation should provide explana-
tory power for the fundamental characteristics of species. The syn-
thesis is considered to be strained in this respect.

The chapter, if only because of its length, is undoubtedly a
simplistic summary of a complex literature. It is hoped, however, that
the overview is a balanced one, and that it provides an appropriate
perspective for reconsidering the role of population regulation in spe-
ciation.





LIFE-CYCLE SELECTION AND SPECIATION

In this chapter we explore an alternate or enlarged view of
population regulation, the member/vagrant hypothesis, which de-em-
phasizes intraspecific competition for resources, and its significance for
the origin of reproductive isolation  i.e., for speciation!. Subsequently,
the six characteristics of species defined in Chapter 10 are reconsid-
ered within this alternate view. A modest reconceptualization of the
selective process underlying speciation, a process involving life-cycle
as well as food-chain selection, is argued to provide increased explana-
tory power relative to these fundamental characteristics of species,
Further, contemporaneous components of population regulation are
argued to be associated with speciation and energetics adaptation.

Life-Cyde Selecbon Concept

Four constraints are involved in speciation of sexually reproduc-
ing animals:

l. Information for metabolism and development is chemically medi-
ated and is in a discrete rather than a continuous form; thus, there
is particulate inheritance of information across generations.

2. Biochemical information degrades with time. The rephcation of
information is not perfect.

3, Sexual reproduction conserves information content and may re-
tard or mask the errors in its replication  Bernstein et al. 1985!,

4, Nonequilibrium conditions are generated by changes in the geo-
graphical or spatial framework underlying the relational phe-
nomena between similar individuals  which is demanded by the
constraint of sexual reproduction!.

From the starting point of these constraints, speciation is per-
ceived to be the result of trying not to change in the face of dissipation of
information in the biochemical hereditary material and a shifting spa-
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tial matrix within which populations are striving to persist. The spatial
matrix includes the physical geography as well as the structure pro-
vided by other species of plants and animals. In the member/vagrant
hypothesis, life cycles and population patterns of sexually reproducing
animals are defined in relation to particular geographical or spatial
constraints that ensure persistence.

Life-cycle selection is a logical extension of the member/vagrant
hypothesis on population regulation, just as the originally defined
concept of natural selection is an extension of the Malthusian doctrine
and the hypothesis on population regulation through intraspecific com-
petition for limited resources  see Chapter 10!. The member/vagrant
hypothesis focuses on the losses from populations during cyclical sexual
reproduction in a fixed spatial context, life-cycle selection focuses on
the changes in frequency distribution of traits in populations generated
by membership versus vagrancy during life-cycle closure. In essence,
what is selected for is the ability to continue to be a member of a
spatially defined population. The emphasis is on those aspects of the
life cycle as a whole that ensure population persistence in relation to
the spatial dimension. Life-cycle selection is considered to encompass
sexual selection and mate selection, which deal with reproductive
processes at the adult stage of the life cycle  ensuring coupling of mates
in particular geographical space!. It also encompasses distributional
and behavioral phenomena at other stages of the life history. It acts at
the individual level. Life-cycle selection, we argue, contributes to
speciation in the oceans with or without geographic barriers.

The coupled observations of relative stability of numbers of
individuals of a particular species and high reproductive output led
Darwin to infer or deduce the existence of intense competition for
limited resources between individuals of the same species. This in-
ference is the basis of natural selection, It has been argued here that the
inference or deduction was partially flawed in the sense that in the
oceans there is considerable evidence that food chain interactions are
not necessarily critical to population regulation. A portion of the accu-
mulated life-cycle losses may be due to intraspecific competition for
resources and predation, but it is argued to he a small portion for many
species with complex life histories.

This very minor shift in emphasis from food-chain constraints to
space may have subtle but important implications. Reproductive con-
tinuity and its opposite, reproductive isolation, are the very focus of
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both the member/vagrant hypothesis of population regulation and the
life-cycle selection concept of speciation. Reproductive isolation with
life-cycle selection is not an incidental bv-product of energetics adapta-
tions of other aspects of the life history; it is the very heart of the
mechanism of population regulation and life-cycle selection. The re-
productive isolation between populations that is associated with phi-
lopatry may he generated without the necessity of geographic barriers.
Mobile animals of different populations can share a common distribu-
tional area for large parts of the life cycle, yet they manage to home to
their natal spawning areas for sexual reproduction. On ecological time
scales, the empirical evidence is overwhelming that geographic barri-
ers are not required for reproductive isolation. The animals must know
which populations they belong to when they sort themselves into
spawning groups, The empirical observations on relative reproductive
isolation between populations without geographic barriers suggest that
speciation may not require geographic isolation. Successful coupling of
members with vagrants, however, needs to be selected against for this
to be the case.

Life-cycle selection is considered a conservative process gener-
ating persistence of populations of sexually reproducing animals, Two
creative processes are defined: the internal dissipation of the heredi-
tary material at the molecular level by mutation and copying errors,
and the external changes in the physical geography or spatial fabric of
the environmerit  including the structures provided by other species of
plants and animals!. The first process at the molecular level may
generate reduced viability of the offspring of crossings between indi-
viduals of different populations. In such cases reproduction between
individuals of separate populations is highly selected against, This is
conventional wisdom for several modes of speciation. What is added
here is the member/vagrant mechanism of population regulation. Life-
cycle selection, by continuing to select for membership in specific
populations, acts without geographic barriers to reinforce any bio-
chemical incompatibility that arises between individuals of separate
populations.

Speciation events in this internally generated mode are thus
ultimately a function of "neutral" genetic or molecular divergence.
Speciation could occur without adaptation, other than changes associ-
ated with reproductive isolation, Life-cycle selection only reinforces a
biochemical internal forcing function. The European eel and the
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American eel, for example, have speciated with very little mor-
pkological divergence. According to Schmidt �922, pp. 203 � 205!, the
differences between the two species involve life-cycle timing and
physical geography: "Despite the fact that the two species are out-
wardly so alike as to be hardly distinguishable, they differ to such an
extent that the one takes about three times as long as the other to pass
through the same cycle of development."

Frost and Fleminger �968! note the relative lack of difference
between sympatric species of Ctatssocalanus;

Our experience with Clausocabnus and the Endings of others
as discussed above can be summarized as follows:

1. Most of the differences between species of Ctaasocalanus
are found in primary and secondary sexual structures.

2. Many species of Clausocalanus, both within and between
groups, co-occur extensively.

3. No appreciable differences are found in the oral appen-
dages of Clausoca /anus.

4. Only minor differences in selective feeding have been
demonstrated among sympatric species of other copepod
genera.

Accordingly, while there is ample evidence of selection operat-
ing on primary and secondary sexual characters among sym-
patric species, there is no obvious indication of selection acting
to separate these species with respect to the food niche.  p. 89!

Frost and Fleminger do, however, note that the morphological charac-
ters involved in speciation within this genus involve relational phe-
nomena between individuals that are consistent with the member/

vagrant hypothesis of population regulation: "Differences between
inter- and intragroup characters are heavily concentrated in structures
strongly influenced by sex, but suggest two independent sequences of
evolution, both presumably in relation to toastage of gametes"  p. 88,
emphasis added!.

The second creative process is externally forced and as a result
may have a more important ecological component, Under the member/
vagrant hypothesis, life cycles  both behavioral and morphological
aspects! permit population persistence within particular spatial con-
straints. Differential changes in the spatial fabric to which life cycles
are associated in part of the distributional range of the species may have
the potential to break the cycle of populations. It is these putative life-
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cycle-breaking events that may generate the more saltational specia-
tion events through paedomorphosis.

In the summary of evidence in support of the member/vagrant
hypothesis  Chapter 8!, we identified an overall secular trend within
the evolution of sexually reproducing animal species toward the col-
lapse of complex life cycles. This trend has corresponded to an inter-
nalization of the early life-history stages and a concomitant indepen-
dence of the life cycle from geographical constraints; that is, the
dispersal of early life-history stages has been minimized by their
gradual inclusion within the embryo,

Superimposed oH the general trend toward a simplification or
internalization of life cycles  see Strathmann 1985 for a recent review! is
evidence, particularly in the marine environment, of considerable
shifting back and forth in the process, principally through
paedomorphosis, i.e., the retention of ancestral juvenile characters by
later ontogenetic stages of descendants, There are two forms of
paedomorphosis, neotony and progenesis. Neotony is paedomorphosis
produced by retardation of somatic development, while progenesis is
paedomorphosis produced by precocious sexual maturation of an or-
ganism still in a morphologically juvenile stage.

Hardy �953! has called this repetitive process a "retreat from
specialization. "This process, which is often a change in the life cycle by
modifications in animal development, can result in the saltations in
form that are associated with mega-evolution. Again in Hardy's words,
paedomorphosis is an element "of cardinal importance in the general
process of evolution as especially in the field which G. G. Simpson
would call mega-evolution"  p. 123!. The ecological factors associated
with these life-cycle changes had not at that time been elaborated on,
although de Beer �940, p. 121! recognized their possibility:

It is probable that ecological factors were not inactive in favoring
the evolution of groups by paedomorphosis. The correlation
between paedomorphosis and increased power of evolution
may be due to an effect to which attention was first called by
Young. He showed that some environments in which organisms
live may be regarded as "difficult" and others as "easy."

Difficult environments were thought to generate paedomorphosis, but
the sense in which difficult and easy were used was not defined. It is
suggested here that changes in the physical geography that inHuence
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nr disrupt life-cycle closure may be the source of "difficult" environ-
mental challenges underlying paedomorphosis.

A hindrance to understanding the ecological aspects of
paedomorphosis in the oceans may have been the generalization that
the early life-history stages for marine animals are for dispersal. In the
perspective developed in this essay, we hypothesize to the contrary,
that these stages are associated with population persistence at par-
ticular spatial scales in relation to the constraints of the physical geogra-
phy. From this perspective, paedomorphosis can be viewed as the
product of a life-cycle-breaking event. It is suggested that such life-
cycle changes are externally forced in the oceans, by changes in the
physical geography that disrupt the existent tight linkage between the
morphological and behavioral cycles of the animal and the associated
particular geography. Changes in the physical geography, in this view,
have the potential to break life cycles. The selection process, once
triggered by the changing physical geography, may involve alterations
in the animals' development through paedomorphosis to ensure popu-
lation persistence under the evolving physical regime,

Many of the examples of paedomorphosis involve a move from a
coupled benthic/pelagic life cycle to a solely pelagic life cycle. For
example, Robert Gurney  quoted in Hardy 1953! concluded that pe-
lagic copepoda "have arisen by arrested development from a larval form
having the general characters of the Decapod Protonma"  i.e,, pelagic
copepods have arisen from benthic/pelagic decapods!. Such dramatic
life-cycle changes may be induced by changing physical geography
 i,e., life-cycle-breaking events! under spatial selection. The missing
information is the internal mechanism. What happens developmen-
tally when the life cycle cannot be completed because of changing
physical geography' The ecological component involving population
persistence mechanisms, and the forcing function of changing geogra-
phy, can be readily envisioned; but comprehending the mechanisms
by which larval forms attain sexual maturity through modification of the
developmental program perhaps demands a leap into the dark.

The image of speciation in the oceans is a repetitive contracting
and expanding of complex life cycles in response to a nonequilibrium
physical environment and an imperfect biochemical information stor-
ing system. The conservative functions ofsexual reproduction  the free-
crossing of Chetverikov! and of life-cycle selection, in accommodating
or responding to such noncqui1ibrium conditions, resu1t in speciation.
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With the constraint of sexual reproduction, and the associated require-
ment for life-cycle closure by populations, geographic barriers are not
necessary for the process of speciation. The process of regulating
abundance itself, as formulated in the member/vagrant hypothesis,
involves the maintenance of reproductive continuity within popula-
tions as well as relative reproductive isolation between populations,

Spatial Changes in the Oceans

There is considerable evidence that ocean circulation and

coastal zone configuration have changed substantially over a range of
time scales. During the Mesozoic the changes were fairly tranquil, but
they became less so during the Cenozoic  i.e., within the last 65 million
years!, Berggren and Hollister �977! describe this period of unrest:
"Continued continental dispersal and climatic deterioration  and lati-
tudinal thermal heterogeneity! due to high latitude cooling  beginning
40 m.y. ago but particularly the last 10 m.y.!, led to accelerated surface
and bottom water circulation, especially along western margins of
ocean basins and the development of erosion and redeposition as a
major sedimentary process." They summarize it as "commotion in the
ocean,"

Even on the much shorter time scale, in evolutionary and
geological terms  of thousands of years!, the large-scale thermohaline
ocean circulation, as well as the coastal zone and continental shelf
circulation and mixing features, has varied dramatically. During the
last 700,000 years  the Pleistocene epoch!, climatic fluctuations and
their attendant glaciation cycles have caused the extent of the continen-
tal shelves and their associated circulation to oscillate on an approx-
irnately 100,000-year cycle. The fluctuations in meltwater input into
the world's oceans associated with the glaciation cycle have influenced
the vertical circulation in a nonequilibrium manner. The intermittent
slowing in vertical mixing in the oceans caused by the pulsed addition
of meltwater during deglaciation periods has been called the "Worth-
ington effect," and support for its existence is provided by Berger and
Killingley �982! and Berger et al. �985!.

The studies cited above illustrate, albeit somewhat arbitrarily,
the dynamic nature of the changes in the physical geography of the
oceans even over time periods that are short relative to evolutionary
processes. These changes appear to have had biological effects. Berger
et al. �983! provide evidence for a drop in fertility in the oceans,
inferred to be a result of a weakening of the east-equatorial upwelling
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systems, during the glacial-Holocene boundary  about 10,000 years
ago!. Cronin �985! links enhanced speciation of marine ostracods to the
closing of the isthmus of Panama � to 4 million years ago!, which
restricted circulation. Cronin notes that speciation seems to have
occurred within the zoogeographic range of the ancestral species"
rather than in peripherally isolated populations,

Jablonski et al. �983! show that major evolutionary novelties or
innovations in marine benthic environments have occurred in the
nonequilibrium coastal zone environment rather than in the more
stable deeper water environments. They conclude, however, that spe-
ciation has occurred more rapidly in the latter areas. Buzas and Cu1ver
�984!, evaluating speciation rate ofbenthic foraminifera on the Atlantic
continental margin of North America, reach the opposite conclusion:
"The highest rate of speciation and extinction occurs in these shallower
waters. The data indicate that the rate of evolution of species capable of
living in the more variable, shallower environments is higher than that
of the species Iiving in the deeper, supposedly more stable environ-
ments"  p. 329!.

The contradiction may be resolved by the analysis of extinction
patterns on continental shelves by Sepkoski �987!, He notes that even
though whole communities exhibit increasing extinction in the offshore
more stable benthic environment  which is consistent with Jablonski's
observations of higher speciation rates in this environment!, individual
taxonomic classes have their highest extinction onshore  which is con-
sistent with Buzas and Culver!. Sepkoski demonstrates that the 'off-
shore trend at the community level results from a concentration of
genera in classes with low chracteristic extinction rates in nearshore
environments." He concludes that the observations are consistent with

the generalization that extinction rates are higher in more physically
variable environments.

Bretsky and Klofak �985!, in an analysis of expansion of range of
benthic marine invertebrates within epicontinental sea regimes  i.e.,
marine environments that covered the continents during the Paleo-
zoic!, conclude that "throughout the Early Phanerozoic benthic marine
speciations occurred preferentially in marginal marine environments"
 p. l469!. The inference again is that speciation and extinction rates are
higher in the physically more variable environments. Zinmeister and
Feldmann �984!, in an analysis of Eocene rocks from Antarctica,
similarly conclude that several genera and classes of marine inverte-
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brates  including molluscs, echinoderms, and arthropods! evolved in
"high-stress, shallow-water environments" before they moved to
deeper water at lower latitudes during the Cenozoic. In sum, even
though the causes of variable speciation rate and the evolution of
novelties are not well understood, it seems clear that speciation in the
oceans occurs during periods of marked changes in the physical geogra-
phy.

Valentine and Jablonski �983!, in a review of speciation in
shallow seas, in particular on the continental shelves, also emphasize
the key role in speciation of changing circulation and the provincializa-
tion of the continental shelves during the Cenozoic. They note, how-
ever, that the repeated changes in sea level during the Pleistocene did
not necessarily enhance speciation or extinction rates: "The
Pleistocene invertebrates along the linear eastern Pacific shelves have
suffered relatively little extinction, and so far as can be told have
undergone little speciation despite repeated sea-level changes"
 p. 216!. Cronin �982! draws the same conclusion from analyzing the
ostracod fossil record. In his study, circulation changes, not rising or
falling sea level, are considered critical, The ability of species to adjust
their geographical distribution during the Pleistocene by tracking the
appropriate environment has been remarkably iHustrated for ter-
restrial Coleoptera by Coope �979!, who states, 'An extraordinary
degree of specific stability coincided with a period in the earth's history
characterized by numerous large-scale fluctuations in climate, a situa-
tion that leads one to expect rapid speciation and numerous extinc-
tions"  p. 262!. Perhaps if there is a displacement rather than an
elimination of the geographical infrastructure for life-cycle continuity,
changes in sea level alone do not enhance speciation/extinction pro-
cesses for all marine groups,

Finally, Lipps �970! provides the evidence that the extinction/
species-radiation events in marine plankton paralleled fundamental
changes in ocean climate. During geologically warm periods the
oceans lacked vertical stratification, Species diversity of microplankton
groups was very low and was characterized by morphologically simple
forms which  in the case of foraminifera, at least! do not use the vertical
structure of the oceans for their reproductive cycle. During cooler
periods there was considerably more vertical structure in the oceans,
which, Lipps hypothesizes, enhances maintenance of species in par-
ticular geographic space. Lipps infers that increased niche space and
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decreased competition are important in the radiation of species during
these cooler periods.

Following the member/vagrant hypothesis and its role in selec-
tion as discussed above, we would argue that it is the changing geo-
graphical structure itself which permits greater or lesser opportunities
for life-cycle continuity for sexually reproducing species, A stratified
ocean with associated vertical differences in the horizontal circulation
provides opportunities for life-cycle continuity and thus population
persistence that are not available in a vertically homogeneous pelagic
environment. If it is accepted that competition for limited resources in
the oceans frequently plays a minor role in population regulation, we
would infer that it is less critical to the extinction/radiation process than
Lipps hypothesizes.

In sum, there is considerable evidence, only a taste of which is
given here, that the physical geography of the oceans has varied
significantly through geological time, including alteration in the de-
gree of thermal stratification of the world's oceans. From the present-
day zooplankton observations discussed in Chapter 7 it has been ar-
gued that the differential circulation features associated with vertical
stratification are "used" by diverse zooplankton forms  including the
larvae of fish and benthic invertebrates! to ensure population per-
sistence. It is inferred here, following Lipps �970!, that the changing
circulation features, including the occasional dramatic changes iii ther-
rnal stratification and associated current structure, can be life-cycle-
breaking events that force what has been termed 'nonequilibrium
speciation events," In this conceptual model, marginal populations are
considered rio more important than central ones.

Conduding Remarks

It was inferred at the beginning of this chapter that the subtle
shift in emphasis on the nature of population regulation in the oceans,
involving life-cycle continuity in relation to physical geography, and
the related concept of life-cycle selection, helps account for the six
characteristics of species  and thus speciation/extinction processes!.
First, life-cycle selection, and the associated component of population
regulation, acts directly on the reproductive process. Reproductive
isolation and sterility of hybrids are the central foci of life-cycle selec-
tion and thus speciation. As such, the mechanism of the origin of
reprnd»ctive isolation and associated hybrid sterihty is a logical exten-
sion of the member/vagrant hvpothesis «f population regulation. If the
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sexual mode of reproduction does indeed function to mask imperfec-
tions in the replication of the hereditary material, sexual reproductive
continuity in space generates geographic populations through life-
cycle closure, In turn, biochemical drift within populations reinforced
by life-cycle selection  i.e., the selective losses from the appropriate
populations! may generate reproductive isolation. With population
regulation being considered a spatially limited phenomenon as well as
a food-chain one, the mechanism of the origin of reproductive isolation
is a focus of the selection process and not an incidental by-product of
other adaptations.

In addition, population richness as a key characteristic of spe-
cies  from one to many populations! is interpreted simply under the
member/vagrant hypothesis. One does not have to invoke the existence
of different genetic systems for monotypic species, as has been hypoth-
esized by Carson �975!, to account for aspects of population richness.
Richness is a function of replication of the physical basis required for
life-cycle closure. The absolute abundance of populations and species
is a function of the spatial scale of the life cycle that permits continuity
and persistence.

The fifth characteristic of species, morphology  both the relative
lack of morphological change during some speciation events and the
inferred requirement for saltations in form in other events!, is also
accommodated more easily  even though we have treated the develop-
mental and ontological responses to life-cycle-breaking events as a
"black box"!. With energetics-type adaptations and speciation consid-
ered as separate but contemporaneous processes, one driven by food-
chain and the other by life-cycle selection, it is not anomalous that
speciation  the development of reproductive isolation and sterility of
hybrids! can occur without much morphological change  except for
morphological features associated with reproductive isolation itself
such as the lock/key structures of Labidocera species!,

The emphasis on the essential aspect of life-cycle continuity in
relation to geographical constraints as the substance of life-cycle selec-
tion also allows one to interpret the opposite aspect of morphology in
speciation � the inferred existence of saltations in form. Since it is the
ontogenies of life cycles that are being selected for, one might expect to
observe gradualism in life-cycle changes, but not necessarily gradu-
alism in the morphology of a particular life-history stage. In this view
the life cycles, rather than adult morphology, should intergrade gradu-
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ally. A modest or gradual shift in ontogeny may result in a marked
change in morphology at a given developmental stage. The proposed
decoupling of energetics adaptation  driveu by food-chain selection!
from speciation  driven by life-cycle selection! may address the crit-
icism first stated by Mivart �871!, that incipient stages of highly adap-
tive structures would not be expected to he themselves adaptive  dis-
cussed by Allen 1980, p. 368!. As long as such incipient stages do not
deter membership" in the population, initially inadaptive features
could be carried given that intraspecific competition for resources may
be of limited importance.

FinaHy, duration of species, and thus the frequency of the
processes of speciation and extinction, may sit more comfortably under
the life-cycle selection rubric. Life-cycle selection is a consevative
process that brakes change. The duration of species is a function of the
creative forces of biochemical drift and changing physical geography.
Without life-cycle-breaking events, and with stability in the bio-
chemical/development system, speciation under life-cycle selection,
in spite of changing biological interactions, will not necessarily occur.
Population regulation can occur without density dependence in the
food-chain or energetics component of the population losses if vagrancy
is itself density dependent. Extinction may result at least partially from
life-cycle-breaking events generated by spatial changes that cannot be
accommodated.

Four additional problems with the evolutionary synthesis were
listed  two ecological and two biochemical! which are not charac-
teristics of species themselves.
1. Speciation under life-cycle selection does not emphasize either the

key importance of geographical isolation of populations or the
importance of small peripheral populations in the evolution of
novelties. The processes of speciation do not require these con-
straints. Reproductive isolation between populations may occur
without geographic barriers. The component of population regula-
tion that maintains such isolation generates life-cycle selection. In
this respect the hypothesis presented is a retreat to Darwinism.
With food-chain selection restricted to energetics adaptation,
there is no need to buttress it with geographic isolation to account
for speciation.

2. The lack of support for the importance of intraspecific competition
for limited resources in population regulation is not an issue under
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life-cycle selection, which does not require such competition for
population regulation.

3. The "excess" genetic variability discovered since the development
of gel electrophoresis and nucleotide sequencing is perhaps less of
a problem with life-cycle selection. The masking of inevitable
biochemical variability is considered the ultimate function of sex-
ual reproduction and is thus a primary constraint in such selection.
The anomaly is not that so much genetic variability exists, but that
more does not.

4, The evidence for the molecular clock concept  which in the recent
literature has been questioned for life as a whole!, or relative
constancy in molecular evolution within groups at least, is not
inconsistent with life-cycle selection, In spite of the fundamental
biochemical constraints, one might expect molecular evolution
and speciation to be decoupled processes in time, Species are
viewed as conservative entities holding on as long as possible to a
particular life-cycle continuity within geographical constraints in
spite of the drifting molecular information. To the degree that the
molecular information between populations is compatible and
development generates the appropriate morphology and behavior
for life-cycle continuity, there is cohesiveness in the species even
though the imperfect molecular replication of the information
system is evolving.

A weakness in the speciation concept is that it does not explore
ecological links to the control of development. Ontogeny is de6ned as a
central issue in life-cycle selection; and it is hoped that it has been
placed in a more appropriate ecological and geographical framework as
a result of the present arguments, but the developmental mechanisms
associated with evolving ontogenies are not addressed. Van Valen
 l976! captures, in his usual crisp form, the links between development
and ecology  p, ISO!: "Evolution is the control of development by
ecology." It is this linkage between ecological processes and changes in
ontogenies at the internal level of the organism that has been left out.
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EXPLANATORY POW'ER OF THE

MEMBEB/VAGRANT HYPOTHESIS

In this essay, the term explanatorp power is used in a loose
sense. Nothing is actually explained. Rather, a consistency argument is
presented whose point of departure is the ultimate function of sexual
reproduction itself. The repair hypothesis of Bernstein et al, �985! on
sexual reproduction is a useful framework within which to discuss
population regulation in the oceans. The constraint of sexual reproduc-
tion involving the "cost of rarity" is central to the memberivagrant
hypothesis. If the population regulation hypothesis is robust, such a
concept as life-cycle selection emerges from it � in much the same way
as the original concept of natural selection was deduced from the
assumption of intraspecific competition,

Just as Ghiselin �969! has stressed that sexual selection can
usefully be considered as a separate process from natural selection, it
was argued in Chapters 4 and ll that the broader concept of life-cycle
selection  which is defined to include sexual selection! is also usefully
considered as a distinct selection process. However, because the natu-
ral selection concept itselfhas evolved to mean temporal changes in the
frequency distribution of traits in populations  irrespective of the eco-
logical mechanism generating such changes!, the term is not used in its
original narrower sense in this essay. To do so might generate unneces-
sary confusion. Nevertheless, the member/vagrant hypothesis argues
that there are two sets of constraints for sexually reproducing popula-
tions, one generated ultimately by energy and one by spatial structure,
Separate selection processes  food-chain and life-cycle! are defined in
relation to the two sets of constraints that generate differential losses
from populations.

An advantage of identifying the two ecological components of
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selection is that speciatiou and so-called energetics adaptation can be
considered as separate processes associated with identifiable cornpo-
nents of population regulation. Spatial and energetics constraints are
considered to be contemporaneous aspects of population regulation
that can usefully be distingushed. The overall set of arguments may
provide an alternative perspective on population regulation and specia-
tion in the oceans. From such a perspective a number of contentious
issues seem more readily interpretable. !t is in this sense, then, that
the term "explanatory power" is used.

The member/vagrant hypothesis questions a central concept
enunciated by Darwin, that all animal and plant species are striving to
increase in numbers and that this ultimately results in competition for
limited resources, both inter- and intraspecific. In this essay we con-
clude that, although it is intuitively logical, the inference that competi-
tion for limited resources results from high fecundity in the face of
relatively stable abundance on ecological time scales is in fact not
necessarily correct, The deduction by Darwin was based on, and is
consistent with, the earlier typological species concept that empha-
sized the adaptive features of adult f'orm. However, from the present
understanding of species  involving groups of populations! of sexually
reproducing animals with complex life cycles, it is clear that mem-
bership itself in a population  i, e�not being a vagrant! is an additional
constraint that may be as important as survival. In essence, it <toes not
appear that the "population thinking" of the evolutionary synthesis was
carried to its logical conclusion. We would argue that this failure to
apply population thinking consistently within the ecological compo-
nent of evolutionary theory has continued to generate misunderstand-
ings. The evolutionary synthesis did not go far enough in this respect.
Biological Species Concept

The first, and perhaps most fundamental, example of explana-
tory power of the member/vagrant hypothesis and the life-cycle selec-
tion concept is a better understanding or explanation of the biological
species concept itself. Quite simply, why are species most frequently,
but not universally, groups of populations?

Following the overall set of arguments in this essay, the biolog-
ical species with its characteristic population pattern and richness is a
manifestation of the constraint of the sexual mode of reproduction,
which is itself argued to be a constraint of the biochemical instability of
the hereditary material. The patterns in populations are generated, not
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by geographic barriers, but by replicate  or not! physical geographic
infrastructure that permits life-cycle closure of populations. Small
populations can in fact sit within the distributional liinits of larger
populations; and, for inobile animals, different populations can share a
common distributional area outside the time period of reproduction
itself.

The empirical observations on diverse marine fish species sug-
gest that reproductive isolation of populations is generated, not by
geographic barriers, but by geographic opportunities. Sexual repro-
duction, because of the "cost of raritv"  Bernstein et al. l984!, requires
life-cycle continuity in particular geographic space, and this results in
population pattern and thus the "biological species."

Fbpulation Richness

Why are some species population rich and others population
poor'? Both Rensch and Mayr recognized that there are differences
between species in this characteristic, but they could not convincingly
interpret the patterns. The member/vagrant hypothesis, we believe,
plausibly accounts for the patterns in population richness described for
marine fish species, Because of the importance of the population
concept to fisheries management, pattern and richness of commer-
cially exploited marine species, in the northern Atla»tic in particular,
are better described than for any other animal group  see Chapter 2!.
Thus, the fisheries literature may well be the only information base that
is sufficient for an analysis of pattern and richness. Richness is simply a
function of the existence of replicated geographic infrastructure neces-
sary for life-cycle continuity and is thus physically defined. In this
interpretation, observed population patterns are not necessarily evi-
dence of the process of speciation; they may be replicate manifestations
of species-specific life cycles in relation to an appropriate geographical
framework.

It is of interest, given the key role of fecundity in evolutionary
theory  and the observation that fecundity varies dramatically between
species!, that there is no general theory accounting for the observed
pattern, Darwin linked fecundity to the degree of competition that
must exist during the life history, but he noted that absolute abundance
and fecundity are unrelated. Subsequent developments in ecology
have not generalized on species-specific differences in fecundity, nor
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have they substantiated Darwin's hypothesis, although there is a large
and recent literature on the costs of reproduction arising from the life-
history strategy school. To our knowledge there has been no demon-
stration that differences in accumulated life-history competition for
liinited resources are associated with differences between species in
relative fecundity.

The member/vagrant hypothesis generates a simple interpreta-
tion of fecundity patterns among species. Absolute fecundity is consid-
ered a function of the accumulated dispersive losses associated with the
life cycle of the population in relation to the particular physical geogra-
phy. It is thus a constraint of the spatial scale of the life cycle of the
population, and of the physical dispersive characteristics of the popula-
tion's geographical infrastructure. Long-distance dispersal at various
life-history stages is considered an artifact of population persistence
within particular geographical constraints rather than the adaptive
function of such stages.

We are arguing that fecundity is a i'unction of the accumulated
life-cycle "diffusive" losses associated with the particular geographical
context underlying populations of species; it is not a function of accu-
mulated life-history intraspecific competition. A general interpretation
of species-specific differences in fecundity is the third example of the
explanatory power of the population regulation hypothesis.

Absolute Abundance

The controlling mechanism of absolute abundance can perhaps
be considered a part of the population richness question. It has been
separately identified here because of the importance of "effective"
population abundance in population genetics.

Absolute abundance, like fecundity, can be physically defined
in relation to the spatial scale of the life cycle. This is best con-
ceptualized by using an example. Cod populations whose early life
histories are associated with large "retention" areas such as the Nor-
wegian and Labrador currents are considerably larger than those
whose early life histories are associated with small banks such as the
Flemish Cap or the Faroe Islands. The juveniles and adults of separate
populations of different abundance levels may share a common dis-
tributional area, In this view, the physical retention capacity of the
early life-history distributional area defines the mean absolute abun-
dance of the population. The location of spawning itself has to be
appropriate to generate members rather than vagrants. Animals dif-
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fused or advected out of their distributional area may not die, but they
may not recruit to the adult population. If vagrancy is at times density
dependent, competition for resources is not required for the regulation
of absolute abundance of marine populations.

In this sense, absolute abundance may be physically defined in
relation to the spatial scale of the geographic framework associated with
life-cycle continuity that ensures population persistence. To our
knowledge there is no other interpretation in the literature that ac-
counts for the accumulated observations on the mean absolute abun-

dance of marine populations  which range over several orders of inagni-
tude for populations of some fish species!, Under life-cycle selection,
the specific location of an animal in relation to the appropriate distribu-
tional area for the population is as critical as how competitive an
individual is. Thus, all features associated with knowing where one is in
geographical space are highly selected for. This emphasis on space is a
comfortable framework within which to conceptualize the remarkable
behavioral features that are associated with, for example, homing.

The debate on the relative importance of density-dependent
versus density-independent regulation of population abundance,
which was particularly intense during the 1950s and 1960s, dissipated
without clear resolution. In general, field studies were not based on
observations of self-sustaining populations, Abundance was not usually
estimated; instead, density fluctuations were observed at selected
study sites. From the perspective of the member/vagrant hypothesis, if
vagrancy itself is density dependent at some phase of tbe life cycle,
density dependence in energetics or food-chain processes is not neces- '
sarily required for regulation of abundance, Relative stability in num-
bers of a population can be sustained without density-dependent food
limitation or mortality caused by predation and disease, Intraspecific
competition for resources, or for avoiding predators, is not a require-
ment for control.

The main reason that the population regulation issue was not
resolved may have been that populations themselves were not usually
the unit of investigation. Ecological studies do not often use the
biological species concept as a working tool; and in general, the popula-
tion thinking of the evolutionary synthesis has had little impact on
ecology  Kingsland 1985!. The roots of the density-dependent/density-
independent debate were generated from the studies of pest control.
Control of density of insects of a particular species, rather than the
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abundance of a geographically based population, was the question of
interest.

This emphasis on density of individuals, rather than abundance
of individuals in a population, may have hindered the development of
population ecology. It may also have prevented the integration of
population genetics with ecology. Population genetics actually deals
with abundance of popu1ations  i.e., the effective population size is the
shared gene pool!, whereas population ecology usually deals with
density. The lack of explanatory power in population ecology may well
be a result of inappropriate units of study in nature. The study of
density may be inappropriate to resolve the question of abundance,
Population thinking is to a large degree absent.

Phrthenogenesis

Parthenogenesis has received considerable attention in the
ecological and evolutionary literature. Because of the importance of
this literature in arguments dealing with the use of sex to generate
increased genetic variability, it is of interest to evaluate pelagic par-
thenogenesis in the context of the member/vagrant hypothesis  which
is an extension of the repair hypothesis for the use of sex!. Considera-
tion of the population regulation hypothesis in relation to an elegant
contribution by Gerritsen �980! leads to a different interpretation of
the observed distributional pattern of parthenogenesis for zooplankton
in the pelagic environment, freshwater and marine. Three observa-
tions on aquatic parthenogenetic animals are considered: their require-
ment for partially bounded physical systems, their size spectrum
relative to other zooplankton, and their particular timing of sexual
reproduction. The distribution of parthenogenesis, from the perspec-
tive of the member/vagrant hypothesis, is explained in relation to the
constraint of the "cost of rarity," which is size dependent,

The overall geographical pattern of zooplankton par-
thenogenesis is summarized by Gerritsen  pp. 736 � 738!. A large per-
centage of the zooplankton species in small lakes are parthenogenetic
animals, whereas in large lakes the percentage is much smaller. Ger-
ritsen estimated the proportion of parthenogenetic species within the
total of the observed crustacean species in four sizes of lakes. Fifty-
seven percent of the crustacean species were parthenogenetic in lakes
of less than 1 hectare, 49% in lakes of 1 � 100 hectares, 47% in lakes
greater than 100 hectares, and 34% in lakes with a water volume greater
than 1,000 kms. Distributional patterns of parthenogenetic species
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within the larger lakes are also of interest. Cladocerans within the
larger lakes are most frequently observed in the partially bounded
nearshore areas and at river mouths, For parthenogenetic zoo-
plankton, then, the geographical patterns of distributions are partially
a function of bounded physical systems  small lakes, river mouths,
estuaries!,

Two other distributional features can also be generalized: the
size spectrum of parthenogenetic zooplankton species, and the
periodicity of sexual reproduction. Parthenogenetic zooplankton
 which are generally less than several millimeters in body length! are at
the small end of the size spectrum for zooplankton, Gerritsen has
demonstrated theoretically that smaller animals require higher popu-
lation densities to ensure sufficient encounters between individuals of
a population for sexual reproduction. His model predicts the minimum
population density required  which he defines as the critical density!
for successful sexual reproduction in animals, From empirical observa-
tions on mode of reproduction  sexual versus parthenogenetic!, body
length, and critical population density, he suggests  p. 731! that there
may be a minimum size for obligate outbreeding zooplankton:

Io North America there are oo freshwater copepods smaller
than 0,5 mm, and most are larger than 1 mm..., Most
plarlktonic rotifers are under 1 mm. mode is 0.2 to 0.4 mm...
and cladocerans range from 0.2 to 18 mm, with a mode of
1 � 1,5 mm,... Copepods reproduce sexually, while cladocerans
and rotifers are usually parthenogenetic. 'Ious would suggest
that the minimum size for exclusive sexual reproduction among
zooplankton is approximately 0.5 mm,

The third feature is the timing of sexual reproduction in cyclic
parthenogenetic zooplankton species. Sexual reproduction always oc-
curs at peak population abundance levels. Most interpretations of the
timing of the sexual phase stress that it precedes the season of greatest
environmental variability and the sexual reproduction mode generates
more population variability to exploit or cope with such environmental
variability, In these interpretations of parthenogenesis it seems odd
that peak population density alwavs precedes the time of maximal
environmental variability. In our view, previous interpretations or
hypotheses have attempted to explain away the wrong aspect of the
switch in sexual modes, and this emphasis has been encouraged by the
extant theory of the selective advantages of sexual reproduction  i.e.,
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that it generates genetic variability!. WVe consider the three features of
parthenogenetic zooplankton  geographic patterns, size spectrum, and
timing of sexual mode! from the reverse perspective: why do the
parthenogenetic zooplankton species reduce the frequency of sexual
reproduction'? not, why do such species have occasional sexual genera-
tions at all'?

In this view, parthenogenesis is considered a life-history ap-
proach that enables a sexually reproducing animal to persist in the
pelagic environment at the small end of the size spectrum. For animals
less than a few millimeters in body length, high population densities
are required to permit sufficient encounter between individuals for
sexual reproduction. To reach such densities, several generations of
asexual reproduction are required. However, in a physically un-
bounded system, such as the open ocean or central parts of the Great
Lakes, the larger scale of turbulent diffusion may physically limit the
population density that can be attained even with interspersed asexual
generations. In a partially bounded system with particular behavioral
characteristics, the dispersal may be less critical.

In this interpretation, the distribution of zooplankton par-
thenogenesis is considered a function of several constraints;
~ the requirement for sexual reproduction at a certain minimal fre-

quency, according to the hypothesis of Dougherty �955! and Ber-
stein et al. �984, 1985! that the advantage of sexual reproduction is
the conservation of biochemical information;

the critical population density required for individual sexual en-
counter in the pelagic environment in relation to animal size; and

the physical constraint of turbulent diffusion as a function of volume
of the water mass.

In sum, cyclical parthenogenesis is a way to ensure sexual reproduction
of small animals once in a while for population persistence in a phys-
ically constraining environment,

Hull's Paradox

Hull �984! identifies two aspects of evolutionary theory that are
paradoxical. First, the evolutionary synthesis considers sexual repro-
duction to be maladaptive. Second, Lamarckian inheritance should
have been selected for, He states  p. liv!: "If only inheritance were
Lamarckian, evolution would be rapid, orderly, and efficient.... If
inheriting acquired characters would be so adaptive, why has a mecha-
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nism not evolved to permit it to occur and, once evolved, rapidly
become prevalent' ?" Hull in fact goes a long way toward resolving the
paradox that he has defined for the coupled processes of sexual repro-
duction and replication. In essence he suggests that it may be
Lamarckian inheritance, not sexual reproduction, that is maladaptive.
It is a provocative discussion.

From the perspective developed here the paradox is nonexis-
tent. Speciation is viewed as an inevitable result of trying to stay the
same with an imperfect biochemical mechanism of replication within a
nonequilibrium geographical matrix to which life cycles of populations
are adapted to ensure persistence. Sexual reproduction under the
repair hypothesis of Bernstein et al. �985! enhances persistence at the
biochemical level. Lamarckian inheritance would not be expected to
be selected for in this conservative view of the mechanism of specia-
tion. Inheritance through sexual reproduction is treated as a mecha-
nism that enhances conservation of the genome. Inheritance of ac-
quired features would generate the opposite phenomenon, a change in
the genome, which would be incompatible with the inferred ultimate
function of sexual reproduction.

CoHapse of Life Cycles

We mentioned earlier that one trend in evolution has been the

development of complex life cycles, as well as the reverse process of the
collapse, or internalization, of complex life cycles. Embryos in this
view are internalized free-living stages. As already argued, the evolu-
tion of sexual reproduction created order out of chaos, in a distribu-
tional sense at least. Subsequent to the evolution of sexual reproduc-
tion, the associated requirement for union of separate inrlividuals
during or at the end of the life cycle generates populations and per-
sistent patterns in relation to geographical constraints.

Two trends can be identified resulting from the constraint of
sexual reproduction and the dispersive features of physical geography.
On the one hand, complex life cycles have evolved to ensure sufficient
encounter between individuals and thus population persistence. In
other words, a varietv of complex solutions have evolved which "use"
the physical geography  as well as other species! for life-cycle con-
tinuity. On the other hand, complex life cycles have tended toward
internalization to become independent of the constraints of the geogra-
phy  i.e., to eliminate stages influenced by diAusion!. This trend is not
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pronounced in the pelagic environment but is well developed at inter-
faces between the water and the sea Hoor and between air and land.

It is argued that life-cycle selection involving life-cycle-break-
ing events caused by changing physical geography has played a major
role in this back-and-forth process of the collapse and expansion of
complex life cycles. In the oceans  except perhaps in coral reefs and
kelp forests! the changing physical environment itself provides the
infrastructure for possible solutions to life-cycle continuity. In ter-
restrial systems the structure of the living components, the rich mosaic
of the ecosystem  both biotic and geographical! as a whole, is available
for various solutions to life-cycle continuity, Needham �930! discusses
the observation that many animal groups have not invaded freshwater.
Also, many lake species do not have a planktonic phase of the life cycle.
The flushing characteristics of rivers may inhibit the invasion of forms
with complex life histories involving a planktonic phase. Life-cycle
closure may not be feasible in the river system for many forms. If so, a
"collapsed" life cvcle would favor invasion from the oceans to lakes.
Some of the anomalous difFerences observed between lakes and the

oceans may be a function of physical geographic constraints on life
cycles within rivers  which link the oceans to the lakes!.

The trend in the evolution of the collapse of complex life cycles,
involving the internalization af early life-history stages, reduces the
importance of spatial processes to population regulation. In the pelagic
environment, however, this trend has not been pronounced; complex
life histories prevail. Thus, under the member/vagrant hypothesis,
spatial processes should predominate in population regulation. At
interfaces the internalization is more often observed. One would ex-

pect that, as the dependence on spatial processes for life-cycle closure
is minimized, food-chain processes would be more important in popu-
lation regulation. In parallel, evolution may be associated more with
morphological changes reflecting food-chain specialization. A com-
parison of the results of evolution of arnphipods  which have a partially
collapsed life cyc/e! to copepods  which do not! is supportive. Relative
freedom from the constraints of free-crossing by the collapse of life
cycles should be associated with a greater role of food-chain processes
in the regulation of abundance and thus a larger role for energetics
adaptations in evolution, Amphipod species diversity  and the nature of
the morphological adaptations! may be consistent with this reasoning.
Pelagic copepod speciation, however, frequently has involved no ener-
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getics-related adaptations. Not to put too fine a point on it at this stage,
the roles of energy and spatial structure in population regulation should
vary according to the degree of collapse in the life cycle. This reasoning
may provide a simple test of the member/vagrant hypothesis  i.e., an
analysis of the morphological differences between species of genera
that have complex and collapsed life cycles!.

Concluding Remarks

The imtial focus of this essay was limited to population regula-
tion in the oceans. However, since it is generalized that spatial pro-
cesses predominate in marine population regulation and that intra-
specific competition for limited resources or predator avoidance is less
important to this particular process, the implications of this generaliza-
tion at the ecological level on evolutionary theory are evaluated. If in
fact predation and intraspecific competition for limited resources are
not necessarily critical to marine population regulation, natural selec-
tion as narrowly defined in Darwinism must play a lesser role in
evolution than is now hypothesized. Further, a historical sketch of
evolutionary theory indicates that the ecological aspects of the origin of
reproductive isolation  i, e., of speciation! are not well understood. The
concluding part of this essay explored the role of ecological processes in
speciation and adaptation, arguing that life-cycle selection is important
in speciation in the oceans, with food-chain selection important to
energetics adaptations. Speciation and the evolution of this class of
adaptation are considered to be contemporaneous processes that are
associated with different ecological phenomena  i.e., different compo-
nents of population regulation!. Spatial structure and food-chain events
generate separate sets of ecological constraints. We address briefly
here how this modification of the components of natural selection fits in
with neo-Darwinism and with the evolutionary synthesis,

The essential elements of neo-Darwinism, a term which was
coined to encompass Weismann's elaboration and defense of Dar-
winism, are that  I! the hereditary material is "hard" rather than "soft"
 i,e,, it is not modified hy acquired characteristics! and �! natural
selection is a sufficient mechanism for both adaptation and speciation,
It was an elaboration in that a new theory of heredity was added  the
germ theory!, yet a narrowing of Darwinism by a heavier, perhaps
exclusive, emphasis on natural selection as a sufficient mechanism for
all aspects of evolution.

The evolutionary synthesis is a much more extensive develop-
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ment than neo-Darwinism that at present, because of its shifting
dimensions, is difficult to define precisely, The ecological and»atural
history contributions to the synthesis, however, are easier to identify:
�! the biological species concept itself  a shared contribution with the
systematists!; �! an emphasis on geographic isolation of populations in
evolution; �! a reduced role for natural selection in speciation; and
�! a continued emphasis on competition for limited resources as a core
component of natural selection.

The present treatment covers �! the acceptance in the repair
hypothesis of the sexual mode of reproduction  Bernstein et al, 1985!;
�! the member/vagrant hypothesis of population regulation; and
�! the life-cycle selection concept of'speciation. It continues certain
trends that are discernible in the synthesis. The importance of the
biological species concept is reinforced, and a narrowly defined con-
cept of food-chain selection is argued to play a reduced role  limited to
energetics adaptations!. What is different is the questioning of the
necessity of geographic barriers  in particular the heavy emphasis of
genetic revolutions in peripherally isolated populations! in speciation
and the evolution of novelties, and a reduced role for competition for
limited resources in this process.

Although the shifts in emphasis are modest, because they are at
the conceptual core of the mechanism of evolution  i.e., population
regulation!, the implications may be substantive. For example, popula-
tio» richness is not necessarily evidence of speciation in action, Par-
ticular location in space in relation to continued membership in a
population, rather than increases in numbers, is considered central to
the selectio» process for sexually reproducing animals, In sum, the
arguments in this essay dealing with population regulation and specia-
tion in the oceans are consiste»t with much of the synthesis  i.e.,
emphasis on the individual in the selection process, acceptance of hard
inheritance!, but they continue the trend of reducing the role of
competition for resources in the speciation process itself.

The arguments developed here may contribute to the present
debate on the importance of considering hierarchies in evolution, The
"paradox of the first tier"  Gould 1985! mav be resolved without having
to consider higher levels than the first tier. The paradox defined by
Gould is the overall lack of evidence for the progress in the "tree of life"
that is predicted if competition is the mechanism of evolution, By
progress Gould means not that adaptations are not progressive, nor that
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there is not evidence for increased complexity in life through evolu-
tionary time. Rather, he means that the linkages through time in the
genealogy of life forms have not been progressive. Increases in com-
plexity, which we may define as progress, come from haphazard
sources. This, then, is the defined paradox � lack of evidence for
progress in the sources and hnkages of increases in complexity coupled
with a theory of evolution that infers such a progression.

Could resolves the paradox by arguing that processes at higher
levels  species selection and massive extinctions due to abiotic events!
are responsible for reordering the results of processes at the first tier
 i.e., speciation and adaptation by natural selection!. We argue that
from the viewpoint presented in this essay there may be no paradox,
since modest changes in the conceptualization of evolutionary pro-
cesses at the first tier do not predict progress in the sense inferred by
Gould. Speciation is viewed here as the result of attempting to stay the
same in the face ofboth internally and externally generated changes at,
respectively, the molecular level  which disrupts the ability of the
hereditary material to reproduce the developmental program! and the
spatial dimension  which disrupts the ability of the population to
complete the necessary life-cycle continuity to ensure its persistence!,
Speciation in sexually reproducing animals is considered a conservative
process in nonequilibrium internal  to the individual! and external  to
the population! environments, In this sense, speciation by life-cycle
selection does not generate "progress."

To the degree that this restatement of the processes at the first
tier eliminates the paradox, the lack of progress  as specifically defined
by Gould! does not have to be explained at higher levels, In addition,
the sexual mode of reproduction itself is not a characteristic of species
that has to be explained by species selection at the second tier. Taking
competition for limited resources out of the process of speciation but
leaving it in the process generating energetics adaptations may resolve
the paradox of "progressive" adaptation in evolution without evidence
for "progress" in the linkages.

On an ecological time scale, the generalization of the member/
vagrant hypothesis dealing with marine populations may provide an
explanation for some difficulties that have been identified in the inte-
gration of population genetics and theoretical ecology. Ayala �983!
briefiy states the nature of the problem. With respect to population
genetics, he states that theoretical developments early in this century
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preceded empirical observations. The theoretical developments in
ecology, in contrast, developed later, in the 1960s, much of it emanati-
ng fromm the Hutchinson and MacArthur school, which emphasizes the
critical role of competition for resources in ecology. Ayala concludes
that the accomplishments of the accumulated research in the two
disciplines have not been satisfactorily interpreted to explain the evolu-
tion of natural populations.

From the perspective of the arguments developed in this essay
this shortfall in accomplishments may well be a flaw in the theoretical
developments in ecology. Competition for limited resources is as-
sumed to be of major importance in the regulation of abundance. The
einpirical observations on animal populations in the oceans do not in
our reading of the literature justify this assumption. A large component
of the excess fecundity is interpreted to be a function of spatial con-
straints to membership in populations, Theoretical ecology in a certain
sense put aside the controversy on population regulation in the 1960s
and accepted intuitively that intraspecific competition for resources is
important.

The inferred lack of validity of this assumption, as well as the
lack of understanding of the geographic basis of populations, may have
contributed to the slow progress in comprehending, in Ayala's words,
the evolution of natural populations. Population ecology, including
both field studies and theoretical work; did not build upon the popula-
tion systematics literature that generated the Rassenkreis and the
biological species concept. Population genetics, in contrast, has strong
links to population systematics, thanks to the bridging role played by
Chetverikov and Dobzhansky in particular. Population genetics re-
quires an understanding of eff'ective population size. Population ecol-
ogy rarely addresses this concept.

The marine fisheries literature, however, because of the impor-
tance of population thinking to fisheries management  starting with
Hjort in 1914!, is firmly rooted upon the initial contributions of Heincke
on population systematics of Atlantic herring. Between 1880 and 1930,
the golden age of fisheries research, substantive increases in under-
standing population ecology were generated by the marine research
corninunity in northern Europe  as represented by the contributions of
Damas, Fulton, Heincke, Hjort, and Schmidt!. In this essay we have
addressed the same questions as posed by these earlier fisheries biolo-
gists, with the added perspective of the more recent literature on
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marine biology and oceanography, The accumulated empirical obser-
vations on marine Ash populations may provide insights into the under-
lying causes of pattern and richness, which could contribute to a better
understanding ot the evolution of natural populations.





E NDNOTES

Page 17 "Nous montrerons combien 1'aire de reproduction est enor-
mement plus restreinte que 1'aire totale de dispersion, que la
region ou la ponte s'effectue principalement est differente
pour les diverse especes, qu'elle est deflnie par des condi-
tions hydrographiques,"

Page 17 s" L'idee fondamentale a ete de suivre les germes  oeufs, larves
et jeunes alevins! pendant leur dispersion progressive sous
I'influence des courants, leur migration passive depuis les
aires de ponte jusqu'aux limites geographiques de 1'espkce,"

Page 45 "Anfang Januar wird die Masse der im November geschliipf-
ten Larven vor der Kuste der hollandischen Provinz Zeeland
angetroffen. Einige Beobachtungen sprechen dafiir, dass
solche hier in einem kleinen Stromwirbel vor der Rhein-

miindung noch langere Zeit zuruckbleiben. Im ganzen aber
schreitet die nordostwarts gerichtete Verfrachtung fort,"

Page 118 4"L'espece se maintient grace 6 I'existence dans ces regions
d'un courant circulatoire que ramene periodiquement un
certain proportion des individus a la surface de l'ocean et
entrainbs dans le mouvement continuel des eaux..., Le

mecanisme de la circulation joue done ici le role principal
pour la conservation de l'espece."
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