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Abstract

Two opposing concepts of Atlantic herring, Clupea harengus L., population structure are
critically reviewed with the objective of unifying these divergent views under the
metapopulation concept. It is concluded that neither the discrete population concept nor
the dynamic balance concept adequately explains all the data associated with herring
population structure and dynamics, including meristic and morphometric measurements,
life-history traits, homing, year-class twinning, and biochemical analyses. However, the
available information does suggest that Atlantic herring population structure and
dynamics are well described within the metapopulation concept. The example of
sympatric seasonal-spawning populations is used to illustrate the strategy, opportunity
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and mechanism by which local population integrity and persistence are maintained within
the adopted-migrant hypothesis. Local population integrity is maintained through
behavioural isolation, i.e. repeat rather than natal homing to spawning areas, while local
population persistence is ensured through the social transmission of migration patterns
and spawning areas from adults to recruiting individuals.

Introduction

Our basic concepts of marine ®sh population structure stem from studies conducted by
Friedrick Heincke, Johann Hjort and others in the late 1800s on the population
dynamics of the Atlantic herring, Clupea harengus L. (Clupeidae; Lissner, 1934;
Sinclair and Solemdal, 1988). The choice of the Atlantic herring as the target species
for such fundamental work is not surprising given its economic and cultural importance
at that time, as well as its rich polymorphism and behavioural ecology (Whitehead,
1985). This early interest has continued to the present, resulting in an impressive body
of literature describing herring biology and population dynamics (Blaxter and Holliday,
1963; Harden-Jones, 1968; Blaxter and Hunter, 1982). This research has identi®ed a
large number of spawning populations in both the north-east and north-west Atlantic,
each with its associated spawning area and annual migration pattern. Within several of
these distributional areas, e.g. the Gulf of St Lawrence (Canada), we also ®nd sympatric
populations with similar feeding and overwintering distributions, but separate
maturation cycles and spawning seasons (Day, 1957a; Messieh, 1975a; Ware and
Henriksen, 1978; McQuinn, 1989).

Two opposing concepts regarding Atlantic herring population structure have been
proposed in the literature. The standard concept subdivides the species into discrete unit
populations, with independent life histories (Iles and Sinclair, 1982) while the
alternative view considers the species to consist of dynamic and relatively unstructured
assemblages (Smith and Jamieson, 1986). The discrete population concept dates from
the earliest investigations into herring populations dynamics (reviewed by Sinclair and
Solemdal, 1988) and stems from the observation that herring from various geographic
areas differ in their morphological form (Lissner, 1934). Researchers have also noted
signi®cant differences in various life-history (fecundity, egg size, growth, longevity) and
population (recruitment, age structure) parameters, as well as a spatial and temporal
consistency in spawning behaviour associated with each population (Jensen, 1958;
Messieh and Tibbo, 1971; Postuma, 1974). These morphological and behavioural
differences have served to de®ne numerous local populations and have led to the
assertion that Atlantic herring is population rich, i.e. `̀ composed of [a large number of]
relatively discrete self-sustaining populations'' (Sinclair and Iles, 1988).

However, since early on in the development of herring population structure theory,
many authors have cited evidence that is dif®cult to reconcile with the notion of
discrete spawning populations (Lea, 1919; Lissner, 1934; Einarsson, 1958; Cushing,
1986). A synthesis of these arguments (Smith and Jamieson, 1986) has challenged the
discrete population concept, and has suggested that herring populations are merely
`transient subdivisions' within the species, i.e. that gene ¯ow between these units is
the rule rather than the exception, and that these populations exist in a `dynamic
balance'.
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Description of the existing concepts

THE DISCRETE POPULATION CONCEPT

The existence of identi®able larval retention areas has been hypothesized as the
mechanism responsible for sustaining the integrity and discreteness of herring
populations (Iles and Sinclair, 1982). The discrete population theory has recently been
formalized by Sinclair and Iles as the `member=vagrant' hypothesis (Sinclair, 1988;
Sinclair and Iles, 1989). This hypothesis relies on the retention and isolation of larval
stages in geographic space through the interaction of ®sh behaviour with stable and
predictable hydrographic processes. It is argued that this larval retention mechanism is
required (1) to ensure temporal persistence of populations in geographic space and (2) to
ensure continuity in the life cycle, i.e. life-cycle closure. Larval retention therefore
provides the means whereby the number of survivors within a population (members) will
exceed the number of losses (vagrants). Population persistence relies on members ®nding
a mate from within their own population. The hypothesis is therefore highly dependent
upon the effective reproductive isolation of local populations. According to the
hypothesis, reproductive isolation is maintained by philopatry, i.e. individuals homing
back to the natal spawning site associated with their larval retention area.

Sinclair (1988) argues that reproductive isolation is maintained through `life-cycle
selection'. Successful coupling between the members of a given population and the
vagrants of another is selected against through the reduced ®tness of hybrids according
to the genetic-repair hypothesis of Bernstein et al. (1985). Given the lack of geographic
barriers to marine populations, reproductive isolation must therefore be accomplished
through strong natal homing, and the reduced viability of member±vagrant hybrids.

THE DYNAMIC BALANCE POPULATION CONCEPT

Smith and Jamieson (1986) have formally disputed the discrete population concept,
preferring to describe herring population structure as being in a dynamic balance. They
contend that herring populations expand and contract their range in response to
environmental and ®shing pressures and that certainly on an evolutionary time scale,
local population structure does not show continuity. They cited evidence such as the
changing of spawning season as indicated by otolith morphometrics, considerable
straying as measured from tagging studies, the lack of genetic differentation between
local populations, and the appearance of new populations as support for this alternative
population concept. Within this concept, herring populations are considered to be `̀ a
heterogeneous group of individuals of numerous genetic combinations'' (Smith et al.,
1990).

Although the evidence presented by Smith and Jamieson (1986) and others strongly
supports signi®cant exchange of genitors between local populations, little attempt has
been made by the proponents of this view to develop a comprehensive hypothesis to
explain the observed population structure which exists within the species nor the
mechanisms involved in maintaining it. The quasi-panmictic concept subscribed to by
Smith and Jamieson (1986) does not explain several key observations such as the
temporal and spatial persistence of spawning populations (Sinclair and Iles, 1988) and
the maintenance of morphological differences (Stephenson, 1991).

The fact that neither population concept adequately explains all the data associated
with herring population structure and dynamics has led to a proliferation of published
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opinions ranging between the two extreme views depending upon whether the particular
study suggests population discreteness or mixing. However, no other concept has been
put forward that explains the inconsistencies of the two opposing views. In the present
essay, the evidence used to build these two population concepts will be examined. The
published material on herring population dynamics will be critically reviewed to
characterize the biological and ecological relationships between various local
populations. Observations will be drawn from the literature concerning geographic
herring populations, as well as sympatric seasonal-spawning populations, the latter
being a special case of the former characterized by temporal rather than spatial
segregation of spawning. Finally, arguments will be presented suggesting that these two
extremes can be uni®ed under one conceptual model, that of the metapopulation.
Although the principal emphasis of this paper will be on Atlantic herring, some
important evidence will be drawn from a larger literature base, including Paci®c herring
(Clupea pallasi, Clupeidae) and other teleosts. Moreover, the principles of the
metapopulation concept have important implications for many of these species.

Critical review of the existing concepts

MERISTIC AND MORPHOMETRIC MEASUREMENTS

Since the early work of Dahl (1907) and Lea (1913), meristic counts such as the number
of vertebrae (Tester, 1949; Day, 1957b; Bailey et al., 1986) or ®n rays (Parsons, 1973),
and morphometric features such as the relative size of body parts (Ojaveer, 1980; Meng
and Stocker, 1984) have been widely used to classify herring into races or local forms.
The mean values of these characters often differ signi®cantly among populations and
have been used extensively to identify the population af®nity of individuals from mixed
®sheries. Some studies have demonstrated relatively good reclassi®cation percentages
(70±90%) using various univariate and multivariate techniques (Parsons, 1972; Messieh,
1975b; Savard and Simoneau, 1983; Messieh et al., 1989).

The limitation of these methods rests on two main points. Firstly, the range of
measurements of these physical features often greatly overlap between populations
(King, 1985). Consequently, the population af®nity of individuals with a phenotype
falling within the overlap cannot be reliably determined. Secondly, and more
importantly for the description of population structure, although there is an obvious
genetic control over the determination of the range of values for these characters within
the species, the phenotypic expression of these traits is in¯uenced by the physical
environment (Fowler, 1970; Ali and Lindsey, 1974; Ryman and Stahl, 1981). Meristic
counts and morphometric characters are ®xed during embryonic development (Taning,
1951; Cushing, 1955) or shortly thereafter (Tester, 1938; Buckmann, 1950; Lindsey,
1975). Thus, signi®cant interannual variability in environmental conditions during
incubation will lead to signi®cant interannual and thus intercohort variability in these
characters (Einarsson, 1951). This phenotypic plasticity means that the population-
speci®c differences in these characters indicate simply that different local populations
experience different environments during early life and not necessarily that genetic
isolation exists between them (Buckmann and Parrish, 1958; Hempel and Blaxter,
1961).

The conclusion reached by early researchers that each phenotype represented a
distinct population was a natural extension of the assumption made at the time that
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these phenotypes were under pure genetic control (Heincke, 1898, in Lissner, 1934;
Duncker, 1899, in Sinclair and Solemdal, 1988). This belief that statisitically signi®cant
differences in morphology re¯ect genetic isolation between populations has persisted in
the literature (Jensen, 1958; Batalyants, 1972; Messieh, 1976; Ojaveer, 1980) even
though many authors, from Lissner (1934) to Hempel and Blaxter (1961) to Cushing
(1967) to Ihssen et al. (1981), have cautioned against the presumption of reproductive
isolation of populations based on these differences. In this regard, Lissner (1934) was
most prophetic when he remarked that `̀ the application of statistical methods without
regard to biological facts has often led to wrong conclusions''.

The lack of simple Mendelian inheritance of these characters does not, however,
preclude their usefulness for studying the early life-history conditions experienced by
individuals. The ecophenotypical nature of these features (Buckmann and Parrish, 1958;
Einarsson, 1958) provides us with a tool to identify the place or season of origin of
population members, thereby allowing the investigation into the extent and pattern of
mixing between populations. The identi®cation of the natal spawning season from the
sagittal otolith is a case in point. Since the 1950s, researchers have observed differences
in several otolith characteristics between parapatric populations (Parrish and Sharman,
1958) and within sympatric seasonal-spawning populations (Einarsson, 1951). Various
criteria have been used to assign spawning season and population af®nity, including the
diameter and transparency of the nucleus, the angle formed between the rostrum, the
postrostrum and the pararostrum, and general otolith texture and shape (Einarsson,
1951; Parrish and Sharman, 1958; Postuma and Zijlstra, 1958; Messieh, 1972; Bird et

al., 1986). Results showing per cent agreement of 75±80% between the otolith type and
the actual spawning season (as determined by the stage of sexual maturity) have been
used as supporting evidence for discreteness between seasonal-spawning populations
(Messieh et al., 1989). However, 20±25% mis-classi®cation of spawning season
suggests considerable gene ¯ow between these populations. Herring with otolith
characteristics typical of one season are actually spawning in the other. Graham (1962),
Grant (1984), Aneer (1985) and Smith and Jamieson (1986) all considered this to be
quite strong evidence that the season in which herring spawn is not necessarily the
same as the season in which they hatched.

LIFE-HISTORY TRAITS

As with meristic and morphometric characters, various life-history traits, such as
fecundity, egg size, growth and longevity, have been shown to differ signi®cantly between
seasonal-spawning populations (Baxter, 1959; Cushing, 1967; Messieh et al., 1985).
Differences in these life-history parameters have been interpreted as adaptations to
compensate for differential larval mortality rates between seasons (Ware, 1975), and
according to life-history theory, to maximize ®tness, i.e. to maximize the survival from
hatching to maturity over an individual's life span (Stearns, 1976). There are, however,
differing explanations as to why fecundity varies seasonally. For example, Liamin (1959)
surmised that the higher fecundity of summer=autumn spawners was to compensate for
the higher larval mortality in the ®rst winter, possibly due to the generally `poor' quality
of autumn larval retention areas (Sinclair and Tremblay, 1984). Conversely, Cushing
(1967), Hempel and Blaxter (1967) and Kerr and Dickie (1985) have all concluded that
the larger egg size and lower fecundity of spring spawners were adaptations to the poorer
food availability and low predator density in the spring.
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These two ideas are not mutually exclusive, and taken together, they suggest two
different strategies designed to confront a common problem, i.e. increasing larval
survival. Herring populations appear to employ speci®c strategies tailored to their
particular spawning environment in an attempt to compensate for the diverse and
dif®cult conditions encountered by the larvae. The expression of these different
strategies has been used to argue for discreteness between herring populations and even
that seasonal-spawning populations are genetically distinct (Messieh, 1976).

The low heritability of life-history traits is generally recognized (Charlesworth, 1987).
The accepted explanation is that these traits are near evolutionary equilibrium and thus
exhibit little genetic variance (Fisher's fundamental theorem). This view has recently
been challenged by Price and Schluter (1991), who suggest that the low heritability of
life-history traits such as longevity and fecundity is expected simply from both the
effects of high environmental variability on survival, and the genetic covariance of life-
history and morphological traits. Levins (1968) showed theoretically how a
phenotypically plastic response for each of two environments results in a greater
effective ®tness over both environments than that of a non-plastic response. The plastic
response of life-history parameters to environmental variability may well be itself a
heritable trait (Thompson, 1991). The evolutionary advantage of plasticity in life-history
traits becomes obvious when colonizing new habitats, as it implies more compensatory
¯exibility than genetic adaption alone (Jennings and Beverton, 1991).

Most northern ®shes show a gradual decrease in egg diameter and an increase in
fecundity from winter=spring to summer=autumn spawning (Blaxter and Hunter, 1982).
Southward and Demir (1974) found a strong inverse relationship between mean egg
diameter and sea surface temperature in another clupeoid ®sh, the pilchard, Sardina
pilchardus, with the largest eggs being produced in the coldest months, and the smallest
in the warmer months, supporting the hypothesis that fecundity and egg size have a
wide plastic response to environmental conditions in this serial-spawning species
(Daoulas and Economou, 1986). Similar relationships were found in several multiple-
spawning clupeoids (Blaxter and Hunter, 1982) as well as in Atlantic cod (Gadus

morhua, Gadidae; Miller et al., 1995).
High interannual variability in fecundity has also been measured within populations

in a variety of studies (Burd and Howlett, 1974), while interannual variability in egg
size tends to be less pronounced (Bailey and Almatar, 1989). Various studies have
concluded that fecundity in herring shows some density dependence (Anthony and
Fogarty, 1985; Messieh et al., 1985) while other have shown the importance of fatness
and food supply on fecundity (Anokhina, 1959; Scott, 1962). Bailey and Almatar
(1989) concluded that changes in the amount of energy available for reproduction
affected primarily fecundity, rather than egg size. This concurs with the conclusions of
Bradford and Stephenson (1992) that modi®cation of egg size is the mechanism used to
maximize individual larval survival, whereas fecundity is used to adjust reproductive
output.

Clearly, many life-history traits such as fecundity and egg size are compensatory
properties in ®shes, as are growth rates or time of onset of sexual maturity, exhibiting
plastic responses to intra- and interannual environmental conditions even within the
same population. Although there is a species-speci®c genetic potential which ultimately
constrains the realization of life-history traits, the ultimate expression of this genetic
potential is regulated by exogenous factors, through their effects on juvenile and adult
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growth and the accumulation of surplus energy for reproduction. Therefore, as with
meristic and morphometric features, signi®cant interpopulation differences in life-
history traits cannot be interpreted as proof of reproductive isolation nor of population
discreteness.

HOMING

Results from tagging studies have demonstrated high (75±95%) return rates of adult
herring to spawning areas (Hart et al., 1941; Stevenson et al., 1952; Hourston, 1982;
Stobo, 1982; Wheeler and Winters, 1984a, b). This has led to a general consensus that
adult herring repeatedly return to spawn (i.e. home) with relatively high precision to
traditional spawning areas (Cushing, 1967; Messieh and Tibbo, 1971; Blaxter, 1985)
although there can be some interannual variability in site selection (Haegele and
Schweigert, 1985).

Sinclair (1988) argued that the natal homing behaviour in ®sh allows temporal
persistence of populations and ensures life-cycle closure, and that the precise homing
tendency in herring strongly supports the claim of discreteness between local
populations. This principle of philopatry is central to the discrete population concept.
The sudden reappearance of extinct populations has been accounted for by the
resurgence of undetected remnants of the former population (Stephenson and Korn®eld,
1990). The theoretical arguments for the adaptive advantage of philopatry are discussed
by Sinclair (1988) in relation to Shield's genetic model of `adaptive inbreeding'.
However, assuming that this model is applicable in the marine environment with highly
fecund species, the actual mechanism by which marine ®sh populations recognize
`home' is not discussed in Sinclair's essay. Mechanisms for ensuring homing to natal
spawning areas are assumed to involve a genetically controlled internal sense of
direction, i.e. a map or compass mechanism (Iles, 1986), although other processes, such
as pheromonal substances in the sediments (Kieffer and Colgan, 1992) and imprinting
of larvae (Horrall, 1981), have been inferred. Regardless of the exact process involved,
it is conceded that it must be endogenous, as contact between the larvae and their
hatching environment is often transitory.

Although tagging data have shown high homing precision for adults, it is important
to differentiate between natal (philopatric) and repeat homing (Horrall, 1981; MacLean
and Evans, 1981). The above-mentioned tagging studies demonstrated that adults
repeatedly returned to the same spawning ground, but not necessarily to their natal
spawning ground. Spangler et al. (1981) recognized that natal homing is a precondition
for genetic isolation between populations. In this respect, few studies have looked at
homing precision in herring at different life stages. One notable exception is Hourston
(1959), who compared return rates of adult Paci®c herring to spawning areas (81±82%)
with the homing of juvenile (1 year-old) herring to their natal areas (64% after 3 years
at sea). Although juvenile tag recoveries were low (49), these results supported the view
that herring exhibit strong repeat homing, but also demonstrated that straying from
natal spawning areas was relatively common as well. In their review, Smith and
Jamieson (1986) found no direct evidence for strong natal homing in herring, and in
fact concluded that the tagging data showed considerable gene ¯ow.

Apart from the tagging results, morphometric studies have also been used to argue
for natal homing in herring. The existence of a population of spring-spawning `pygmy'
herring near Isle Verte in the St Lawrence Estuary has been cited by Sinclair (1988) as
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strong and direct evidence of philopatry in herring. The unusual otolith morphology and
small length at age which characterized this local population are presumably the
consequences of the poor habitat quality of the larval retention area in the estuary,
resulting in slow larval and juvenile growth. The biological description of this
population used by Sinclair was based on studies by Jean (1967) and CoÃteÂ et al. (1980).
However, a study conducted 10 years later showed that these particular features are not
universal within this population, and in fact more than half of the spring-spawning
population no longer exhibited the pygmy phenotype. Lambert (1990a) identi®ed three
morphological patterns among the otoliths of mature spring-spawning herring at Isle
Verte, (1) a hyaline nucleus typical of the pygmy phenotype, (2) an opaque nucleus
typical of spring-spawning herring in the neighbouring southern Gulf of St Lawrence
and (3) an intermediate form. Lambert showed that the hyaline form made up 48% of
his samples, compared with 23% opaque and 29% intermediate. He also showed that
the length at age of spring-spawning individuals with the opaque-otolith form was
signi®cantly greater than that of the hyaline form, and was similar to that of spring
spawners from the adjacent southern Gulf of St Lawrence population (CoÃteÂ et al.,
1980). Lambert concluded that a proportion of the Isle Verte spring-spawning
population, as well as the majority of the autumn-spawning population which also
reproduces in the estuary, were made up of individuals that developed outside the
estuary. These data show that strict natal homing is not present in these populations and
indicates mixing with local populations from the southern Gulf.

The extent and pattern of homing is of paramount importance in Sinclair's
member=vagrant hypothesis. A key element in Sinclair's (1988) essay is the necessity
of an individual to remain a `member' of its natal population. Much discussion is
dedicated to explaining how complex life histories have developed as a mechanism for
ensuring the temporal persistence of populations in geographic space, and the central
role played by philopatry in life-cycle closure. Sinclair readily admits that straying can
be a common occurrence and some attention is given in the development of the
hypothesis to de®ne how individuals can become strays, including spatial and energetic
processes at every life-history stage. However, little attention is given to what actually
happens to these strays. If one follows the arguments presented, a vagrant does not
necessarily die, but neither does it emigrate to and become a viable member of another
population. Therefore, a vagrant that survives becomes lost to the gene pool, as there is
no provision for immigration=emigration in Sinclair's hypothesis. However, we have
seen that this is highly unlikely, given that both the tagging and morphological data
show a signi®cant exchange of genitors between geographical and seasonal-spawning
populations.

YEAR-CLASS TWINNING

Another phenomenon recognized in sympatric spring- and autumn-spawning herring
which has an in¯uence in this polemic is what I term the temporal `twinning' of year
classes. This occurs when a strong autumn-spawning year class of a given year coincides
with a strong spring-spawning year class of the following year. Einarsson (1952) was the
®rst to report on this correlation in year-class strengths of sympatric seasonal-spawning
populations of Icelandic herring which he called `̀ year-class strength parallelism''. Given
that the larval stage is considered to be the critical phase determining year-class strength,
he hypothesized that a strong standing stock of copepods in the autumn of one year may
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be correlated with enhanced copepod egg production the following spring, thus favouring
larval herring survival over this extended period, although the data available to him did
not show this correlation.

McQuinn (1997) demonstrated that Einarsson's hypothesis was unlikely, given the
ontogeny of the larvae of sympatric spawning populations. The spring- and autumn-
spawning populations in western Newfoundland, for example, often show year-class
twinning but they do not use the same spawning grounds (Fig. 1) and their larvae do
not use the same retention areas. There is, however, an alternative explanation for this
twinning phenomenon which involves straying between seasonal-spawning populations,
i.e. signi®cant numbers of individuals from a large year class of one seasonal-spawning
population subsequently spawn in the other season, creating a strong year class in both
populations. Jean (1956) and Graham (1962), from their respective works on scale and
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otolith morphometry, postulated that the determination of spawning season of sympatric
herring populations may be in¯uenced by juvenile growth rates. Winters et al. (1986)
presented data in support of their contention that faster-growing spring-spawned
juveniles may become autumn spawners, and conversely, slow-growing autumn-spawned
juveniles may spawn in the spring. McQuinn (1997) compared the hatching season with
the actual spawning season of spring- and autumn-spawning herring in relation to the
juvenile growth characteristics. He showed that juvenile growth rates (as represented by
size at age) did have an effect on which season would be adopted for spawning in
Atlantic herring and concluded that year-class twinning was indeed due to the straying
of a signi®cant proportion of a strong year class to the other seasonal-spawning
population. This reasoning also explained why twinning seldom occurs between spring-
and autumn-spawning year classes of the same year, which should logically occur given
Einarsson's (1952) explanation. McQuinn (1997) also concluded, from consistent year-
class-speci®c patterns in the otolith characteristics of each population, that the adopted
spawning season was maintained throughout adult life.

BIOCHEMICAL ANALYSES

Summaries of the available biochemical evidence concerning genetic comparisons
between Atlantic herring populations have concluded that the data do not support genetic
isolation between local populations (Grant, 1984; Smith and Jamieson, 1986). Numerous
studies based on either allozyme or mitochondrial DNA (mtDNA) material have been
unable to show any clear genetic divergence among either allopatric or sympatric Atlantic
herring populations (Grant, 1984; Ryman et al., 1984; King et al., 1987; Dahle and
Eriksen, 1990; Safford and Booke, 1992). Although Ridgway et al. (1971) did ®nd
signi®cant differences among some autumn-spawning populations in the north-west
Atlantic, Grant (1984) and King et al. (1987) noted that a subsequent study showed that
these differences were not temporally stable (Korn®eld et al., 1982). In spite of this
temporal instability, Korn®eld et al. (1982) concluded that spring-spawning herring from
the north-west Atlantic are genetically different from autumn spawners. However, Smith
and Jamieson (1986) and Grant (1984) have asserted that the conclusion of genetic
isolation between spring- and autumn-spawning populations was not justi®ed owing to
the large overlap in allele frequencies and the signi®cant heterogeneity within each
seasonal-spawning population. It is also important to note that Korn®eld et al. (1982) did
not examine sympatric seasonal-spawning populations, but rather spring spawners from
the Gulf of St Lawrence and autumn spawners from the Gulf of Maine.

Korn®eld and Bogdanowicz (1987) used more sophisticated mtDNA techniques and
found several population-speci®c composite patterns among three spring- and autumn-
spawning populations from the Gulf of St Lawrence and the Gulf of Maine. However,
they were unable to eliminate the possibility that sampling or year-class artefacts were
in¯uencing the results, and indeed admitted that the patterns of population lineages
were untenable when considering the lack of geographical proximity between
populations with unique composites and their precursors. They concluded that their
results did not support the idea of discreteness between these herring populations and
were consistent with the existence of gene ¯ow between populations.

One striking exception to the relative genetic homogeneity found among herring
populations in the Atlantic Ocean is the case of a local population in Balsfjord, Norway.
Allozyme electrophoresis revealed very signi®cant differences at two LDH loci and at
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the GPI-2 locus between this local fjord population and the Atlanto-Scandian herring
which dominates the coast of Norway (Jùrstad et al., 1994). However, all the loci
analysed showed patterns similar to samples of Paci®c herring from the west coast of
Canada. The local Balsfjord herring were also characterized by low vertebral count
(54.1±54.8) and an intertidal spawning behaviour, characteristic of Paci®c herring. This
population would appear to be a relic from an earlier dispersion of Paci®c herring into
the Atlantic associated with the Pleistocene glaciation, similar to the isolated White
Sea, Clupea pallasi maris-albi and the Kara Sea, Clupea pallasi suworowi populations
in the Arctic Ocean (Grant and Utter, 1984). Although these relic populations of Paci®c
herring do show some alleles typical of Atlantic herring, relatively strong reproductive
isolation must exist between the Atlantic and Paci®c species (possibly owing to their
different spawning behaviours), because these small local populations have not been
genetically assimilated by the ubiquitous Atlanto-Scandian herring in spite of their
sympatry.

COMPENDIUM

Fundamental to Iles and Sinclair's retention and member=vagrant hypotheses is the
notion that population persistence in geographic space is maintained by the interaction of
both adult and larval behaviour in relation to speci®c hydrographic features which
permits life-cycle closure (Iles and Sinclair, 1982; Sinclair, 1988). Populations are
de®ned by discrete retention areas at the early life-history phase and population
persistence is ensured by the philopatry of the adults to these persistent hydrographic
features. Corollaries of these hypotheses are that population richness is de®ned by the
number of such larval retention areas, and that population abundance is determined by
the size of each retention area. The population richness of herring described by Sinclair
and Iles (1988) is a re¯ection of a large number of discrete retention areas. Thus the
reproductive isolation of local populations is not just a result of their dependence on the
retention of the early-life phase within discrete geographic space, but rather local
populations could not persist without reproductive isolation, i.e. adults must home their
natal spawning areas and mate with members of their own population to ensure
continuity in the life cycle.

We have seen, however, that several important observations are inconsistent with this
view of complete reproductive isolation between herring populations. First and
foremost, direct measurements of straying in spawning adult herring from tagging
studies have been shown to be more than suf®cient to counteract genetic drift and thus
prevent population divergence. When one examines juvenile homing rates, which is a
more appropriate measure of philopatry, the proportion of strays (vagrants) increases
signi®cantly. Signi®cant straying from natal spawning sites is also supported by the
presence of autumn-type otoliths in spring-spawning herring, and vice versa, as well as
by herring with otoliths typical of the southern Gulf of St Lawrence that spawn at Isle
Verte in the St Lawrence estuary. King (1985) also concluded from the large
overlapping morphometric and meristic characteristics of adjacent populations of
herring from the British Iles (including seasonal-spawning populations) that homing was
less stringent in this and other marine species than, for example, in the anadromous
American shad, (Alosa sapidissima, Clupeidae). In addition, the twinning phenomenon
indicates that spawning season and thus membership of a seasonal population is not
predetermined. Finally, the fact that no consistent genetic differentiation has been found
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among herring populations in spite of the examination of a large number of loci
suggests that no survival disadvantage would be assessed to hybrids from different
populations. These observations reveal that neither spatial nor temporal reproductive
isolation is indicated from the data and in fact that signi®cant gene ¯ow is suggested.

Smith and Jamieson (1986) contend that herring populations are dynamic and
transient, adapting to a variable environment by expanding and contracting their range
and that the available evidence does not support a complex stock structure. They
concluded that the observed population patterns can be explained without the need for
genetic isolation between local populations. Indeed, stocks can show phenotypic
adaptions to their respective environments despite electrophoretic similarity (Kirkpatrick
and Selander, 1979; Ihssen et al., 1981; Utter, 1981). Nonetheless, it has been argued
that if the various populations interbred, these signi®cant differences in phenotype
between populations would not persist (Stephenson, 1991). However, statistically
signi®cant differences in physical features between populations may merely denote that
the majority of the members of one local population had a signi®cantly different early-
life history from the majority of members of another local population. So long as
mixing between populations is limited and is restricted to postlarval phases, a
statistically signi®cant difference in the mean values of physical measurements would
be maintained (Heath, 1990).

The weakness in Smith and Jamieson's concept lies in the lack of an explanation for
the temporal persistence of populations in geographic space on an ecological time scale.
Local populations, identi®ed by their physical features, are maintained in time and
space (if only in the short term relative to an evolutionary time scale) and the spawning
members of these populations exhibit relatively high repeat homing rates. What then
maintains the integrity of local populations (the continuity in the life cycle) and what is
the ecological relationship between them? Without a mechanism to maintain the local
population as a unit, there would be nothing to prevent complete mixing of mating
individuals, resulting in a truly panmictic population structure.

It should have become obvious by now that the central question separating these two
concepts can be stated rather simply: what is the fate of the vagrants? Smith and
Jamieson (1986) contend that there are no barriers to exchange between local
populations, whereas Iles and Sinclair assert that genetic exchange is, for all practical
purposes, nil. In both hypotheses, strays are produced, but, their prospects for successful
reproduction are quite different. The population dynamics of the strays and the ultimate
impact they have on the global pool is thus essential to the resolution of this polemic.

Straying is an undeniable result of imperfect homing by migrating species. It must be
conceded that straying is a recognized phenomenon in ®sh population dynamics, even
in species such as salmon which have exhibited high natal homing precision. Straying is
not only relatively common in many ®sh species, but actually has adaptive importance
for the colonization of new habitats (Olivieri et al., 1990; Quinn and Dittman, 1990) as
all new populations are founded by strays. Leggett (1984) and McCleave et al. (1984)
have been critical about the lack of importance given to the behaviour of strays while
studies have concentrated on individuals that have conformed as predicted by migration
models. Quinn (1984) proposed an explanation for straying different from the
conventional view that such individuals are lost. He hypothesized that straying may
be an evolutionary alternative life-history strategy, under direct or indirect genetic
control, in dynamic equilibrium with homing which is nonetheless the dominant
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strategy. Further, straying should be relatively common in unstable environments as a
means of spreading the risk of reproduction. Dodson (1988) believes that straying may
simply be a result of less precise homing, although he agrees with Quinn that homing
precision is determined by the stability and complexity of the home habitat. This point
has important implications concerning the structure of herring populations and will be
discussed in the following sections.

Towards uni®cation

THE METAPOPULATION CONCEPT

A uni®ed population concept must be consistent with the observations used to formulate
the two existing theories of population structure, while also explaining the inconsistencies
inherent in each. The fact that signi®cant differences in physical traits do persist between
populations argues strongly for the existence of mechanisms which produce and maintain
a complex population structure. However, mixing between populations as shown by
tagging and otolith morphometrics, and the founding of new populations in relatively
short geological time must also be explained by a uni®ed theory.

The population structure of many species can be considered as an array of local
populations linked by variable degrees of gene ¯ow (Wade and McCauley, 1988). This
metapopulation concept, extensively explored by Montgomery Slatkin and others, was
developed to study selection, genetic differentiation, extinction and recolonization
events (Slatkin and Wade, 1978; Gilpin, 1991; Gotelli, 1991; McCauley, 1991). Levins
(1968) ®rst de®ned the metapopulation as:

a population of local populations which were established by colonists, survive for a while, send

out migrants, and eventually disappear. The persistence of a species in a region depends on the

rate of colonisation successfully balancing the local extinction rate.

The principal features of a metapopulation as de®ned by Levins are: (1) there is a
large number of sites, each supporting a single local population (deme); (2) each local
population has a probability of going extinct that may depend on its genetic
composition; (3) the allele frequencies are governed by the classical genetic equations;
and (4) vacant sites are recolonized by migrants from within the metapopulation
(Slatkin and Wade, 1978).

Sinclair's concerns regarding a genetic basis for local population persistence are not
considered important within the metapopulation concept, which regards extinction,
recolonization and gene ¯ow between local populations as fundamental elements of
population dynamics. In this population concept, migrants are not only an integral part
of the structure, but are indeed necessary for the survival, persistence and expansion of
the metapopulation. This differs profoundly from Sinclair's notion of vagrancy, in which
strays are essentially evolutionary `losers' that will not successfully pass on their genes.
The metapopulation concept concedes the importance of strays, or more precisely
migrants, in that all local populations are founded by them.

However, as migrants abandon their local population, they cannot be selected for at
the local population level. The adaptive advantage to vagrancy therefore lies at the
metapopulation level (Olivieri et al., 1990). Migration is favoured for colonization, but
selected against as the population stabilizes. This relates to Quinn's (1984) hypothesis
of straying as an alternative life-history strategy in dynamic balance with homing. The
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selective advantage shifts towards straying with increasing population instability, i.e. as
the probability of extinction increases following a collapse in local population size, the
tendency for local populations to merge increases (Ihssen et al., 1981). Conversely, the
`urge to colonize' will increase in expanding populations, with a corresponding increase
in gene ¯ow leading to genetic homogeneity among local populations (Wynne-Edwards,
1962). It is therefore at the metapopulation level that one must look for demographic
and genetic equilibrium, corresponding to the genetic population (Olivieri et al., 1990).
This has important implications for population studies which have shown signi®cant
genetic instability at the local population level (Moller, 1971; Korn®eld et al., 1982;
Gauldie, 1988).

Levin's original metapopulation model has been extended to include several
variations which are considered more realistic, i.e. variable local population sizes, less
frequent local extinctions and most importantly, immigration into existing local
populations (Hastings and Harrison, 1994). These recent metapopulation models have
shown that dispersal allows persistence of the metapopulation despite local population
instability, that equilibria can be produced at various population levels, and that a
positive correlation can exist between population abundance and distribution. The
metapopulation concept is gaining popularity for the study of movements between local
populations in an increasing number of ecological settings, including avian (Spendelow
et al., 1995) and marine populations (Hastings and Higgins, 1994) which are
characterized by many of these features. The concept allows for various degrees of
gene ¯ow between local populations as hypothesized by Smith and Jamieson (1986),
while nonetheless allowing for the considerable population pattern and richness
described by Sinclair and Iles (1988).

The nature and extent of gene ¯ow between local populations can vary greatly,
depending on the species, and can be described by the effective local population size
and the migration rate. Clues as to where herring fall along this continuum are found
among our observations of population structure and behaviour. The fact that differences
in the mean values of physical features of local populations persist over time argues
against quasi-panmictic mating within the metapopulation. High return rates of adults to
spawning grounds support this observation of sustained local population structure.
However, the lack of consistent genetic differences between local populations, although
not conclusive in itself (Iles and Hatt, 1980), along with the measurements of straying
from the tagging studies supports Smith and Jamieson's contention that gene ¯ow is
enough to prevent genetic differentiation between local populations. It would appear
then that herring populations are not found at either end of the continuum.

THE ADOPTED-MIGRANT HYPOTHESIS

How then does the metapopulation concept apply in practical terms to Atlantic herring? I
hypothesize that herring form local populations within a metapopulation, and that the
progeny of a given local population do not necessarily recruit to their natal population,
but may become migrants, contributing to an adopted population having the same or a
different reproductive season. Population af®nity is established at the time or ®rst
maturation and is ®xed for all subsequent spawnings by adhering to an annual maturation
cycle. In the case of sympatric seasonal-spawning populations, the recruits synchronize to
the life cycle of the adopted population in accordance with their pre-maturation growth
conditions.
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Obviously, for this adopted-migrant hypothesis to be acceptable as a model to
describe herring population structure, it must explain how the timing and location of
the initial reproductive cycle is established as well as how local populations persist in
time and space. I have chosen here the example of sympatric seasonal-spawning
populations to demonstrate the reconciliation within the metapopulation concept of the
two existing concepts. Let us examine the reproductive strategy, the opportunity and the
mechanism which would produce this population structure, as well as the evidence
supporting such a model.

Strategy

Herring, unlike most other clupeoids, are synchronous or total spawners (Blaxter and
Hunter, 1982). However, on a population level, they may be considered asynchronous or
serial spawners, similar to most other Clupeiformes. They accomplish this by spawning
in waves over a protracted spawning season, the older herring usually spawning ®rst, with
the younger herring and recruits spawning in subsequent weeks (Wood, 1930; Jean, 1956;
Popiel 1958; Lambert, 1987; Ware and Tanasichuk, 1989). Thus multiple intra-annual
spawning (in this case wave spawning) can be considered as `̀ intraseasonal iteroparity''
(Jennings and Beverton, 1991).

Holgate (1967) and Murphy (1968) predicted that iteroparity becomes advantageous
under conditions of uncertain survival of the offspring. In essence, when the risk of
reproductive failure is elevated, iteroparity is a bet-hedging strategy that increases the
probability of success (Stearns, 1976). Lambert and Ware (1984) expanded upon this
idea by including wave spawning as part of this bet-hedging strategy. In a variable
environment, having multiple reproductive events over an extended spawning season
spreads the risk of reproduction and increases the chances that one or more of the
resulting larval cohorts will coincide with favourable environmental conditions
(Armstrong and Shelton, 1990). Lambert (1990b) summarizes the situation in Atlantic
herring by concluding that this bet-hedging strategy is applied annually through
iteroparity, seasonally through sympatric spawning populations and intraseasonally
through wave spawning (Fig. 2). However, the strategy would bring about demographic
and genetic equilibrium only at the metapopulation level (Olivieri et al., 1990), i.e. the
progeny of a given spawning event, either at the wave, the seasonal or the annual level,
contribute to the gene pool of the whole metapopulation.

Sympatric seasonal-spawning populations are merely local populations under this
strategy, and considerable gene ¯ow is maintained between them. As illustrated by the
twinning phenomenon, a given local population can spread the results of a successful
productive event over both spawning populations, i.e. over two temporal niches. Parrish
and Sharman (1959), Raitt (1961) and Burd (1962) all drew the same conclusions using
otolith characteristics of parapatric herring populations, observing that a good year-class
of `wide-type' otoliths from the Southern Bight of the English Channel recruited to
other populations in the North Sea, which were normally characterized by `narrow-type'
otoliths. Under the metapopulation concept, those individuals that do not recruit to their
own local population are not considered vagrants which are lost to the population, but
rather become migrants as de®ned by Levins (1968). In this way, successful year classes
can expand the bounds of their local population, both spatially (over spawning areas)
and temporally (over spawning seasons).
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Opportunity

If ®sh of a recruiting year class are to successfully reproduce in a spawning season other
than their own, they must migrate to and propagate on a suitable spawning ground that is
initially unknown to them. They therefore must have the opportunity to locate those
spawning beds either from members of their own population, or from members of the
adopted population.

Data on the annual migrations of spring- and autumn-spawning herring along western
Newfoundland show that the two spawning populations spend the majority of the year
in mixed schools, segregating only to spawn (McQuinn and Lefebvre, 1995a, b). This is
a general pattern observed throughout the range of north-west Atlantic herring where
sympatric seasonal-spawning populations exist (e.g. Claytor et al., 1994). During
spawning, members of the non-reproducing population remain in the vicinity, only to
regroup with spent members of the spawning population soon after reproduction. It is
following each of these spawning events that the recruiting juveniles from previous
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spawns join the adult populations from their respective nursery areas (Hourston, 1959;
McQuinn and Lambert, 1991).

Taking the spring and autumn spawners from western Newfoundland as an example,
the spring-spawner nursery areas are located mainly in the southern bays (Fig. 1)
adjacent to the major spawning grounds (McQuinn and Lefebvre, 1995a). The autumn-
hatched juveniles are primarily in the northern areas, where the major autumn-spawning
activity occurs. After each spawning event, the spent adults entrain from the nursery
areas those juveniles which are ready to undertake their ®rst annual migration
(McQuinn and Lambert, 1991) as in the classic Harden-Jones (1968) migration triangle.
At this point, the recruits are sexually immature and behaviourally naive as they begin
their annual migrations with the adults of the combined sympatric seasonal-spawning
populations. It is here that the opportunity to synchronize their initial reproductive cycle
to one or the other of the seasonal-spawning populations occurs, as the newly recruited
juveniles migrate with the mixed adult schools to their feeding and overwintering areas
(McQuinn and Lefebvre, 1995b).

Mechanism

What then is the mechanism that establishes which local population and thus which
spawning season a ®rst-time spawner will recruit to? The key lies in the factors that
affect the onset of ®rst maturation, thus determining when an individual will reproduce
for the ®rst time, and how the initial choice of a spawning site and season is made.

Generally speaking, Atlantic herring mature for the ®rst time between ages 3 and 5
and between 220 and 280 mm (Jean, 1953; Liamin, 1959; Boyar, 1968), although many
authors believe that maturation is more dependent on length than on age (Beverton,
1963; Toresen, 1986). Burd (1962) concluded that juvenile herring recruited at a
`critical length' and therefore variations in their growth rate would affect the age of
recruitment, i.e. variable growth rates within a given year class during the ®rst years of
life will determine when a juvenile herring reaches the required size. Density-dependent
or environmentally induced variability in growth has been described in juvenile Atlantic
herring (Anthony 1971; Lett and Kohler 1976; Sinclair et al., 1982; Toresen, 1990) and
is believed to in¯uence age at maturity (Marti, 1959; Raitt, 1961; Anthony and Fogarty,
1985; Haist and Stocker, 1985). Evidence from other teleosts also suggests that density-
dependent and -independent variability in growth and condition in the juvenile phase
can regulate the onset of ®rst maturation. It has been shown in Atlantic salmon (Salmo

salar, Salmonidae) and brown trout (Salmo trutta, Salmonidae) that growth rate and
condition during the months previous to the onset of ®rst maturation had an effect on
which parr matured and which did not (Rowe and Thorpe, 1989; L'AbeÂe-Lund et al.,
1990). Further, Holdway and Beamish (1985) supported Lett and Doubleday's (1976)
conclusions that a high speci®c growth rate in the early years was essential for early
maturation in Atlantic cod.

Thus recruits from a given spawning event (i.e. a cohort) do not necessarily mature
to spawn in synchrony. The key question to be resolved thus becomes: do individuals
that do not mature at the same time as the majority of their cohort, say at age 4, wait
one full year to mature at age 5, or can they synchronize their maturation cycle with
that of an adopted population? There is ample evidence suggesting that the age at
maturity is related to the growth and condition of the juveniles (Krivobok and
Tarkovskaya, 1957; Burd, 1962; Anokhina, 1971; Aneer, 1985). Winters et al. (1986)
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and McQuinn (1997) demonstrated a relationship between juvenile length at age and the
determination of the season of ®rst spawning (age at maturity) in sympatric seasonal-
spawning herring populations in eastern and western Newfoundland. Year-class twinning
was also shown to be the result of a large proportion of a strong year class crossing
over to the other seasonal-spawning population depending upon their juvenile growth
rates, thus creating a large recruiting year class in both populations. There is suf®cient
evidence to conclude that age, and season of ®rst maturation are not ®xed properties in
Atlantic herring.

LOCAL POPULATION PERSISTENCE AND INTEGRITY

If the progeny of a seasonal-spawning population do not necessarily recruit to their
parental population, how is population af®nity established and maintained? If there is not
a strong af®nity to one's natal population, i.e. population af®nity is not determined
genetically nor during the early life-history phase, what then maintains the integrity of
local populations and allows them to persist? The answer to these questions lies in the
mechanism employed to maintain the population unit or, in Sinclair's terminology, to
ensure life-cycle closure. The orthodox view is that ®sh have an innate ability to imprint
to their natal spawning site (Cury, 1994). They must aquire a `knowledge' of the physical
characteristic of home when they are young, to be recalled at some later time. Naive ®rst-
time spawners, after migrating often long distances to feeding and overwintering areas,
must then ®nd and recognize home to complete the life cycle within their local
population. This corresponds to the well-established salmon model; however, is this the
general case?

The emphasis that researchers have put on innate and hydrodynamic mechanisms for
explaining common and essential ®sh behaviours such as annual migrations and homing
has overshadowed the importance of simpler and more versatile mechanisms such as
experience and conditioned learning (Adler, 1970; Dodson, 1988). On a purely practical
level, it would be less than advantageous for most northern marine ®sh species to rely
solely on an innate or `hard-wired' control of homing behaviour, given the instability of
the marine environment. In fact, an instinctive response to environmental patterns,
which may be necessary for individual survival in the general case, may well be
harmful when environmental conditions change (Kozlovskiy, 1956). The survival
advantage of a conditioned response to environmental patterns lies in the ability to
adjust to variable ecological conditions more rapidly than the selection of genetic
adaptions (Wynne-Edwards, 1962; Johnston, 1982; Kieffer and Colgan, 1992). This
would also apply to the recognition of geological patterns which would be too complex
to be passed on through the genetic code. Such a compensatory or `soft-wired' control
would permit a ¯exibility to spawning site selection in accordance with the experience
and success of existing populations on an ecological time scale.

Learning involves the modi®cation of an animal's behaviour through previous
experience (Staddon, 1983). In the context of homing in ®shes, the most commonly
considered form of learning, almost to the exclusion of all other forms, is imprinting,
i.e. learning restricted to a brief period resulting in a ®xed attachment (Lorenz, 1937).
There are, however, several other recognized models for learning which have direct
relevance to ®sh behaviour. Indeed imprinting, which has been described as `̀ a
restricted and seemingly aberrant form of learning'' (Gould and Marler, 1987), may in
fact not be the dominant form of learning in marine ®shes. Dodson (1988), in his
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extensive review of the subject as it relates to ®sh, categorized learning into imprinting
and spatial learning. Spatial learning, or the perception of spatial sequences and
relationships, encompasses Baker's (1978) familiar-area hypothesis, which was devel-
oped to explain the homing phenomenon. In essence, the familiar area is the range
within which an animal is capable of ®nding its way from a given point to any other
point. The establishment of the familiar area involves an individual developing the
spatial memory of its territory which is enlarged through exploratory migrations.

This is not to say that innate elements are not involved in migration and home
recognition. Instinct plays a role in learning by controlling what particular things are to
be learned and in what particular way (Gould and Marler, 1987). Bees instinctively
identify with ¯owerlike objects, yet they must learn which ¯owers contain food.
Similarly, birds display a nest-building instinct, but the way they build the nest may be
greatly in¯uenced by the materials present, by the way they saw nests built as ¯edglings
and may improve greatly with experience (Wynne-Edwards, 1962; Boakes, 1984). In the
same manner, ®sh may have an instinctive urge to migrate (and even to migrate in a
preferential direction), however, they must learn from older, more experienced repeat
spawners how to ®nd the feeding and overwintering areas, which they have never seen,
and eventually to ®nd their way to a suitable spawning ground. The idea that the
genome regulates learning through instinct unites Dodson's two categories of imprinting
and spatial learning. In this context, imprinting is merely learning that is restricted to a
particular point in time and that is irreversible. The learning of spatial sequences from
more experienced ®sh (social transmission) enables the rapid transfer of advantageous
behavioural traits from older members of a population to younger, more naive members
(Helfman and Schultz, 1984). Wynne-Edwards (1962) termed those `̀ elements of
learning acquired by each new generation from its predecessors'' as traditions, which he
also considered complementary to instincts.

The ability of ®shes to learn spatial patterns such as shapes and levels of brightness
has been demonstrated experimentally (Marcucella and Abramson, 1978). Speci®cally in
herring, the juvenile ®sh shows a variety of learning behaviours associated with the
exploration of its environment (Packard and Wainwright, 1974). Evidence showing the
social transmission of spatial sequences in ®shes comes from various sources (Dodson,
1988; Kieffer and Colgan, 1992). For example, coral reef experiments have shown that
young French grunts (Haemulon ¯avolineatum, Haemulidae) follow older, more
experienced ®sh as a means of assuring the persistence of daily migration patterns
(Helfman and Schultz, 1984). Olson et al. (1978) found that the homing precision to a
given spawning site in walleye (Stizostedion vitreum, Percidae) increased with the
number of spawnings, which they attributed to learning by the adults. They surmised
that straying depends upon the population age structure and upon how one de®nes the
`home area'.

Whether it is more advantageous to acquire a particular behaviour through imprinting
or by socially transmitted spatial learning depends upon the life-history characteristics
of the species. A comparison of the life-history conditions of salmon and herring
illustrates this point (Table 1). The advantage shifts from imprinting to spatial learning
in situations where the animal has the opportunity to repeat experiences, and thus
reinforce spatial patterns throughout its life. Thus spatial learning would be more
appropriate for iteroparous reproduction, while imprinting would be favoured for a
semelparous reproductive strategy (Dodson, 1988). When an individual has only one
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chance to expend a large reproductive investment, an imprinted response is a surer
means of determining where home is for the one-time spawner (Mann and Mills, 1979;
Leggett, 1985). Conversely, spatial learning would be more advantageous for ®sh
populations with multiple age classes, as recruits can learn where home is from
seasoned spawners (Helfman et al., 1982).

However, it is in marine species that spatial learning affords the greatest advantage.
In the oceans, larvae are released into a relatively unpredictable environment and are
retained by relatively loose hydrographic systems where the leakage of larvae out of
retention areas can be considerable (de Lafontaine et al., 1981; Fortier and GagneÂ,
1990). In comparison, the early-life stages of anadromous species are retained by
geographically bound river systems which confer an enhanced stability to the larval
environment. With the greater environmental instability of the marine ecosystem, comes
a proportional increase in the chances of reproductive failure. The highly variable
recruitment in herring attests to the environmental instability encountered by this
species (Blaxter and Hunter, 1982). The more predictable reproductive environment of
the anadromous species allows for a more rigid, yet more direct mechanism to ensure
that home is found. Thus local populations become well adapted to their particular river
environment, leading to greater speci®city to individual rivers (Banks, 1969; Leggett,
1985) and the strong, classical imprinting ability in salmon.

In the case of herring, iteroparity combined with the multiple age structure, provides
the opportunity for learning of migratory cycles and spawning sites through social
transmission or tradition (Wynne-Edwards, 1962). Sympatric spring- and autumn-
spawning populations share the same summer-feeding and overwintering areas.
Maturing juveniles join with the mixed adult schools and are entrained into the
migration pattern of the combined populations. The strong schooling instinct of herring
undoubtedly acts to reinforce this transfer of social behaviours and ensures that
individuals ®nd a conspeci®c for mating. Hourston (1959) surmised that the rate of
straying was in¯uenced by which adult school the newly maturing juveniles followed at
the beginning of their spawning migrations, and that straying subsequently decreased
with spawning experience, indicating that homing in Paci®c herring is more related to
previous spawning experience than with the natal spawning site (Hourston, 1982).

Ihssen et al. (1981) suggested that social structure plays a more important role in site

Table 1. Comparison of life-history characteristics between salmon and herring, contrasting the

conditions which favour either imprinting or spatial learning for the recognition of an appropriate

spawning site

Characteristic Salmon $ Herring

Reproductive strategy Semelparous $ Iteroparous

Age structure Single $ Multiple

Spawning habitat Anadromous $ Marine

Larval retention mechanism Geographic $ Hydrographic

Reproductive environment Stable $ Unstable

Fecundity High $ Low

Longevity Decreased $ Increased

Site recognition Imprinting $ Spatial learning
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selection than does imprinting in white®sh (Coregonus clupeaformis, Salmonidae). They
reported that this species abandoned spawning sites in favour of one major site at low
population densities. Rose (1993) speculated that the formation of large aggregations of
Atlantic cod when migrating to feeding and spawning areas was to allow younger
individuals to learn migration routes from older population members. MacLean and
Evans (1981) believed that because of the importance of socially transmitted knowledge
of migration routes and home sites from the adults to the juveniles, the overexploitation
of the older individuals in a population would lead to increased straying and gene ¯ow
between local populations. This speculation on the importance of the older ®sh for the
transmission of traditional knowledge has some support from observations of herring
populations (Wynne-Edwards, 1962). Toresen (1990) concluded from observations made
by Dragesund et al. (1978) that when the Norwegian spring-spawning herring
population collapsed in the late 1960s because of over®shing the remaining stock of
mostly young ®sh changed its migration pattern, no longer returning to the Norwegian
Sea after spawning. Recently, these migration patterns have again been modi®ed with
the recruitment of the large 1983 year class, which has apparently expanded its range of
both spawning and feeding sites (Rottingen, 1992). This strongly parallels the situation
in eastern Canada where the herring populations from the southern Gulf of St Lawrence
traditionally migrated to south-western Newfoundland to overwinter (Winters and
Beckett, 1978). Overexploitation of these populations in the early 1980s virtually
eliminated the older individuals in the population (Cleary, 1983). At the same time,
their winter migration to south-western Newfoundland ceased and this once-active
®shery collapsed. This traditional migration pattern has not been re-established, despite
the rebuilding of the population over the past decade, as southern Gulf herring have yet
to be detected overwintering in south-western Newfoundland (Leblanc and Dale, 1994).

It is therefore social transmission of migration behaviours that strengthens the social
group and enables the persistence of local herring populations within the metapopula-
tion. The repetition of social behaviours in well-ordered communities reinforces
population integrity and stability, by `̀ conditioning individuals to respond correctly in
accordance with the established local pattern of dispersion'' (Wynne-Edwards, 1962).
This point of view is shared by Corten (1993), who recently suggested that learning of
traditional spawning sites and migration patterns explains the present structure of
herring populations in the North Sea. Several individual spawning sites in the North
Sea have not been recolonized since the collapse in the 1960s, presumably because no
older herring remained to indicate the existence of these beds to subsequent recruiting
year classes.

Summary

The adopted-migrant hypothesis proposes that local herring populations, which are
originally formed through dispersion from existing populations (colonization), are
perpetuated in geographic space through the social transmission of migration and homing
patterns from the adults to the recruiting juveniles in the year preceding ®rst spawning.
Local population integrity is thus maintained by behavioural isolation of adults, through
repeat homing to traditional spawning grounds. The tendency to disperse is strongest
with the recruits, and diminishes with the reinforcement of traditional migration and
spawning patterns. The hypothesis predicts that dispersion is more prevalent when
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established local populations become unstable, i.e. following a population collapse or a
recruitment boom. The adopted-migrant hypothesis does not imply the random choice of
population membership. Schools of naive juveniles will tend to associate with adults
within their home territory and therefore will generally synchronize their maturation
cycle with adults from their native population, although this is not an imperative.

The adopted-migrant hypothesis contrasts with the member=vagrant hypothesis in that
the principal characteristics responsible for the structure, persistence and integrity of
local populations are of a behavioural rather than a genetic nature (Table 2), and it goes
further than the dynamic-balance concept by de®ning the mechanisms involved. This
hypothesis also conforms to the principles of the metapopulation concept as they have
evolved to the present (Hastings and Harrison, 1994; Harrison and Hastings, 1996) and
is consistent with the observations discussed in this paper. As the majority of
individuals will ultimately spawn within their native population (due to hydrodynamic
forces on the larvae and the effects of schooling on the juveniles), differences in the
mean value of meristic and morphometric measurements, which re¯ect environmental
conditions during early life, will be maintained although with overlapping distributions.
Life-history traits will be a function of the reproductive cycle of the adopting
population, depending upon environmental conditions during maturation, thus producing
interpopulation differences in these characters independent of the hatching season. The
strong tendency for herring to home to a spawning ground where they have previously
spawned is re¯ected in the results of tagging studies and in the stability of population
parameters in the adult segment of local populations (e.g. year-class strength). This
allows for the persistence of local spawning populations in geographic space, again
irrespective of the place of birth. The twinning phenomenon, rather than being the
result of favourable environmental conditions acting over two consecutive seasons, is
simply the consequence of a large year class, from either a spring- or an autumn-
spawning event, contributing to both spawning populations at maturation. Evidently,
with this amount of gene ¯ow, no genetic differences would be expected between
sympatric herring populations, nor have any temporally stable differences been
observed.

The controversy surrounding the relationships between local herring populations, i.e.
their discreteness, is not one of degree (Stephenson, 1991), but rather should be
approached in terms of processes. Local populations form integral units, but are not
independent of their sympatric conspeci®cs. This interdependence has been inferred in
many studies by referring to `population or stock complexes' showing `various degrees
of discreteness'. However, these terms merely served to underline our lack of
understanding of the actual relationships between local populations. The adopted-
migrant hypothesis attempts to de®ne these relationships in terms of energetic processes
(e.g. the onset of maturation, maturation rates) and behavioural processes (e.g.
schooling, social transmission) so that models of population interactions can be
constructed and tested.

Local populations, which are most likely de®ned by hydrographic features associated
with one or more spawning grounds (Cushing, 1967; Iles and Sinclair, 1982; Heath,
1990), should be considered as the basic ®sheries management unit. Although speci®c
spawning beds come and go (Cushing, 1967), local populations show persistence. Their
conservation is essential for the preservation of spawning potential and for the viability
of coastal ®sheries which depend upon the regular arrival of migrating local
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Table 2. Comparison of the mechanisms and characteristics associated with the fundamental properties of the three population concepts described for

Atlantic herring

Population concept

Property Discrete Dynamic balance Metapopulation

Hypothesis Member=vagrant. No formal hypothesis proposed. Adopted migrant.

Structure Genetic and physical: Natal homing

(philopatry) of adults to stable, discrete

hydrographic features.

Environmental: No stable population

structure. Larval and juvenile mixing.

Some homing to spawning grounds.

Behavioural and physical: Repeat

homing by adults to traditional

spawning grounds de®ned by

hydrographic features.

Persistence Behavioural and genetic: Larvae

actively remain aggregated in a diffuse

environment (retention). Life-cycle

selection ensures that adults home to

speci®c natal spawning sites.

Transient: Populations respond to

changing environmental (and ®shing)

pressures, although a proportion of ®sh

return to their birth area.

Behavioural: Social transmission of

migration and homing patterns from

the adults to the recruiting juveniles is

reinforced by repetition and strong

schooling behaviour.

Integrity Reproductive isolation: Local

populations are reproductively isolated

through closed life cycles, i.e. ®xed

spawning time and philopatry. Gene

¯ow is limited, i.e. free crossing

constrained by strong philopatry and

life-cycle selection.

Limited ®delity: Some ®sh spawn with

their natal population. Gene ¯ow is

signi®cant, i.e. no ®xed spawning time,

no genetic basis for larval retention

areas, no strict philopatry.

Behavioural isolation: Repeat homing

reinforces ®delity to adopted

spawning grounds. Gene ¯ow is

signi®cant, i.e. strays are adopted by

non-natal local populations.
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populations. However, where ®sheries are prosecuted on a mixture of local populations
that cannot be distinguished, the practical management unit becomes the metapopula-
tion. Furthermore, when studying population dynamics such as recruitment processes
and genetic equilibrium, one must consider the dynamics of the entire metapopulation.
With the recruitment of signi®cant numbers of migrants from within the metapopulation
to different local populations, stock±recruitment relationships would not be expected to
show a strong correlation between recruitment and local population size.

The metapopulation structure also confers a certain resilience to the local population,
in that the recruitment of a strong year class may spread over several local populations.
An example of this pattern of dispersion involves the Georges Bank population. This
local population of Atlantic herring, formerly one of the largest in the north-west
Atlantic, was diminished by ®shing to the point where spawning activity went
undetected for a decade. Although it has been argued that its reappearance was due to
population resurgence (Stephenson and Korn®eld, 1990), the fact that the spawning
grounds were recolonized by a single strong year class (1983) encountered throughout
the Gulf of Maine, follows the pattern of recolonization by a successful cohort as
predicted by the adopted-migrant hypothesis. The temporal changes in larval
distributions observed in this area before the population recovery (Smith and Morse,
1990) were also consistent with a pattern of population expansion and recolonization
from within the Gulf of Maine metapopulation.

It is time for a rethinking of the relationships between local populations for many
marine species where contradictory evidence supporting both discreteness and mixing
has prevented a clear de®nition of the population structure. The properties of the
metapopulation have interesting implications for many species that display life-history
characteristics similar to those of Atlantic herring, i.e. the right-hand side of Table 1. In
particular, given that some key observations used to formulate the adopted-migrant
hypothesis came from studies of Paci®c herring, and given their similar, although not
identical, ecological characteristics to Atlantic herring, the metapopulation concept
would seem to be a pertinent model for this species.
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