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SUSTAINABLE EXPLOITATION OF SMALL PELAGIC
FISH STOCKS CHALLENGED BY ENVIRONMENTAL
AND ECOSYSTEM CHANGES: A REVIEW
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ABSTRACT

Small pelagic fish contribute up to 50% of the total landing of marine species.
They are most abundant in upwelling areas and contribute to food security. Exploit-
ed stocks of these species are prone to large interannual and interdecadal variation
of abundance as well as to collapse. We discuss why small pelagic fish and fisheries
are so “special” with regard to their biology, ecology, and behavior. Two adjectives
can sum up the characteristics of pelagic species: variability and instability. Analy-
ses of the relationships between small pelagic fish and their physical environment
at different time-scales illustrate the complexity of the interplay between exploita-
tion and environmental impacts. How small pelagic fish species are positioned and
related within the trophic web suggests that these species play a central role in the
functioning and dynamics of upwelling ecosystems. Finally, we discuss the sustain-
able exploitation of small pelagic fisheries through appropriate management, focus-
ing on the resilience to exploitation, a comparison of different management options
and regulatory mechanisms. We recommend that statistical, socio-economical, and
political merits of a proposed two-level (short- and long-term) management strategy
be undertaken.

Despite constant progress in understanding the complex processes involved in the
variability of pelagic stock abundance, especially at short and medium time scales,
our ability to predict abundance and catches is limited, which in turn limits our ca-
pacity to properly manage the fisheries and ensure sustainable exploitation. Substan-
tial progress can be expected from an integrated modeling approach of spatialized
models coupling hydrodynamics, biogeochemical, and ecological processes.

Although there are many definitions of “small pelagic fish,” this expression most
commonly refers to shoaling epipelagic fish characterized by high horizontal and
vertical mobility in coastal areas and which, as adults, are usually 10-30 cm in
length. The upper limit is often the most debated, since some authors use the term
“medium-sized pelagic fish” to designate larger fish ranging from about 20-60 cm
(Bas et al., 1995). This distinction between the two size groups simultaneously allows
distinctions to be made with regard to the position of the species within the food
web: the conventional “small pelagic fish” includes typical forage species like sardine
and anchovy preying on phytoplankton and/or micro-meso- zooplankton, while the
group of “medium-sized pelagic fish” includes mostly species from intermediate tro-
phic levels like horse-mackerel, mackerels, and coastal tunas. When adult, the latter
species prey mainly on macro-zooplankton, ichthyoplankton, and small fish or mol-
lusks. In this work, we will focus mainly on the conventional “small pelagic fish,” but
will also often refer to, or contrast findings with, medium-sized pelagic fish. When
referring to both small and medium-sized pelagic fish, we will use the terms “pelagic
fish” or “coastal pelagic fish” to separate them from the large oceanic tunas, although
not all medium-sized pelagic fish remain on the continental shelf for the duration of
their whole life cycle.
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Figure 1. World pelagic and demersal marine fish catch from 1950-1999 (data source FAO, Fish-
Stat, www.fao.org).

Small pelagic fish are abundant in all oceans and seas except the Antarctic, where
large euphausids (a schooling species of zooplankton) constituting the krill occupy
a similar trophic level. According to FAO data (FAO, 2002; Fig. 1), small pelagic fish
contributed up to 39 million t or 50% of the total landing of marine species. The ratio
of pelagic/demersal catches varied from 1.0-2.1 over the last 51 yrs, with a positive
trend at least partly related to overexploitation of the higher trophic levels (Pauly
et al.,, 1998). Although these official landing statistics are likely to be inaccurate for
some countries (Watson and Pauly, 2001), the relative values given here provide con-
sistent trends during the last decades.

Despite their usually low commercial value, small pelagic fish provide a substantial
source of income for many developing countries due to their abundance, especially
in the four major upwelling regions located on the eastern border of the Pacific and
Atlantic Oceans. In these regions, a few species of small pelagic fish represent a large
amount of the total fish biomass. This is typically the case for Peru (Peruvian ancho-
veta and sardine) and Chile (anchoveta, sardine and also horse-mackerel, a medium-
sized pelagic species) in the Humboldt Current ecosystem, Mauritania and Senegal
(sardine and sardinella) in the Canary Current ecosystem, Namibia and South Africa
(sardine, anchovy and horse-mackerel) in the Benguela Current ecosystem and, to
a lesser extent, Mexico (sardine and anchovy) in the California Current ecosystem.
In this work we will often refer to these productive areas and others, such as the
Kurushio-Oyashio Extension (Japanese sardine), the North Sea and the Norwegian
Sea (the latter two being inhabited by several herring stocks) or the Gulf of Guinea
(sardinellas). In some of these regions, coastal pelagic fish contribute substantially to
food security, either directly (human consumption of fresh, smoked, or frozen fish)
or indirectly (income for a component of society).

Many examples of small pelagic fishery collapses occurred during the second half
of the 20" century (Figs. 2A,B) and, in most cases, these collapses were clearly associ-
ated with an abrupt decline in the corresponding fish stock biomass with delayed re-
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Figure 2. Catches of (A) sardine and (B) anchovy in the Pacific Ocean [source: Scientific Com-
mittee on Oceanic Researh Working Group (SCOR WP) 101].

covery, if any (Troadec et al., 1980; Beverton, 1990; Hutchings, 2000). Whether these
biomass variations were mainly driven by natural variability (due to environmental
changes and/or species interactions), exploitation, or both has been, and is still, de-
bated at length (Lluch-Belda et al., 1989; 1992a; Schwartzlose et al., 1999). In this
work we will try to shed more light on this issue and propose management strategies
aimed at minimizing the risk of stock and fishery collapse. This introduction is fol-
lowed by four sections and a final section of general conclusions and recommenda-
tions. In the first section we explain why small pelagic fish and fisheries are “unique”
in terms of their biology, ecology, behavior, and commercial aspects. The second
section gives details on the relationships between small pelagic fish and their physi-
cal environment at different time-scales. The third section indicates how small pe-
lagic fish are related within the trophic web and presents some modeling approaches
in this regard. Finally, the fourth section deals with the sustainable exploitation of
small pelagic fisheries through appropriate management, focusing on the resilience
to exploitation, different management options, and regulatory mechanisms.
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WHY PELAGIC FISH AND FISHERIES ARE “UNIQUE”

HABITAT

By definition, pelagic fish live in the pelagic domain, that is, they move freely in
the water-column where they spend most of their time. Most of the small pelagic fish
species are epipelagic, that is, they live in the uppermost layer of the ocean, usually
at depths of 0-200 m, although the limit of the deeper boundary varies according to
the species and region. For instance, Sardinella aurita Valenciennes in Cuvier and
Valenciennes, 1847 off the Gulf of Guinea migrate in deeper waters (>200 m) out of
the upwelling season (Longhurst and Pauly, 1987). Many medium-sized pelagic fish
are found in a wider range of depths, typically from the surface to 500 m. The view
that pelagic fish are remote from the sea floor is largely incorrect. Firstly, a minor-
ity of pelagic species, such as herrings and capelins, are demersal spawners, laying
adhesive eggs on the bottom (Blaxter and Hunter, 1982). Secondly, many pelagic spe-
cies, especially medium-sized ones, are frequently found close to the bottom during
daytime and are therefore vulnerable to semi-pelagic fishing gear and even to bottom
trawls. Some of these species (e.g., horse-mackerel and mackerel) feed on or near the
bottom, but for others, like the gilt sardine S. aurita, only the sediment found in
their stomachs testifies to their bottom activity and suggests that they might make
use of the bacterial film (Nieland, 1982). Therefore, the reason for large “pole shaped
schools” (Petitgas and Levenez, 1996) several tens of meters high and of which only
the base is in contact with the bottom for prolonged periods of time remains un-
clear.

MORPHOLOGY

Small pelagic fish are characterized by a streamlined body shape (fusiform and lat-
erally compressed) and forked caudal fin. These characteristics make them good and
fast swimmers, despite their small size. Another typical phenotypic trait of coastal
pelagic fish is their discrete coloration, ranging from dark gray to silver. The flanks
are usually highly reflective and the dorsal surface dark in order to render the fish
inconspicuous to predators: light is reflected in such a way that it matches the back-
ground light against which the fish is viewed (Blaxter and Hunter, 1982). Pelagic fish
are also capable of camouflage by adjusting the state of the melanophores on their
dorsal surface.

The body of most small pelagic fish species is fragile, comprised of soft tissue and a
thin skin. Physical protection is provided by small scales that cover nearly the whole
body in most species, and by the mucus produced by their skin. Scales and mucus
are easily lost by manipulation or contact with fishing gears, leaving the thin skin
exposed to wound infection by bacteria, fungal diseases, or external parasites. Small
pelagic species are extremely frail, subjected to unexpectedly large mortality occur-
ring during the catch process: most of the small pelagic fish that come into contact
with fishing gear but escape it, or make close contact with other fish during fishing,
are likely to die (Misund and Beltestad, 1995). Furthermore, when excess catches
occur (exceeded quota or saturation of the fishing unit by capturing too much to be
handled or processed on board), or when non target-species or sizes are caught, fish
are dumped, and most, if not all, die. These additional sources of mortality are usu-
ally not reported by fishers and are difficult to estimate.
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Another consequence of the fragility of small pelagic fish, aggravated by their small
size, is the difficulty in tagging them. Few small pelagic species survive tagging, espe-
cially when external tags are used (Blaxter and Hunter, 1982). Internal magnetic tags
are better adapted but still result in high mortality, or tag extrusion (Winters, 1977),
and require sophisticated means of detection (Parker, 1972; Hoff et al., 1988). As a
result of these difficulties in tagging small pelagic fish, their stock structure is usually
poorly known. Nonetheless, recent advances in this field have been made using ge-
netic markers and parasite occurrence (see last section on “Sustainable Management
of Small Pelagic Fisheries”).

Brorogy

Most pelagic fish species are pelagic spawners and fertilization is external. Fertil-
ized eggs become embryos after a few days and hatched larvae have a typical pelagic
phase of a few weeks, even in the case of bottom spawners. Because most of the eggs
of pelagic fish are small, the yolk sac is small and quickly absorbed. The yolk sac
phase is therefore short and the larvae have to feed quickly to avoid death by starva-
tion. This pelagic stage of eggs and larvae with little mobility is a common feature
of the life history of pelagic fish, and is a stage shared with most marine species. As
we will see in the next sections, this stage has enormous implications in terms of
colonization by species and recruitment success (i.e., young fish entering the actual
fishery).

The fecundity of pelagic fish species is high, both in absolute (Fig. 3) and relative
values. Typically, a female lays 50,000 eggs during a spawning season, which in tem-
perate areas, varies in duration from a few weeks to several months when spawning
does not occur all year through, as is often the case in sub-tropical and tropical areas.
There is no parental care and cannibalism of eggs and larvae is often severe (Alheit,
1987; Valdés Seinfeld et al., 1987; Valdés Seinfeld, 1991).

On average, only one or two of the many eggs spawned by each female during the
spawning season have to survive to ensure the equilibrium of the population. This
means that the normal fate of an egg or larvae, prior to metamorphosis from the
larval stage, is death. Mortality rate decreases dramatically with age (Smith, 1985)
and therefore the motto for teleost larvae is “grow, or die” (Iles, 1980). Because pe-
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Figure 3. Absolute fecundity by category of fish [number of species = 305 (min) and 317 (max)
respectively); source: FishBase, Froese and Pauly, (2000)].
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lagic eggs and larvae are very vulnerable to predation and have strict requirements
in terms of feeding and environmental conditions, they are faced with a continuous
series of “survival windows” with low probability of success (Bakun, 1996). Genetic
studies indicate that only a few individuals that spawned “at the right place and at
the right time” contribute to the reproductive success. Due to the large interannual
variability of environmental conditions (transport, temperature, abundance of prey,
etc.) the “right place and right time” are likely to vary from year to year. This supports
the idea of the evolutionary selection of an opportunistic reproductive strategy for a
species, consisting of high fecundity associated with an extended spawning period
over a wide area. This strategy allows a continual “testing” by these species of favor-
able environmental conditions and is likely to explain population outbursts observed
from time to time. Nonetheless, simulation studies backed by some genetic studies
suggest that an opposite strategy of natal homing may also be viable (Le Page and
Cury, 1997; see also section “Pelagic Fish within the Ecosystem” for more details).

Another typical trait of pelagic fish is their short life span, although in that respect
we have to distinguish between two categories. In anchovy-like species, the aver-
age life span typically ranges from 2-5 yrs, first sexual maturity occurs during the
first year and only one or two cohorts significantly contribute to the fishery. In sar-
dine-like species, the life span is 5-8 yrs and normally several cohorts above 2—3 yrs
contribute to the fishery, although these numbers might be substantially reduced in
stocks where exploitation decreases the average life span. Because the coefficient of
variation of recruitment is inversely proportional to the longevity (Longhurst, 2002),
this reduction in the number of year classes of exploited stock must be of serious
concern, as much for long-lived species as well as for those that are shorter-lived.

In pelagic fish, growth rate tends to be inversely related to fish length (Kawasaki,
1983). Despite their small size, small pelagic fish grow relatively fast, with values of
the coefficient k of the von Bertalanffy equation ranging from 0.2—-0.8. We already
mentioned (introduction) that small pelagic fish prey on phytoplankton and/or mi-
cro- and meso- zooplankton. Many of these species can switch from particulate to
filter feeding (James, 1988; van der Lingen, 1994). However, pelagic fish most often
prefer particular prey species of certain sizes: in the southern Benguela, anchovy En-
graulis capensis Gilchrist, 1913 feed preferentially on large copepods (Richardson et
al., 1998), whereas sardine Sardinops sagax (Jenyns, 1842) derive most of their energy
from small calanoid copepods, anchovy eggs, crustacean eggs, and nauplii (van der
Lingen, 1999, 2002). Medium-sized pelagic fish are usually particulate feeders, prey-
ing mainly on macro-zooplankton, ichthyoplankton, and small fish or mollusks.

BEHAVIOR

A major characteristic of pelagic fish is their gregarious spatial behavior. Pelagic
fish are rarely observed alone and usually display 2—4 levels of aggregation during
the day, suggesting a fractal structure: (1) core concentrations or nucleus of fish
densely packed within a school or shoal; (2) school or shoal; (3) clusters of schools,
also termed aggregations; and sometimes (4) large concentrations or sub-stocks (Fig.
4). The characteristics of these entities vary largely in time, space, and according to
the species. Typical average values are given in Table 1. The spatial dynamics linking
nucleus, school, cluster, concentrations, and the whole stock are still poorly under-
stood and the few studies on the topic do not suggest a general pattern shared by dif-
ferent species or even by the same species within the ecosystem (Barange et al., 1999;
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Figure 4. Simplified diagram showing the “fractal” distribution of pelagic fish species (adapted
from Fréon and Misund, 1999).

Fréon and Misund, 1999; Mackinson et al., 1999; Bahri and Fréon, 2000; Petitgas et
al,, 2001).

Fish school biomass ranges from a few 100 kgs to 100s of t. The packing density
within a school usually varies from 1-100 fish m= according to the species, fish size
(density inversely correlated to fish length), presence of predators, food density, and
the activity of fish at the time: feeding, escaping predators, spawning, etc. (Pitcher and
Parrish, 1993; Fréon and Misund, 1999). Fish in a school are usually polarized and
relatively evenly distributed, at least at the scale of a few meters. Within large schools,
the different core units might behave relatively independently from one another (Fréon
etal.,, 1993a).

The function of schooling has been long debated and nowadays it is accepted that
this behavior has evolved in response to different needs and has a multi-purpose
function related to: survival of predator attacks (effective evasion maneuvers, con-
fusing effect, increased global vigilance, dilution effect, etc.), effectiveness of feeding,
hydrodynamic advantages, migration, reproduction, and learning (Pitcher and Par-
rish, 1993; Fréon and Misund, 1999). At night, dense schools of fish often disperse in
looser shoals or dense layers, although many species are still found in dense schools
during the night because they detect one another by means of the low light intensity



392 BULLETIN OF MARINE SCIENCE, VOL. 76, NO. 2, 2005

Table 1. Typical characteristics (orders of magnitude) of the different levels of aggregation of
pelagic species.

Object Number of fish Total weight Global size

Fish 1 100 g 20 cm
Nucleus 10 1t 10x5x3m
School 10° 10t 20x 10 x 5 m
Cluster 108 10%t 10 x 10 n.mi
Sub-stock 10" 10°t 100 x 100 n.mi

(moon light, bioluminescence) or their lateral line (Blaxter and Hunter, 1982; Gray
and Denton, 1991; Marchal, 1993; Fréon et al., 1996; Fréon and Misund, 1999).

Several species of similar size and body shape quite often gather in a single school,
although it seems that different species do not always intermingle within the same
school but rather occupy different locations (Parrish, 1989; Fréon and Misund, 1999).
The evolutionary advantage of such assemblages of fish species is still debated among
the scientific community. Because it is now accepted that a minimum school size is
necessary for fish to benefit from the many advantages of schooling and that many of
these benefits increase with increasing school size (reviews in Wolf, 1985; Fréon and
Misund, 1999; Krause and Ruxton, 2002), the first explanation for a mixed school is
that individuals join it to gain access to the benefits of being in a larger group.

Two recent and complementary hypotheses suggest that the advantages of mixed
schools may go beyond this simple share of increased benefits. The first one, called
the “meeting point hypothesis,” states that a less abundant species (at least at the lo-
cal geographical scale) might make use of the school of a more abundant species to
re-aggregate. Joining the school of another species will increase the encounter rate
between isolated individuals or small schools and other schools, in order to consti-
tute bigger schools that are more conducive to the survival of the species (Fréon and
Dagorn, 2000). Therefore, this first hypothesis suggests that mixed schools represent
only a provisional aggregation pattern and act as a meeting point for a given spe-
cies to find more conspecifics and finally form a bigger monospecific school when
some critical biomass is reached or exceeded. The second recent hypothesis is the
“school-trap hypothesis,” which states that a fish species driven to school together
with a more abundant species must effectively subordinate its specific needs and
preferences to the “corporate volition” of the school (Bakun and Cury, 1999). The
school-trap hypothesis can lead to the theory that adaptive changes in the popula-
tion dynamics (“school-mix feedback”; Bakun, 2001) occur much faster than those
related to genetic evolutionary processes (Bakun, 2005; this issue).

The reason for the upper levels of aggregation (cluster and concentrations) is not
always known and is not necessarily unique: habitat selection, reproduction, func-
tional assemblage, etc. In many cases, these upper levels of aggregation do not con-
cern a single species of pelagic fish, even in the cases where no mixed schools are
observed and the spatial distribution of schools belonging to different species might
display some structure (Massé et al., 1996).

Finally, another important behavioral trait of fish, shared at different degrees by
all fish species, is their faculty to learn from previous experiences. Even after only a
single occurrence, if stressful enough, a previous experience may become a “one trial
learning.” The consequence of this behavior to stock assessment and management
has been largely underestimated. It will obviously take a long time for an evolution-
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ary process governed by fishing pressure to select against schooling, a strong, com-
plex, and effective selected behavior occurring early in the ontogeny of pelagic fish.
Nonetheless, learning how to avoid or escape from fishing gears as a group might, to
a large extent, counter the negative effect of schooling on the vulnerability to fish-
ing gears (review in Fréon and Misund, 1999) and besides, there can be interplay
between evolution and learning (Anderson, 1995).

Ecoroagy

Small pelagic species often constitute the bulk of the fish biomass in marine eco-
systems, especially in very productive ones like eastern boundary currents. This
abundance contrasts with the low number of dominant small pelagic species. Ac-
cording to FAO (1997), 186 fish species are exploited by world pelagic fisheries, but
50% of total pelagic landings are represented by only seven abundant species (an-
choveta, Atlantic herring, Japanese pilchard, South American pilchard, chub mack-
erel, capelin, and Chilean jack mackerel). As an example, the number of species of
small pelagic fish inhabiting the whole South African marine domain is smaller than
any other taxa or group of species (Gibbons et al., 1999), whereas pelagic species
are estimated to be the most abundant group in the southern Benguela, followed by
mesopelagic fish, hakes, and other demersal species (Shannon, 2001). Because these
few small pelagic species occupy a mid-trophic position in the food web and seem
to play an important role in the functioning of the ecosystem, the corresponding
ecosystems have been termed “wasp-waist” by Rice (1995). In the section “Pelagic
Fish within the Ecosystem” we will see how different species in an ecosystem interact
with or depend on others by means of the conventional “bottom-up” or “top-down”
versus “wasp-waist” types of control.

The reliance of commercial pelagic fish species on regions of high productivity
constrains their distribution and thus characterizes the habitat with which the spe-
cies are associated, that is, usually coastal areas. The main processes responsible for
large-scale high productivity are upwelling, and, to a smaller extent, tidal mixing and
river discharges (FAO, 1995a; Bakun, 1996). Both processes bring into the euphotic
zone nutrients that initiate primary production by photosynthesis (phytoplankton),
upon which the rest of the trophic web is built. These enrichment processes occur
mainly on the continental shelf, but can also extend beyond it when the processes are
intense and/or when the shelf is narrow, as is the case off Chile (Yafiez et al., 1996).
Within the spatial distribution of a pelagic fish stock, higher fish densities are ob-
served in areas where food concentration is greater, such as in frontal or convergence
zones (see next section).

Seasonal migrations of small and medium-sized pelagic fish are often observed
and, according to the accessibility of the fish, the corresponding fisheries are either
seasonal or follow the fish in their migration. The migration distance can vary from
a few 100 km to more than 1000 and the distance and timing may vary according to
fish age (reviews in Harden Jones, 1968; McCleave et al., 1984; Dingle, 1996; Fréon
and Misund, 1999). Migrations are evolutionary adaptations in response to seasonal
changes in food abundance or to the need for spawning in a given area where hydro-
logical conditions are favorable for survival. Usually these migrations occur along
the coast, but some species, like the Atlanto-Scandinavian herring, undertake open
sea migration (Bakken, 1983). The spatio-temporal pattern of migrations can vary
on an interdecadal scale for reasons not always clearly understood, such as changes
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Figure 5. Change in the fat stages (amount of mesenteric fat; 1 = min; 5 = max) of the anchovy
Engraulis encrasicolus (synonymy E. capensis) of South Africa (redrawn from van der Lingen
and Hutchings, in press.). Note that year 2000 and 2001 were years of substantial population
level, as shown in Figure 6.

in the fish stock abundance, overexploitation of some fragment of the population,
or changes in environmental conditions (McCleave et al., 1984; Fréon and Misund,
1999).

The whole distribution area of a pelagic fish stock can vary from year to year, not
only with changes in productivity but also with species abundance. In addition, this
often involves the “chicken and egg” situation (see next section). When their abun-
dance decreases, some small pelagic fish species, like sardine or herring, might de-
crease their area of distribution accordingly, resulting in a smaller than expected
change in overall density within the reduced range. Furthermore, these species may
continue to form schools of the same magnitude, although there will be fewer such
schools. Because the ability of fishers to locate these schools remains high and is
aided by technology, catches and catch rates are maintained despite reduced abun-
dance. As a result, the catchability of the stock increases and catch rates do not de-
crease dramatically when the stock declines, until the reduced abundance of schools
begins to impact fishing success or the stock even collapses (Fox, 1974; MacCall,
1976; Ultang, 1976; Mackinson et al., 1997; Fréon and Misund, 1999). [In the fishery
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biology literature, catchability and availability are used either synonymously or a
distinction is made between catchability, as describing small scale interactions be-
tween the fish and the fishing unit, and availability, meaning the large scale match
between fish distribution and the fleet range. Following common practice, we will
use catchability in the broad sense, which covers both spatial scales]. Consequently,
there is no warning to the fishing sector that could encourage a reduction in the rate
of exploitation at a time when a reduction in exploitation is most required to ensure
that the fishery is sustained. For other species, like anchovy, a change in abundance
has little effect on its area of distribution but rather results in a dramatic change in
the overall fish density (Barange et al., 1999).

POPULATION DYNAMICS AND STOCK ASSESSMENT

Because the vast majority of marine species have a very high fecundity, density
dependent processes are expected to regulate their abundance to a certain degree.
The observed large variability in condition factor, fecundity, growth, etc. reinforces
this idea of regulation of the population (Fig. 5). Not surprisingly, the cornerstone of
population dynamics is the stock-recruitment relationship proposed in the middle of
the 20" century by the “fathers” of this discipline (Ricker, 1954; Beverton and Holt,
1957). In these theoretical relationships, recruitment first increases with increasing
biomass of the parental stock (left slope of the curve) and then decreases or levels
off (right side of the curve). The left slope of the curve is relatively consistent among
stocks (Myers et al., 1999). Nonetheless, after half a century of intensive studies on
population dynamics of pelagic fish, few examples clearly demonstrate the reality
of the right part of these functions for pelagic fish (Zheng, 1996), which in most
cases poorly fits the observed data, although some consistency can be observed when
applying meta-analysis on a large dataset regrouping pelagic and demersal species
(Myers and Barrowman, 1996). The poor fit of such relationships demonstrates the
difficulty of producing precise predictions of recruitment and future catches, as well
as the need for management strategies that are robust with respect to this uncer-
tainty. These difficulties in understanding the population dynamics of pelagic fish
encouraged the development of direct methods of assessment like acoustic, ichthyo-
plankton, or aerial surveys (reviews in Gunderson, 1993).

The two most frequently advocated reasons to explain the poor fit of the stock/re-
cruitment relationships are the error associated with both terms of the equation (pa-
rental stock and recruitment estimates) and the dampening effects of environmental
factors on this relationship (see next section). Although measurement errors in stock
and recruitment are obviously important, they are insufficient to explain the lack of
relationship as demonstrated in the case of the anchovy population of the southern
Benguela, where these errors are fairly well quantified (Fig. 6). The influence of en-
vironmental factors is certainly a more likely candidate for this explanation; we will
expand on this topic in the next section.

EXPLOITATION

Nearly all fisheries targeting pelagic fish take advantage of the gregariousness of
pelagic fish to make large catches using efficient gears (von Brandt, 1984; Fréon and
Misund, 1999; Parrish, 1999; Misund et al., 2002). Purse seining is by far the most
efficient way of catching surface schooling species when they concentrate in large
enough schools. It is estimated that over three quarters of the total world catch is
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Figure 6. Stock-recruitment relationship of the anchovy Engraulis encrasicolus (synonymy E.
capensis) of South Africa (Jose de Oliviera, Marine and Coastal Management (MCM), pers.
comm.).

taken using purse seines. A purse seine is a large net (300 m to a few km), the top of
which is kept at the surface by a line of floats while the lower part of the net sinks, due
to the force of a leadline, usually up to a depth of 30—-50 m, depending on the height
of the purse seine. A purse seine net is set from the aft of a boat in an approximate
circle around a fish school.

Typically, a purse seine can encircle schools of several tens of tons in just a few
minutes, when fish schools are not of the order of several hundred tons as in some
fisheries, such as the horse-mackerel fishery of Talcahuano, Chile (Hancock et al.,
1995). The purse seine is closed underneath by hauling up the purse line that is locat-
ed along the side of the vessel. In most industrial fisheries, fish are pumped directly
from the net, and the pumping rate can be over 10 t min'. In semi-industrial fisher-
ies, fish are loaded into the boat using large scoop nets operated by a winch, while in
artisanal fisheries, all operations are manual (the portion of the net containing fish
is pulled aboard). In all cases, the remaining fish are squeezed into the net and suffer
from oxygen depletion and scale loss. Diving below the net has shown a typical “rain”
of scales and experimental studies revealed that the survival rate of fish released
after the net bursts is extremely low 120 hrs later (from 0%—5%), and this is mainly
due to scale loss (Misund and Beltestad, 1995). Similar or slightly lower survival rates
are expected when fish are dumped before being loaded on board. Although these
low survival rates do not favor the learning processes already mentioned (behavior
sub-section), it is possible that surviving fish can learn from purse seine experiences
because fishers often miss targets when trying to circle fish schools: purse seine fish-
ing success varies between 60% and 80%, depending on the species and fisheries.

Pelagic trawls —also called midwater trawls— are more efficient than purse seines
when schools are too small or too deep to be reached by surface gear like a purse
seine or when fish are dispersed in dense layers. A pelagic trawl is a net bag towed
behind a single vessel or between two vessels operating together. The net entrance is
wide (several tens of meters), made of large meshed net and parallel ropes that con-
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centrate the fish into the trawl mouth. It is kept open by two or four diverging doors,
a submerged float line on the upper part and heavy weights at the bottom. Nowadays,
several electronic sensors monitor the depth and opening of the trawl as well as the
quantity of fish entering and remaining in the net. When the codend is sufficiently
full (usually after a period of 10-120 min) the net is wound up onto a powerful net
drum with 5-50 t pulling capacity. No survival is expected once fish have been so
heavily compressed in the net and loaded on board. In contrast, survival is not neg-
ligible for fish that escape from the midwater codend: estimates of survival rate vary
from 10%—90% (review in Fréon and Misund, 1999).

Secondary fishing gears used for small and medium-sized pelagic fish are semi-pe-
lagic trawls, bottom trawls, gill-nets (including surrounding gill-nets), beach seines,
and hand lines. The latter three gears are mainly used in small-scale fisheries (Seck,
1980; Misund et al., 2002). In some countries like Senegal, Cote d’'Ivoire, or Venezu-
ela, small-scale fisheries, operating with small wooden canoes modified by the addi-
tion of an outboard engine, contribute to the vast majority of the landings, catching
more than a 100,000 t of pelagic fish yr* (Fréon and Weber, 1983; Bard and Koran-
teng, 1995).

Because pelagic fish are highly aggregated, the time taken to catch them is short in
comparison to the time spent searching for them. Modern fishing of pelagic fish is
mostly dependent on detection and location of fish shoals by hydroacoustic instru-
ments (Misund, 1997). Larger purse seiners (> 40 m) have a low frequency, low-resolu-
tion sonar (18—34 kHz) for detecting fish shoals at long range, and a high-frequency,
high-resolution sonar (120-180 kHz) for more detailed mapping of shoal size and
fish behavior in relation to the vessel and the net. In addition to this equipment,
pelagic trawlers have sophisticated net sonde or trawl sonar that looks both upwards
and downwards and facilitates the depth adjustment of the net according to fish be-
havior (Misund et al., 2002). Visual detection of schools or of bird species associated
with them is also important in pelagic fisheries (especially for large pelagic fish) and
fishers make use of visual aids such as powerful binoculars, and of bird radars.

Despite the tremendous assistance of this modern fish finding technology, the first
thing a fisher looks for when leaving the harbor is not fish or birds but other fishing
vessels targeting the same species. This is by far the most efficient way to locate an
aggregation when enough vessels are involved in the fisheries. Cooperation versus
competition among fleets is a characteristic of pelagic fisheries (Hancock et al., 1995;
Gaertner et al,, 1999). Figure 7 illustrates how strong the competition for fishing
within an aggregation can be and how important it is to be able to access the core
of the concentration for good catches. Quite often two fishing boats try to circle the
same school and one can easily imagine the disputes that result from this competi-
tion. In the case of the sac-roe herring fishery of Alaska, where the fishing season is
open for just a few days, if not just minutes to a few minutes or hours, strict rules of
priority have been defined and the fleet is surveyed by plane (Belinay, 1994).

In most small pelagic fisheries and in a large number of medium-sized pelagic
ones, more than 90% of the catch is processed into fishmeal, which is used for animal
consumption. Therefore the price of fish is extremely low, in the order of a few U.S.
dollars per metric ton. Because the cost of pelagic fish largely depends on the global
market of fishmeal, which itself competes with the soya meal market (Durand, 1995),
some crises observed in the artisanal fishery can even find their roots on the global
market (Fréon and Weber, 1983). In the worst cases, pelagic fish are used as soil fer-
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Figure 7. Distribution of purse seiners exploiting a cluster of schools in the horse mackerel (Tra-
churus murphyi) fishery of Talcahuano, Chile. Example of radar recording of boats with set net
(filled circles) or not (open circles). Finely dotted lines show the nearest neighbor distance (NND)
of boats with a set net (NND = 0.57 = 0.27 nm). Modified after combination of Figures 4 and
8 from Hancock et al. (1995) and by addition of non-fishing ships (data kindly provided by the

authors).
tilizer, which correspond to the lowest trophic level in the terrestrial food web. Al-
though we understand that not all of the 40 million t of pelagic fish caught every year
can be sold for human consumption, there is obviously room for a large improvement
of the present situation. Many pelagic species used for fishmeal (anchovy, sardine,
gilt-sardine, horse-mackerel) are suitable for human consumption as fresh, smoked,
or frozen fish, providing that they are suitably handled and processed. Alternatively,
more elaborate fish products such as fish pasta or surimi-like products can be made
from these species (Patrick Soisson, COMAPECHE, pers. comm.). Encouraging such
a move would not only enhance food security of some countries but would also gen-
erate more profit from smaller catches. Depending on retained governance options,
this can result either in limiting the risk of overexploitation or encouraging it due to

political and or economic pressure.

CONCLUSION
Coastal pelagic fish dominate world catches but provide less economic returns

than expected due to the poor commercial use that is made of fish products. Due
to a number of specificities of pelagic species in terms of their habitat, morphology,
biology, behavior, ecology, population dynamics, and their vulnerability to modern
fishing gear, they are subject to large interannual and interdecadal fluctuations in
their biomass that challenges the sustainability of their exploitation. In short, two
adjectives can sum up the characteristics of pelagic species: variability and instabil-
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ity. These two attributes are largely shared with a very different but also short-lived
group of marine species, the cephalopods (squids and octopus). Small pelagic fish
and cephalopods contrast with most demersal species. However, when over-exploit-
ed, some stocks of semi-demersal species (like pollock, haddhock, and hake) partly
resemble pelagic fish stocks: they are short lived due to reduction in life expectancy;,
the pelagic phase is dominant (young fish), they have high relative fecundity, and
they exhibit characteristic schooling behavior.

PELAGIC FiSH AND THEIR PHYSICAL ENVIRONMENT

In this section, we will detail the relationship between coastal pelagic fish and
their physical environment at different time and spatial scales in an attempt to un-
derstand the various processes involved and how we can possibly use this knowledge
for modeling their dynamics and forecasting their abundance.

Our perception of the respective effects of the physical environment and exploita-
tion on marine resources has varied considerably through time. Schematically, five
periods can be defined, although their boundaries are debatable: (1) before 1900, the
“mother nature period”: marine resources are considered inexhaustible, regardless
of their exploitation; (2) 1900-1950, the start of heavy industrial exploitation, be-
ginning of scientific studies and awareness of the role of environmental factors: the
oceanographic environment is thought to affect mainly larval survival and recruit-
ment success (Hjort’s (1914) “critical period”); (3) 1950-1975, the reign of conven-
tional stock assessment and fishery management: Ricker (1954) and Beverton and
Holt (1957) invented fish population dynamics. Fishing mortality is considered to
be the major force driving stock abundance; (4) 1975-1995, the doubt period: many
failures occurred in fishery management (stock collapses due to overfishing) and
there is renewed interest in the role of environmental factors. Simultaneously, there
is a growing concern for the role of socioeconomic factors in stock assessment; and
(5) after 1995, the era of ecosystem-based management: following the model of ter-
restrial ecology management, and due to the growing role of environmentalists in
the protection of the environment, fishery management tends to be imbedded in
marine ecosystem management. Marine protected areas (MPAs) are implemented
and fisheries tend to be controlled by access (e.g., fishing rights) or market rights
(ecolabeling).

The effects of environmental factors on pelagic fish species can be schematically
subdivided according to three time scales at which they impact the fishery: short
term (from instantaneous effects to circadian, tidal, lunar, and seasonal scales), me-
dium term (interannual scale), and long term (interdecadal and centurial scales).
Different processes are involved in each situation.

SHORT-TERM INFLUENCES

Because they are very mobile and good fast swimmers, pelagic fish can react im-
mediately to changes in their physical environment. By performing either vertical or
horizontal migration in order to remain in their preferred habitat or microhabitat,
they avoid mortality caused by adverse conditions. Nonetheless, this is not always
the case and some mass mortality of pelagic fish has been observed in upwelling eco-
systems due to lack of oxygen or large-scale high concentration of hydrogen sulfide
(Gammelsrod et al., 1998; Weeks et al., 2002). In the most common situation, envi-
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ronmental variability will only result in fish movements, which can be associated
with changes in the aggregation pattern and will consequently affect the catchability
and availability of the exploited fish stocks. In this case, although the influence of
environmental conditions on the fishery is fast and over a short term, it can persist
for fairly long periods of time, as long as environmental conditions do not change as
outlined below.

Small-scale environmental changes, like internal waves, rip or tide currents, etc.,
can result in rapid movement of pelagic fish (e.g., Castongay and Gilbert, 1995). Al-
though these movements can be temporarily detrimental to fishing operations, they
are of finite duration and reversible, thus they can be easily overcome by fishers.

Diurnal changes in the vertical distribution of most pelagic fish form part of a
normal cycle which usually consists of migration to the upper layers at the end of
the day, associated with a lower level of aggregation than during the rest of the day;
before sunset, fish start to aggregate in dense schools and then migrate to deeper
layers (review in Neilson and Perry, 1990). These migrations are mainly driven by
distributional changes in prey and predator species and by light levels that modify
the mutual detection of the species. This diurnal cycle can be largely altered by any
changes responsible for a modification in the visibility of the fish, such as the tur-
bidity of the water column, the presence of bioluminescent plankton, or changes in
light intensity of the sun and moon, depending on cloudiness or moon phase. The
success of fishing operations largely depends on the depth of the fish and on their
level of aggregation. This is particularly true for purse seining because only surface
and subsurface schools can be caught in the upper layer. In Peru for instance, most
El Nifo events are characterized by the intrusion of a warm surface layer over the
continental shelf that can persist for several months. As a result, some species of fish
like anchoveta Engraulis ringens Jenyns, 1842 and sardine Sardinops sagax (Jenyns,
1842) move into deeper and cooler water where they are considerably less accessible
to surface gears and in coastal refuge areas (Pauly and Tsukayama, 1987; Bertrand et
al., 2004; Niquen and Bouchon, 2004). This situation can last for more than 6 mo, as
in the case of the persistent El Nifio event of 1997/98 (Niquen and Diaz, 2002). Other
deviations from the usual vertical distribution of pelagic fish might arise from anoxic
conditions in the water column.

Although, at the weekly scale, there are many reports of catches and distributions
of large pelagic fish (tuna and swordfish species) related to sea surface temperature
(SST), SST fronts, and oxygen concentration (reviews in Sund et al., 1981; Brill, 1994),
relationships between environmental factors and small pelagic fish species are less
salient. Anchovy spawning is thought to be related to certain temperature ranges
(Lasker et al., 1981; Fieldler, 1983; Richardson et al., 1998; van der Lingen et al., 2001)
and in the North Sea, herring biomass distributions seem to be related to SST and
salinity, with greater densities often associated with strong gradients in these pa-
rameters (Maravelias and Reid, 1995). A similar association of anchovy, sardine, and
jack mackerel distributions with thermal fronts was demonstrated in northern Chile
(Castillo et al., 1996). In Céte d’Ivoire, pelagic fish catches were related to a pattern
of SST at particular lags of a few weeks, which was associated with enrichment in
zooplankton, as fish tend to be more abundant in newly productive areas (Mendels-
sohn and Cury, 1987). In contrast, a number of studies failed to find a clear relation-
ship between small pelagic fish distribution and SST. For example, the spawning
distribution of the Californian anchovy was related to temperature in some studies,
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but not in others (Lasker et al., 1981; Fieldler, 1983). In South Africa, Kerstan (1993)
attempted to predict sardine distributions using data from nine research cruises but
reported that environmental variables (including temperature) could only explain
2%-10% of the variance in the sardine density. This last result was confirmed by
Agenbag et al. (2003) who incorporated satellite-derived SST and 11 yrs of data from
the South African fishery into General Linear Models and General Additive Models:
most of the variance was explained by temporal and spatial variables while all vari-
ables derived from SST explained only 0.5%—1.5% of the variance of the catch per
set of Cape anchovy (E. capensis), sardine (S. sagax), and round herring Etrumeus
whiteheadi Wongratana, 1983.

Although there are few scientifically proven relationships between SST and small
pelagic fish distributions —possibly due to the lack of information at small enough
spatial and temporal scales— near real time satellite thermal images are nonetheless
quite commonly used by pelagic fishing fleets in an attempt to locate the best fishing
spots (Santos, 2000).

Alongshore horizontal displacements of fish stocks are also observed in response
to modifications in the environment, which can alter the regular pattern of seasonal
migration. This occurs in Peru, where most El Nifio events result in the displacement
of the anchoveta stock from the central and northern parts of the Peruvian conti-
nental shelf to southern Peru and northern Chile (Bakun, 1996; Niquen and Diaz,
2002; Yanez et al., 2002), in addition to the above-mentioned vertical movements.
Similarly, in the northern Benguela, where strong and persistent incursions of the
Angola-Benguela front (“Benguela Nifios”) displace to northern Namibia tropical
species like the gilt sardine S. aurita, originating from Angola, and move sardine (S.
sagax) southwards. In this case, S. aurita is less accessible to the Angolan fleet but S.
sagax is more accessible to the Walvis Bay fleet off Namibia, despite adverse effects
of the Benguela Nifos on its overall abundance (Gammelsrad et al., 1998; Boyer and
Hampton, 2001; Boyer et al., 2001). Conversely, winter intensification of the upwell-
ing in the central part of the Benguela results in the incursion of up to 50% of the
stock of S. sagax from Namibia into Angola. Similar displacement of S. aurita and
Sardinella maderensis (Lowe, 1838) stocks are described by Binet (2001) in northern
Angola and Congo, in reaction to “Guinean Nifos” that involve the north equatorial
counter current.

Onshore or offshore movements in response to hydrological changes are also re-
ported for many pelagic species. Preceding the abovementioned vertical and along-
shore displacement of anchoveta and sardine in Peru and Chile during El Nifio events,
the fish are found closer to shore and therefore they are more available to the fishery
at the beginning of the event (Niquen and Diaz, 2002; Yaiiez et al., 2002). However,
this phenomenon is not observed during all El Nifio events and the forcing factors
responsible for such differences are still to be identified (Miguel Niquen, IMARPE,
pers. comm.).

Pelagic fish can also modify their aggregation level under certain conditions, al-
though this is not always fully understood but commonly attributed to environmental
changes. When fish move in response to environmental changes as indicated above,
changes in aggregation can be seen either as a direct consequence of the movement
itself or as an indirect one related to the new conditions found in the place to which
they moved (e.g., abundance of prey and/or predators). The density, biomass, and
shape of the school vary in a manner that does not always follow the well-known
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diurnal or seasonal patterns (Swartzman et al., 1994; Swartzman, 1997). Changes in
the overall abundance of prey and their local density or patchiness are certainly ma-
jor influences, but environmental forcings like the thermal structure (Gammelsrod
et al,, 1998), turbidity of the water, and changes in current speed and velocity also
play a major role, or even interact with biotic factors as suggested by Bertrand et al.
(2002).

The success of pelagic fisheries is largely dependent on these short-term influences
that mainly affect the catchability and availability of fish; fishers quickly detect them
and adjust their fishing patterns accordingly, especially when diurnal or lunar cycles
are involved (Anthony and Forgarty, 1985; Fréon et al., 1994). In contrast, when the
forcing factor(s) persist over long time periods, as is the case during El Nifo events,
short-term responses might last for several weeks or months and can affect the sus-
tainability of fisheries because they can dramatically increase the availability of the
resource, which can lead to its collapse in the case of an already overexploited stock.
This situation is more likely to occur in circumstances where environmental changes
positively influence the fish availability in the short term, and negatively affect their
abundance in the medium term, as shown by surplus production models taking into
account both types of effects (Fréon et al., 1993b).

MEDIUM-TERM INFLUENCES

This section focuses first on the environmental processes affecting larval survival
that lead to interannual variability in fish recruitment success, then it briefly men-
tions other processes affecting later stages of development. The first part of this sec-
tion consolidates several reviews that provide details and in depth analysis of these
processes (Cushing, 1982, 1990; Wooster and Bailey, 1989; Heath, 1992; McKenzie,
2000).

For the last 50 yrs, interannual variability of fish recruitment has been a major
research focus in fisheries oceanography. The “critical period” hypothesis of Hjort
(1914, 1926) states that the numerical value of a year class is determined at a very
early stage and that early first feeding of larvae seems to be the most vulnerable
stage in the life history of fish. From observations in the North Sea, Cushing (1975)
elaborated on Hjort’s hypothesis and proposed that the production of fish larvae can
match or mismatch the production of their food. The “match-mismatch” hypoth-
esis highlights the importance of the timing of spawning in temperate areas where
spawning must be tuned to the onset of the spring production cycle, and has since
been updated (Cushing, 1990). In subtropical regions, a temporal mismatch between
spawning and food might be less critical due to the extended production and spawn-
ing cycles (Cushing, 1982). Several authors reviewed or tested the applicability of the
match-mismatch hypothesis and it appears that it lacks support from field data in
many cases (Bainbridge et al., 1974; Sinclair and Tremblay, 1984; Sinclair 1988).

From extensive studies on feeding of anchovy larvae, Lasker (1975, 1978) showed
that larvae are relatively inefficient in capturing food and that fairly high concentra-
tions of the right type of food are necessary to keep larvae alive. Lasker’s observa-
tions indicated that suitable larval feeding grounds are restricted to chlorophyll-rich
subsurface layers associated with the thermocline in stratified layers and that storm-
related wind mixing can destroy the vertical stratification and disperse the larvae’s
preys within the water column. These observations formed the basis of Lasker’s sta-
ble-ocean hypothesis (Lasker, 1981). Support for Lasker’s stable-ocean hypothesis is
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found in Peterman and Bradford (1987). Using a time series of the anchovy mortal-
ity rate from 1954-1984, they showed that there is a negative relationship between
the anchovy mortality rate and the number of calm periods per month. A modeling
study by Wroblewski et al. (1989) provided further insight into Lasker’s stable-ocean
hypothesis. This study showed that optimal conditions for larval survival occur when
a wind event strong enough to deepen the mixed layer into the nutricline is followed
by a period of calm. This period between storms must be long enough for larvae to
develop into a stage where short-term starvation can be endured.

Parrish et al. (1981) noted that in the California Current many species spawn in
locations where, or at times when, offshore transport is minimal. Fish reproductive
strategies seem to have evolved in order to avoid the adverse effect of offshore trans-
port of eggs and larvae. Using a comparative approach between eastern boundary
current ecosystems, Parrish et al. (1983) found a general pattern of avoidance of in-
tense wind-induced turbulent mixing and of strong offshore-directed Ekman trans-
port in the spawning habits of sardines and anchovies.

Rothschild and Osborn (1988) proposed that turbulent water motion at small
scales (mm—cm) favors the encounter rates between predators and prey. This means
that the apparent prey concentration perceived by planktonic predators such as fish
larvae is higher in turbulent water than in calm water, if other factors (especially
food concentration) remain unchanged. Direct laboratory observation of cod larvae
feeding on live copepods confirmed the positive impact of small-scale turbulence
on encounter rates (MacKenzie and Kierboe, 1995). However, encounter is only one
part of the feeding process and larvae must also pursue and capture their encoun-
tered prey. Experimental observations showed that pursuit success decreased with
increasing turbulence (MacKenzie and Kierboe, 2000). MacKenzie (2000) provided
a comprehensive review of how turbulence affects feeding and growth of larval fish
and recruitment. He provided examples of field studies demonstrating contrasting
effects of turbulence on feeding, growth, and mortality rates and states that this is
due to a failure to directly sample the relevant process and the covariation of many
ecosystem processes as water columns become more (or less) turbulent. We still
need to identify which of the many oceanographic processes that turbulence influ-
ences has/have the most impact on fish growth and survival (Mackenzie, 2000).

The Optimal Environmental Window hypothesis (Cury and Roy, 1989) is an at-
tempt to reconcile contrasting, and often conflicting, hypotheses or results between
fish recruitment and upwelling intensity. By combining the major hypotheses avail-
able in the late 1980s relating recruitment variability to the environment into a
unique framework, the authors proposed that there is a dome-shaped relationship
between recruitment variability and upwelling intensity. A comparative analysis be-
tween upwelling systems and species supported the existence of these non-linear
relationships. The optimal environmental window can be viewed as the application
of Bakun’s triad (Bakun, 1996) in upwelling ecosystems to explain recruitment vari-
ability. Bakun (1996) proposed that three major classes of processes combine to yield
favorable reproductive habitats for coastal pelagic fish and also many other types of
fish. The three processes are: enrichment (upwelling, mixing, etc.), concentration
(convergence, fronts, etc.), and processes favoring retention within (or drift toward)
an appropriate habitat. Bakun (1998) illustrated how the triad might help in under-
standing the major spatio-temporal patterns of fish reproduction by providing a set
of ocean triad configurations in upwelling regions.
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Figure 8. Reconstructed time series of pelagic fish abundance in the Santa Barbara Basin, Cali-
fornia, from core sediment analysis (Baumgartner et al., 1992).

Environmental processes might also affect pelagic stocks at later stages of fish de-
velopment, including the post-recruitment period. Peterman et al. (1988) found a
lack of correlation between the abundance of recruits (> 1 yr) and the abundance of
4.5 d- and 19 d-old larvae, although this result partly contradicts a previous study
by Peterman and Bradford (1987, op. cit.) on the same population. Several authors
(e.g., Smith, 1985; Rothschild, 1986) argue that the environmental impact is likely
to be limited after recruitment because natural mortality is much more stable and
changes in growth rates can only be responsible for moderate variation in biomass
lower than an order of magnitude. Nonetheless, some documented examples indicate
substantial environmental effects during this post-recruitment period. Those effects
can impact the mortality of fish or their growth rates, but also the sexual matura-
tion period which can be critical for the fecundity of the fish, although effects such
as these are often difficult to distinguish from purely density-dependent effects, as
found by Overholtz (1989) in Atlantic mackerel. Anthony and Fogarty (1985) indicate
that the growth rate of Atlantic herring Clupea harengus harengus Linnaeus, 1758
is related to both age-2 abundance and summer water temperature. Similar findings
were made in the case of herring from the North Sea (Heath et al., 1997). Haist and
Stocker (1985) found that SST of 12°-13°C was optimal for both juvenile growth and
adult “surplus energy” (defined as the sum of ovary weight and increase in weight in 1
yr) of the Pacific herring Clupea harengus pallasi Valenciennes, 1847 in the Strait of
Georgia. Similar discoveries of the role of environmental conditions on growth were
made for sardine (Iles, 1973) and other pelagic fish such as sardinellas (Cury and
Fontana, 1988). Temperature in the months prior to spawning was also found to in-
fluence the fecundity of pelagic fish such as the Baltic herring Clupea harengus mem-
bras Linnaeus, 1761 (Laine et al., 1998) and of Japanese anchovy Engraulis japonicus
Temminck and Schlegel, 1846 (Imai and Tanaka, 1997). The processes responsible
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for changes in growth rate, fecundity, or mortality according to environmental fac-
tors are not always clearly identified, but in most of the given examples they seem
related to food abundance, intermingled with density-dependence.

LONG-TERM INFLUENCES AND GLOBAL SYNCHRONY

Long-term variations in pelagic fish stock abundance (or to a lesser extent avail-
ability) are documented in many ecosystems (Glantz, 1992; Spencer and Collie,
1997; Francis et al., 1998; Schwartzlose et al., 1999). Indices of abundance on such
long time periods are derived either from the analysis of core sediments (Fig. 8) or
from commercial catch data (Fig. 2). These data indicate trends, long-term auto-
correlations, or pseudo-periodic variations occurring at multi-decadal scale, often
interpreted as the result of environmental forcing, although other processes, like in-
teractions between species, diseases, or exploitation can also be advocated as unique
or additional and intermingled forcing factors (see next section). Alheit and Hagen
(1997, 2001) describe the history of the Bohusldn herring fishery in the Baltic Sea,
which displays alternating periods of high catch rate and collapses that dramati-
cally impacted the economy of this region from the medieval period up to the recent
modern period. The authors associated the so-called Bohusldn periods with climatic
and hydrographic conditions characterized by cold water in the North Sea —English
Channel— Skagerrak, increased ice cover off Iceland and the Baltic Sea, and changes
in the wind regime. Similar examples of long-term changes are reported for other
pelagic stocks (e.g., Kawasaki, 1994; Klyashtorin, 1998; Hare and Mantua, 2000).
In all of these instances, correlations between stock abundance and environmental
variables only result from empirical studies and the processes responsible for the en-
vironmental forcing are not fully understood. Nonetheless, the apparent synchrony
of variation in abundance displayed by some large pelagic stocks located in remote
areas around the globe is arousing much interest and might suggest some form of
common global environmental forcing.

Kawasaki (1983) was the first to notice that, during the 20" century, several of the
world’s largest populations of sardine S. sagax experienced large, long-term changes.
He showed that a pattern of ocean-wide synchrony emerges when one looks very
broadly at the sardine landings from three regions of the Pacific Ocean (Japan, Cali-
fornia, and Peru-Chile) that have supported very large sardine fisheries. The col-
lapse of the Japanese and Humboldt sardine populations in the late 1980s and early
1990s reinforced Kawasaki’s point of view (Lluch-Belda et al., 1992a; Bakun, 1998;
Schwartzlose et al., 1999). Moreover, two of the other largest coastal pelagic fish
populations of the world, the Peruvian anchoveta and the South African sardine,
appeared to rise and fall directly out of phase with the Pacific sardine (Lluch-Belda
et al., 1989, 1992b; Crawford et al., 1991). Many of the very large groundfish popula-
tions of the sub-Arctic North Pacific have also been varying substantially in phase
with the sardine (Bakun, 1998). Catches of several salmon species around the Pa-
cific Rim indicate that there is some coherence in the low frequency, large amplitude
variation in the corresponding populations (Beamish and Bouillon, 1993), which in
turn are out of phase with the anchovy populations (Beamish et al., 1999).

Since the fish populations are certainly far too widely separated to interact through
direct exchanges, a large scale climatic signal was first proposed as being the driv-
ing force of the observed synchronies (Lluch-Belda et al., 1989, 1992b; Bakun, 1996;
Klyashtorin, 2001). The climatic regime shift of the mid-1970s is well documented in
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the northern Pacific and it is a strong candidate to account for several of the changes
in salmon observed during the late 1970s in that region (Polovina et al., 1994; Hare
and Mantua, 2000). For the small pelagic populations, the situation is unclear. SST
was first considered but SST trends have not been consistent in the various regions
inhabited by populations of small pelagics: during the mid-1970 to mid-1980s, when
the eastern Pacific was in a definite warm phase, the northwestern Pacific, where
sardines were expanding equally dramatically, was in, if anything, a cool phase (Ba-
kun, 1998). Klyashtorin (2001) suggested that the Atmospheric Circulation Index
(ACI) is a reliable climatic index for long-term regular changes in the major com-
mercial fish stocks because it characterizes the dominant direction (“meridional”
or “zonal”) of air mass transport. Zonal or meridional components of the ACI were
found to correlate with the long-term fluctuations of the main commercial catches
of Pacific salmon, Japanese, Californian, Peruvian, South African, and European sar-
dine, Alaskan pollock, Chilean jack mackerel, Atlantic and Pacific herring as well as
Atlantic cod (r = 0.70-0.90), because those catch series (except anchovy) also display
a pronounced spectral maximum of 54—58 yrs (Klyashtorin, 2001). Spencer and Col-
lie (1997) observed shorter periodicity (around 40 yrs) because they used time series
shorter than 80 yrs.

Recently, there have been some major unexplained departures from synchrony.
The first is the apparent time lag of about one decade in the California Current rela-
tive to the Japanese and Peruvian systems (see appendix in Schwartzlose et al., 1999).
The California sardine population has been expanding since the early 1990s while
at the same time in the South Pacific, anchovy became the dominant population
and sardine declined to low levels. As a consequence, the sardine populations of the
Humboldt and California systems are now in an opposite phase of abundance. Sec-
ondly, the apparent link between the Pacific and South Atlantic sardine populations
(out of phase situation between the Pacific and the Benguela) also seems to have
vanished. Moreover, opposite patterns are occurring within the Benguela system. In
the southern Benguela, the anchovy population reached a record high level in 2000,
while the sardine population has shown a positive trend for the last 15 yrs (Beckley
and van der Lingen, 1999; Marine and Coastal Management, unpubl. data).

The way in which global synchrony among pelagic populations is demonstrated
is debatable. Firstly, the criterion used to identify populations such as these is not
consistent. In some cases, the unit used is the fairly well defined stock (e.g., sardine
stocks of Japan, the southern Benguela, and the northern Benguela; Peruvian an-
choveta stock), while in other circumstances many stocks are regrouped at a broad
scale (e.g., North Pacific sardine stocks from Mexico to Canada; South Pacific sar-
dine stocks from Peru and Chile). Secondly, there are, by definition, few possible low
frequency patterns in commercial fishery time-series (the most commonly used) of
largely auto-correlated data available for periods usually ranging from 40-100 yrs.
Finally, commercial catches poorly represent the variation in abundance of stocks
because of anthropogenic external factors (trends in industrialization, technological
improvements, and economical health of the countries, fishery management, wars,
etc.). A statistical analysis of FAO national catches over the last 49 yrs, based on k-
means analysis and artificial neural network indicates that, although it is possible
to identify many contrasting patterns of variability for marine fisheries, pelagic fish
display all kinds of patterns and only a small proportion of the documented synchro-
nies have been identified, even when it is claimed that they occur between national
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stocks. Most of the synchrony detected by these statistical tools occurred at the re-
gional level, rather than at the global scale (Fréon et al., 2003).

Regional synchrony might be easier to explain than global synchrony because
consistent low frequency environmental change is more often observed at the basin
scale than at the planetary one. How those basin-scale climatic changes translate
into several local effects on the shelf is still largely unknown, although promising hy-
potheses have been proposed recently to explain coherent regime changes observed
during the last 40 yrs in the Pacific (Francis et al., 1998; McFarlane et al., 2000;
McFarlane and Beamish, 2001; MacCall, 2002). Rothschild (1995) suggested that the
fishing-independent variations in abundance occurring at large multi-decadal scales
are related either to multidecadal fluctuations in primary production or to changes
in the trophodynamic pathways by which primary production is transformed to fish
biomass.

In summary, it appears that large-scale synchronies between widespread marine
fish populations occurred over more than a decade, from the mid-1970s to late 1980s.
However, it is becoming more and more obvious that, for the small pelagic popu-
lations, the situation that prevailed from the mid-1970s to late 1980s is no longer
holding true. Global synchrony in fisheries must be further investigated before it
becomes a solid paradigm. Regional synchrony forced by climatic changes at a ba-
sin-scale might be easier to explain, although empirical observations accumulated
so far suggest that the catch dynamics of the main Pacific commercial species are
more closely correlated with the global climatic indices than they are with their cor-
responding regional indices (Klyashtorin, 2001). But, there is no satisfactory expla-
nation for this so far.

Global synchrony forced by environmental changes is also advocated to explain
multi-centennial regimes of anomalous salmon, sardine, and anchovy abundance in
the North Pacific. Using the technique of core sediment analysis of isotopes in nurs-
ery lakes of Alaska (Finney et al., 2000) a 2200 yr record of sockeye salmon abun-
dance indicates two major shifts in abundance (Finney et al., 2002). These have been
attributed to major changes in the ocean-atmosphere circulation in the northeastern
Pacific. When compared to similar reconstructed series of paleoceanographic re-
cords of Pacific sardine and northern anchovy over the last 1600 yrs (Baumgartner
et al,, 1992), Finney et al. (2002) concluded that these last two series are out of phase
with the sockeye salmon series at the very low-frequency level. In contrast, at the
higher multi-decadal frequency, fishery data of the 20" century suggest that sardine
co-varies with salmon but is out of phase with anchovy (Beamish et al., 1999).

ALTERNATION BETWEEN SMALL PELAGIC FISH SPECIES AND REGIME SHIFTS: FROM
AN ENVIRONMENTAL PERSPECTIVE

An alternation between two species is considered to operate when, following the
decrease in the biomass of one species due to collapse resulting from adverse envi-
ronmental effects, overfishing, or internal dynamics of this species, the total biomass
is restored by density compensation of another redundant species; i.e., belonging to
the same guild or functional group. Strong recurrent patterns of alternating steady
states of pelagic fish species are observed on decadal scales in many ecosystems
(Lluch-Belda et al., 1989). For example, upwelling systems tend to be dominated by
one species of sardine (or sardinella) and one species of anchovy, but most often only
one of the two dominates at any particular time (Bakun, 2005; this issue; Polovina,



408 BULLETIN OF MARINE SCIENCE, VOL. 76, NO. 2, 2005

g |.North-East Pacific

—— Sardine

30.6L.B€Nguela ;
--- Anchovy » 0.5 ::

o 0.4

g M 4203
< POl 0.2
2 LY 0.1 7
‘E O\ VO W4 T -t
J.J' 1936 1956 1976 1955 1965 1975 1985 1995
w
5 | Humboldt Japan
'— -
<10k
010

5_

1961 1971 1981 1991 1914 1834 1954 1974 1994

Figure 9. Catch time series of sardine and anchovy in different ecosystems illustrating the alter-
nation between the two species (source: SCOR WG 101).

2005; this issue). However, the two species can remain abundant at the same time
over several years (Figs. 8,9), and the replacement of one species by another does not
systematically occur. Sardines have not been replaced by anchovy in California for
the past 20 yrs. In the northern Benguela, both sardine and anchovy populations are
at an historically low level (Boyer and Hampton, 2001), whereas off South Africa,
anchovy and sardine have been abundant during recent years.

Many factors have been proposed to explain alternation between species. Environ-
mental conditions are thought to be the main driving factors affecting this alterna-
tion, as climate can preferentially favor one species over the other, a point of view
that we will develop in this section. It is thought that some of the major alternation
of species occurred in periods during which abrupt changes in the environment have
been recorded (regime shifts). Bakun and Broad (2002) listed four major shifts in the
Pacific: (1) the early 1940s off the west coast of North America; (2) the late 1960s in
the Humboldt system; (3) the late 1980s in the Humboldt system, off Japan and in
parts of the North Pacific (also suggested in the Benguela region); and (4) the late
1990s off the west coast of North America.

Regime shifts in abundance of the Japanese sardine were considered a result of a
combination of long-term environmental regimes, interannual variability in recruit-
ment success, and density-dependent recruitment (Wada and Jacobson, 1998). Fran-
cis et al. (1998) suggested a model of environmental forcing in the northeast Pacific
by which climate changes initially result in a modification of the wind stress, which
affects horizontal and vertical flow, altering the mixing and the depth of the surface
layer, as well as the location and characteristics of mesoscale features. These changes
will then lead to a bottom-up modification, first in the primary production and in
the timing of blooms, among other factors, which in turn will affect the secondary
production (zooplankton) and ultimately, the trophic level of pelagic species.

Physico-chemical forcing is reflected in changes in phytoplankton communities
(Mitchell-Innes and Pitcher, 1992) and the community structure of zooplankton
(Verheye et al.,, 1998), thereby influencing food available to small pelagic fish. Ka-
wasaki and Omori (1988) proposed that warming leads to higher SST and increases
in phytoplankton populations, which allows the Japanese sardine population to in-
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Figure 10. Change in the distribution area of three pelagic fish stocks during (a) low and (b) high
abundance periods (Lluch-Belda et al., 1989).

crease. Large amplitude variations (from 60%-100%) in the abundance of phyto- or
zooplankton have been reported in the North and South Pacific (review in Bakun
and Broad, 2002). However, there is no evidence that increased sardine abundance
is linked to increases in primary productivity in the California system (Lluch-Belda
et al.,, 1992a). Van der Lingen (1994) and van der Lingen et al. (2001) suggested that
regime shifts are associated with structural changes in the ecosystem (plankton size
particles), leading to environmental conditions favoring one species over the other,
for example, by means of the contraction or expansion of suitable habitat.
Analyzing changes in abundance of pelagic species in response to environmental
changes, Skud (1982) concluded that the dominant species responds to environmen-
tal factors, while the subordinate species responds to the abundance of the dominant
one. Thus, environmental factors can trigger changes in the abundance of one spe-
cies that produce dynamic changes between two competing species. This may be
the case in regions where diets of pelagic fish are similar. For example, there is in-
tense competition for food between the Far Eastern sardine Sardinops melanostictus
(Temminck and Schlegel, 1846) and the Japanese anchovy E. japonicus; both species
feed on similar proportions of phyto- and zooplankton (Kawasaki and Omori, 1988).
However, recent studies question the role of direct competition, as sardine and an-
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Figure 11. Three different basin theories showing the changes in habitat area according to left
panel high or right panel low abundance. Profil of basins indicate relative habitat quality: deeper
basin is better habitat.

chovy do not usually have the same spatial distribution (sardine are usually found
farther offshore) and do not necessarily feed on the same type of food. An example
is off South Africa, where anchovy preferentially feed on large zooplankton, whereas
sardine prefer phytoplankton and small zooplankton (James, 1987; van der Lingen,
1994). These arguments led several authors to consider that competition should be
magnified by schooling behavior within mixed-species schools (see next section).

Alternation of pelagic fish species is a rule that has exceptions and has received
considerable attention. These multi-year ecological patterns of alternation are impor-
tant for long-term management, as exploitation reduces the biomass of the dominant
species, which is usually the target species, and sometimes precipitates its collapse
(see next section).

SPATIAL ASPECTS

The above-mentioned large fluctuations in abundance are often associated with
spatial changes. Both sardines and anchovies exhibit large expansions and contrac-
tions of range, which can be associated with their levels of abundance. Strong pat-
terns of variation in spatial coverage of the sardine have been observed in Japan, as
well as in the California, Canary, Humboldt, and Benguela Currents (Lluch-Belda et
al., 1989; Barange et al.,, 1999; Schwartzlose et al., 1999). During periods of high abun-
dance, sardine in each of these regions, and to a lesser extent, anchovy in California
and in the southern Benguela, have a propensity to extend their range and sometimes
also shift their geographic center (Fig. 10). This difference in the range of expansion
between sardine and anchovy has been attributed to a difference in migratory ability
between the two species, sardine being more migratory than anchovy and becoming
increasingly so with age. Habitats for sardine in the eastern boundary currents have
extended into cooler regions during warm periods (Schwartzlose et al., 1999). These
observed patterns should be regarded as long-term patterns as it is sometimes diffi-
cult to track them at an interannual scale, as for example, in the case of the sardine in
the southern Benguela (Barange et al., 1999). Not only migratory, but also spawning
patterns, can change through time. Thus, in the mid-1960s, South African sardine
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spawners appear to have contracted their spawning range to a southern cell when
their abundance decreased and that of anchovy increased (Crawford, 1981).
Population theory of density-dependent habitat selection has received a lot of the-
oretical attention with the “basin theory” and its application to fisheries (MacCall,
1990). In this theory, the spatial dynamics of pelagic fish is viewed as a process where
fish first colonize the most favorable areas, but as they become more abundant, den-
sity-dependent factors force them to move to less favorable areas (Fig. 11A). How-
ever, Pitcher (1997) argued that density-dependent habitat selection is not required
to explain higher local densities, as it can only be attributed to schooling behavior,
whereas, in contrast to MacCall’s theory, these high densities can occur at any place
within the basin (Fig. 11B). Another way to model the spatial dynamics of pelagic fish
is to view it as a number of dynamic basins that are colonized by fish, but that are
dynamic due to the changing environment (Fig. 11C). These patterns and associated
dynamics are important for fisheries management because, in all three basin theo-
ries, the catchability of fish may increase with decreasing biomass. Overexploitation
of pelagic fish and the resulting depleted biomasses may not only greatly affect their
distributional range, but may also reduce their lifespan and their migrational range,
thereby usually also increasing their availability to fisheries at low population levels.

THE TEMPORAL AND SPATIAL SCALES ISSUE

The above sub-sections show that environmental influences are complex, not fully
understood, and vary according to the temporal and spatial scales at which they are
studied. As pointed out by several authors (review in Hofmann and Powell, 1998),
fish populations interact with their environment over a hierarchy of temporal and
spatial scales in which they respond to perturbations through pathways of energy
transfer at long and short time scales. Although individuals are ultimately influenced
only by their local surroundings, these local variations can result from a wide range
of spatio-temporal forcing factors. Short-term environmental variability at small
or medium spatial scales mostly affects the catchability of the fish rather than its
abundance, except for rare and intense environmental events responsible for mass
mortality. Medium-term environmental effects at medium spatial scales mostly im-
pact the yearly stages of fish and therefore affect recruitment. The effects of long-
term changes in the environment on fish populations are more difficult to detect and
should be subdivided into multi-decadal and multi-decennial scales.

The more debatable environmental effects are those occurring at the multi-decadal
temporal scale and the large spatial scale. How these global climatic changes are re-
flected at the regional scale is still speculative. Coastal modeling is developing rapidly
and embedded 3D hydrodynamic models should shed light on the scale transfer be-
tween oceanic features and coastal ones. The next question to answer will be which
ecological processes relate these climatic changes to pelagic fish populations. In this
respect, many mechanisms have been proposed, including the influence of tempera-
ture anomalies on migration patterns, related predation factors, and reproductive
success, as well as the influence of zooplankton productivity on early life history and
feeding conditions. Recently, a hypothesis relating to the intensity of the California
current has been suggested as a potential mechanism to account for the recent sar-
dine outburst. Under conditions of a slow, meandering California Current, retention
of eggs and larvae spawned in the offshore habitat is greater than under conditions
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of fast, straight flow (MacCall, 2002). Coupling or integration of hydrodynamics,
biogeochemical, and ecological models should allow testing of such hypotheses.

The sustainability of resource exploitation is mainly challenged by the variability
in abundance at interannual and mostly interdecadal scales. If this variability was
mainly due to environmental forcing and if such forcing were predictable, manage-
ment action might be more effective. The previously mentioned studies on long-term
influence, although mainly empirical, do not suggest the existence of clear periodic-
ity in the physical and biological series but rather a pseudo-periodicity of around 40—
60 yrs. This pseudo-periodicity and the fact that both environmental and biological
time series are very noisy, make the prediction of pelagic fish abundance difficult but
still open the door to some management strategies that will be proposed in the last
section of this work. In the next two sub-sections we review the attempts of model-
ing environmental effects and the associated difficulties.

REVIEW OF STUDIES MODELING ENVIRONMENTAL EFFECTS ON SMALL PELAGIC
FisH.—The first attempts at modeling environmental effects were based on empirical
relationships between an environmental variable (V) thought to influence the abun-
dance or catchability of the stock on one hand, and the biomass (B), catch per unit
of effort (CPUE), catches (C), or recruitment (R) on the other. This relationship was
explored using a simple linear regression such as:

B,CPUE,CorR=f(V)+e O

where f(V) is a function of the environmental variable V and ¢ is the residual or error
term. In most cases, f(V) is a linear function or is linearized by logarithmic transfor-
mation. Examples of such attempts are numerous and many of them can be found
in proceedings of symposiums on this topic (Anonymous, 1978; FAO, 1983a,b, 1984;
Larraneta and Wyatt, 1989; Kawasaki et al., 1991), but most of them have failed to
predict the fate of the stocks in the long-term. The reasons for such failures are nu-
merous: (1) lack of understanding of the ecological processes (stage of development
impacted by the environment and corresponding lag to be incorporated in the regres-
sion; effect on abundance versus effect on catchability; key environmental variable;
etc.); (2) hypotheses generated from data instead of using data to test hypotheses; (3)
non-linear (especially non-monotonic) relationships not explored; (4) spurious cor-
relation due to testing of too many variables during a preliminary exploratory analy-
sis (although seldom reported) without adjusting the number of degrees of freedom
(df) accordingly; (5) spurious correlation due to artificial increase of the number of
df in relation to spatial and temporal autocorrelation; (6) elimination of significant
outlier points without serious justification, while these points might be a clue to
understanding a major forcing effect; (7) interdecadal regime-shift occurring after
the period for which a given time series was used to study intra-decadal relation-
ships; (8) measurement biases and errors on both the dependent and independent
variables (e.g., trends in time series of abundance indices resulting from fishery data
are usually negatively biased due to increased efficiency resulting from technologi-
cal improvement and accumulated knowledge of fishers). Additional consideration
of the technical issues on the use of environmental indices can be found in Barange
(2001).
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Principal Component Analysis (PCA) and related tools have also been used to
explore functional relationships between environmental variables and fishery data.
This method is still a correlation-based approach with the same limitations as the
regression approach, although it allows the incorporation of several variables, with
no distinction between dependent and independent variables. PCAs are useful in
generating hypotheses without preliminary assumptions, and spatial effects can be
incorporated.

Empirical Multiple Regression Analysis and General or Generalized Linear Mod-
els (GLMs: Draper and Smith, 1966) allow the incorporation of several independent
variables into the model, including non-environmental ones like the fishing effort
and the fishing unit characteristics. The general expression of these models is:

B,CPUE,CorR = f(V1,V2,...)+¢ @

(same notation as equation (1), V1, V2, etc. being independent variables). The contri-
bution of each term is adjusted for other variables in the model. The strength of these
models is their capacity to reflect more complexity than simple regressions. The re-
sulting difficulty is the corresponding decrease in the number of df that can lead to
spurious correlations. GLMs allow the incorporation of categorical variables (also
called class variables) in addition to continuous variables, which require as many df
as the number of classes, minus one. Although this is demanding in terms of degrees
of freedom, it allows for combining the strength of the multiple regression and the
multiple analysis of variance (MANOVA). Categorical variables such as year, month,
moon phase, period of the day, area, vessel, and fishing gear characteristics can be
incorporated in order to derive less biased abundance indices, especially when the
sampling design is not fully balanced, as is always the case when fishery data are
used. Furthermore, continuous environmental variables such as temperature, turbu-
lence, or upwelling indices can be categorized in order to explore non-linear effects,
including non-monotonic ones.

General additive models (GAMs: McCullag and Nelder, 1989; Hastie and Tibshi-
rani, 1990) are extensions of the GLMs. They allow the exploration of the nonlinear
relationship that may exist in a data set without the need to transform or categorize
continuous variables (e.g., Cury et al.,, 1995). The general form of such models is:

S(B,CPUE,CorR)=T1(B)+T2(V)+...+¢ )

where the functions S() and T() are unknown and must be non-parametrically es-
timated from the data. The ¢ are independent, identically distributed, zero mean
random variables, usually assumed to be Gaussian but not restricted to that assump-
tion. GAMs accommodate non-linearities by replacing linear terms with a choice
of smoothers applied over a user-given span. The optimal fit is obtained by iteration
and the results are displayed in a graphical form where smoothed functions show the
relationships between a response variable and a predictor with no a priori assump-
tions of the shape of these functions (Fig. 12). The shape of the transformed values
is expected to reflect known ecological processes. This method is less mathemati-
cally rigorous than GLM, but still displays approximated significance levels. GAMs
are not recommended for data sets that are too small (roughly, n < 30) because the
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Figure 12. Tracking nonlinear effects using general additive models (GAM): the example of the
influence of spatial, temporal, environmental and fishery factors on the catch per set of round her-
ring (Etrumeus whiteheadi) in the South African fishery (after Agenbag et al., 2003).
smoothing functions require a minimum span to be efficient and therefore the con-
fidence intervals are increased at each extremity of the time series. A recommended
approach is to start exploring the shape of the relationships in the model using GAM
and then to reproduce them by simplified functions in the GLM (e.g., Agenbag et al.,
2003).

A less empirical modeling approach consists of the incorporation of an environ-
mental variable into conventional models used in stock assessment. Three major
kinds of models were modified: (1) Stock-recruitment relationship:

:f(S’V) )

where R is the recruitment expressed as number of fish entering the fishery or their
total biomass, S the spawning stock biomass, V an environmental variable, and f()
the modified stock-recruitment function, usually derived from conventional func-
tions proposed by Ricker (1954) or Beverton and Holt (1957). Parrish and MacCall
(1978) or Stocker et al. (1985) provide examples of such modifications; (2) Separable
Virtual Population Analysis (VPA). In this modified VPA, the fishing mortality is al-
lowed to vary according to changes in catchability:

Foy=5(@f () .

where F| oy 18 the fishing mortality for age a during year y, and s(a) an empirical age-
specific functlon often related to catchability (Doubleday, 1976; Pope, 1977), while
fy) is a year-specific factor (Megrey, 1989). These functions can incorporate an en-
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vironmental factor influencing catchability; (3) surplus production models can be
expressed as:

CPUE=g(V)B o< (V)=gq(V) E/h+e ©)

where ¢(V) and Bx(V) are functions reflecting changes in the catchability coeffi-
cient and the carrying capacity respectively according to an environmental variable
V. The CLIMPROD software, distributed by FAO, allows the selection and fit of the
most appropriate model through a user-friendly interface linked to an expert-system
(Fréon et al., 1991; 1993b).

Artificial intelligence approaches, such as expert systems, neural networks, or
fuzzy logic, can be used to model environmental effects. One can distinguish be-
tween a top-down approach and a bottom-up one. In the top-down approach, the
modeler decides on the kind of relationships and/or processes that should be incor-
porated in the model and the artificial intelligence is then only used to fit the model.
This approach was used by Korrabel et al. (1998) and Painting and Korrtibel (1998)
to predict the South African anchovy recruitment from seven environmental and
biological variables acting over a given threshold. The above-mentioned CLIMPROD
software also falls into this category as far as the selection of a modified surplus-pro-
duction model is concerned. In the bottom-up approach, the modeler incorporates
a non-limited set of environmental variables thought to influence the stock or the
fishery, and allows the model to find weighting factors for all of them through an
iterative approach. This is typically the case for unsupervised neural networks, which
in a sense, are related to empirical multiple regressions and PCAs. This approach was
used by Aoki and Komatsu (1997) to test Japanese sardine recruitment against eleven
variables (five hydrographic, three biological, and three climatic ones).

Individual-based models (IBMs) and similar object-oriented models can be con-
sidered as process-orientated tools to investigate the effect of environmental and
biological variables on fish population dynamics. IBMs can describe interactions
between the environment and individuals having different behavior and life history
traits within a population, as they permit the spatial representation and integration
of environmental, ecological, and biological data (DeAngelis and Gross, 1992; Tyler
and Rose, 1994; Letcher et al., 1996; Grimm, 1999; Werner et al., 2001; Mullon et al.,
2003). These models have been mainly used to investigate the mechanisms underly-
ing recruitment variability at different (usually small) temporal and spatial scales.
They can be coupled to hydrodynamics models to allow testing of the effects of pas-
sive transport on spawning patterns or survival of early life stages of fish (Mullon et
al., 2002, 2003; Huggett et al., 2003; Parada et al., 2003).

STEPS AND ASSOCIATED DIFFICULTIES IN MODELING ENVIRONMENTAL EFFECTS

Most attempts at using models to predict the effects of the environment on fisher-
ies failed after some years of use, thus fishery management is seldom based on such
models (Myers, 1998; Barange, 2001). The reasons for such failures are numerous, not
always fully understood in terms of processes, and are not necessarily the same in ev-
ery case. In the following paragraphs we try to indicate the successive steps to follow
for modeling environmental effects and discuss the associated difficulties.
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The first step when trying to model environmental effects on a fishery is to identify
the type of influence of environmental factors: on abundance, catchability, or both.
This distinction is not always obvious and the key aspect to consider is the time lag
between the occurrence of the environmental change and the response of the fish-
ery; typically, environmental influences on abundance lag by several months or years
while environmental effects on the catchability is either instantaneous or lag by a
few days or weeks. Nonetheless, in the case of short-lived species or species exploited
only during their first year of life, the distinction between these two types of effects
can be difficult due to autocorrelation in time series. Furthermore, in some instances
environmental effects can influence both the abundance and the catchability of the
stock.

If the environmental influence is on abundance, the second modeling step is iden-
tifying the critical stage of development at which this influence occurs. Nonetheless,
this task is hampered by the existence of correlations between the abundance of the
different stages of development of the fish (Rothschild, 1986). Any of the above-men-
tioned empirical approaches can be used, but a more appropriate solution is expected
from process-oriented and spatialized studies like IBM.

The next step will be defining the appropriate spatial and temporal window in
which the process occurs. Depending on the critical stage of development influenced
by the environment, one would focus on the spawning grounds during the spawning
period (effect of the environment on the parental stock or on the very early stages), on
the nursery grounds after the spawning season (effect of larval stage or pre-recruits)
or on the whole area of distribution all year round (effect on recruits and adults).
Making use of cross-correlations at fine temporal scales (typically 1 mo) between an
environmental factor and abundance at several stages, combined with spatial analy-
sis when relevant, can be helpful in this identification.

Choosing the key environmental variable is a crucial step because the frequent
co-linearity observed in these variables may lead to a spurious correlation. The cor-
responding model will fail when the correlation between these variables weakens. A
typical example is the correlation between two indices related to two different pro-
cesses: on the one hand upwelling indices, proportional to a directional component
of the square of the wind velocity and reflecting enrichment and transport processes,
on the other hand the turbulence index, proportional to the cube of the absolute
magnitude of the wind speed (regardless of its direction) and used as a proxy for food
availability. Any strong anomaly in the wind direction will weaken this correlation.
Another typical example is the correlation between SST and upwelling indices: these
two variables are usually highly correlated in upwelling areas, except when other
processes operating on large scales influence temperature.

Fully understanding the ecological processes involved in the effects of environ-
mental variables is a crucial final step, although strongly linked to and intermingled
with the two previous ones. The order in which these three steps should be taken
depends on the status of our understanding. Different physical (e.g., advection of
larvae) or biological (e.g., mortality, growth) processes can potentially occur at the
same location or time and can involve the same environmental variable but none-
theless should be modeled differently with different linear or non-linear equations.
The problem is even more complex when, as suggested by many conflicting results,
no single process and/or no single environmental variable is responsible for large
variations in recruitment. Our experience in the Benguela region suggests that the
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large variability in anchovy recruitment can be mainly due to anomalies in transport
success between the spawning and nursery grounds in some years, but to anoma-
lies in ichthyoplankton retention and food enrichment in the nursery area in others
(Hutchings et al., 1998; Roy et al., 2001; Roy et al., 2002; Mullon et al., 2003).

Using meta-analysis on several fish stocks, Myers (1998) found that correlations
for populations at the limit of a species’ geographic range have often remained sta-
tistically significant when revisited. This means that in the northern hemisphere,
populations close to the northern limit of the species range show positive correla-
tions while those at the southern limit show negative correlations. It is mainly in
these situations that environmental influences might be successfully modeled. Our
final recommendations to improve research on this topic, partly inspired by My-
ers’ (1998) work, can be summarized as follows: (1) do not start modeling before
understanding the ecology of the species and the ecosystem; (2) keep in mind that
process-oriented approaches are more demanding than empirical ones, although less
risky; (3) recognize that many patterns may simply be artifacts, but do not ignore
non-linear relationships, especially non-monotonic ones; (4) carry out modeling on
the relevant processes at the appropriate spatial and temporal scales; (5) consider
that the influence of the environment is not necessarily limited to early life history;
(6) test general hypotheses on many populations at once and look for consistency of
results across similar ecosystems (comparative approach); (7) separate exploratory
from confirmatory analysis; (8) use data splitting (Cox, 1975) to validate the mod-
els; (9) correct for the loss of df caused by autocorrelations in space and time (make
use of pre-whitening or re-estimation of the number of df; de-seasonalize time se-
ries if time resolution is lower than 1 yr); (10) do not systematically test all possible
time and space combinations of a given variable and do not make use of all available
environmental variables; a rule of thumb should be to remove as many additional
df as previous modeling attempts; (11) take into account the effects of changes in
exploitation patterns; (12) use all available indices of abundance (CPUE, catch per
set, biomass estimates from surveys or population dynamics models, etc.) because
they all have their meaning and value; 13) accept the idea that a model is not valid
forever due to changes in the ecosystem dynamics and in the fishery; and 14) do not
try to extrapolate model results beyond the extent of the spatial and temporal scales
examined.

CONCLUSION

The short-term influence of the environment is largely dominated by its effects on
the behavior, distribution, and hence catchability of the fish. In contrast, medium-
and long-term effects are mainly reflected in the mortality and growth of young fish,
which translate into interannual or interdecadal changes in abundance. Despite con-
stant progress in understanding the complex processes involved in the variability
of pelagic stock abundance, especially at short and medium time scales, our abil-
ity to model and predict pelagic fish abundance is limited. Substantial progress can
be expected from an integrated modeling approach of spatialized models coupling
hydrodynamics and biogeochemical processes and ecological processes at the indi-
vidual species level, but also at the level of the whole ecosystem as expressed in the
next section.
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PeELAGIC FisH WITHIN THE ECOSYSTEM

Pelagic fish, like most other fish components of marine ecosystems, are heavily
fished and global catches continue to increase (Fig. 1). As noted by Cury et al. (2000),
it is doubtful that the global pelagic fish catch will continue to increase at an annual
rate of 4.3%, as has been the case worldwide since the 1950s, without any ecosystem
disruptions at different trophic levels. The modern desire to understand ecosystem
dynamics and particularly the ecosystem effects of fishing (ICES, 2000) faces serious
limitations, as we lack points of reference in most cases. The structure of pristine
marine ecosystems is not known and most of the time, pristine ecosystems are inac-
cessible or out of reach. However, data from early fisheries in the northwest Atlantic
suggest that abundance of demersal stocks was an order of magnitude greater than at
present (Steele and Schumacher, 2000). Relative to the current ecosystem structure,
these authors suggest that alternative patterns have occurred in the past, involving
a very slow growth rate of the demersal fish, small pelagic stocks, negligible inverte-
brate predators and efficient transfer of primary production to fish. These specula-
tions demonstrate the need for a better understanding of the functioning of marine
ecosystems. In this section we will review current hypotheses and patterns in eco-
systems that are linked to pelagic fish stock dynamics.

BoTtTOM-UP, TOP-DOWN, AND WASP-WAIST CONTROLS IN UPWELLING ECOSYSTEMS

Pivotal Role of Pelagic Fish in Upwelling Systems.—In upwelling systems, pelagic
fish species occupy a crucial intermediate trophic level as they mostly feed on phy-
toplankton and/or zooplankton. They also develop large biomasses, which vary radi-
cally in size according to recruitment strength, and which are dominated by one, or
at most, several schooling species in a given ecosystem which undergo large interan-
nual fluctuations in biomass as shown in the Benguela ecosystem (Fig. 9). Pelagic fish
in upwelling systems serve as forage fish (Anonymous, 1997), and consequently play
an important role in the functioning of marine ecosystems. As in the case of any
other species in the ecosystem, the role of small pelagic fishes mostly depends on tro-
phic flow control. In other words, who is controlling whom in a marine ecosystem?
For many years, ecologists have been debating the importance of bottom-up (the
control by food) versus top-down (the control by predation) control in terrestrial and
freshwater ecology (Matson and Hunter, 1992), and the discussion is no longer about
which occurs, but rather about what controls the relative importance and strength
of the various forces that are acting between the components of the ecosystem. The
literature on trophic flow control in the marine environment is limited and in par-
ticular, the role of pelagic fish is not often documented. In what follows, we explore
the role of pelagic fish in upwelling systems using three different perspectives; i.e.,
considering three different types of trophic flow controls and illustrating each by
means of case studies.

Bottom-up Control and Pelagic Fish.—In 1887, Victor Hensen viewed planktonic
populations as rapidly revolving links in a food chain, leading from the very small to
the very large (Hensen, 1887; Smetaceck, 1999). Using an analogy with agriculture
where crop yields can be predicted from the control of the input, Hensen made the
assumption that food supply regulates adult fish stocks, and quantitative studies of
phytoplankton and zooplankton production would permit predictions of fish yields
(Verity, 1998). From this deduction was born the notion that ecosystems were “bot-
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ENVIRONMENT

Bottom-Up Top-Down Wasp-Waist

Figure 13. Different types of trophic controls within a simplified four-level food web in a marine
ecosystem and the role of pelagic fish. The control factor is represented by a dotted line and the
responses by solid lines (after Cury et al., 2002). Bottom-up control: The physical environment,
being less favorable, controls the decrease in abundance of the phytoplankton, which in turn has
a negative impact on the abundance of the zooplankton. The decline in zooplankton abundance
controls the decrease in abundance of the prey fish, which itself leads to a decrease in the abun-
dance of the predators. Top-down control: The decreasing size of populations of the top predator
leads to reduced predation on the prey, which in turn leads to an increase in abundance of the
prey fish. Increased predation of fish prey on zooplankton leads to a decrease in the zooplankton
population size. The smaller zooplankton abundance reduces the grazing pressure on the phyto-
plankton, which consequently becomes more abundant. Wasp-waist control: The abundance of
the prey fishes (small pelagic fishes), which are dependent on the environment, controls both the
abundance of predators and primary producers. The environment is considered here to have a
direct physical effect on pelagic fish recruitment (sensu Sinclair, 1988), but no effect on primary
productivity and the food chain.

tom-up” controlled (Fig. 13A). In other words, the regulation of food-web compo-
nents is thought to be by means of either primary producers or the input of limited
nutrients (Pace et al., 1999). Accordingly, parallel long-term trends across marine
trophic levels could be predicted. According to this theory, fish recruitment in the
marine environment can be viewed as being typically controlled by bottom-up forces
(e.g., Menge, 2000). This implies that fluctuations in primary production would de-
termine the strength of the recruitment (Cushing, 1996).

This bottom-up control has been the main hypothesis used to explain fluctuations
in recruitment of pelagic fish. Currently, there is considerable evidence that natural
variability in ocean circulation and mixing plays a major role in generating fluctua-
tions in fish recruitment as illustrated in the previous section. Physical factors can
act directly on egg or larval mortality (not necessarily through the intermediary of
the primary production) and even in a situation where more food is produced, this
will not necessarily mean better larval survival.
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Identifying bottom-up control in a marine ecosystem means observing changes
at several trophic levels. The impact of environmental variability on different tro-
phic levels within a particular ecosystem is seldom documented, except in certain
cases, where major environmental changes seemed to have affected ecosystems. The
structure and function of marine ecosystems sometimes respond drastically to in-
terannual changes and interdecadal climatic variations. This has been documented
for the California Current, the Gulf of Alaska (McGowan et al., 1998), the North
Atlantic (Aebisher et al., 1990), and off Chile (Hayward, 1997). Parallel long-term
trends across four marine trophic levels, ranging from phytoplankton, zooplank-
ton, and herring to marine birds, have been related to environmental changes in the
North Sea (Aebisher et al., 1990). Hollowed et al. (2001) analyzed the effect of ENSO
(El Nifo Southern Oscillation) and PDO (Pacific Decadal Oscillation) on northeast
Pacific marine fish production and found that these climatic events, occurring on
two principal time scales, play an important role in governing year-class strength
of several fish stocks. The North Pacific climatic regime shifts in the mid 1970s and
late 1980s (Hare and Mantua, 2000) affected the dynamics of the Korean marine
ecosystem (Zhang et al., 2000). Primary production in Korean waters increased after
1988, and was followed by a significant increase in zooplankton biomass after 1991.
The 1976 regime shift off Korea manifested itself as reduced biomass and production
of saury, but biomass and production of sardine and filefish increased. After 1988,
Korean sardine collapsed and were replaced by mackerel.

These dynamics are assumed to be driven by oceanic changes. Environmental
changes are pervasive and, in most cases, difficult to detect. Interannual environ-
mental fluctuations such as El Nifio events affected the structure of the plankton
community, the spatial distribution of fish and invertebrates, the recruitment suc-
cess of pelagic fish, and the mortality of birds and mammals in the North Pacific
(McGowan et al., 1998). Large-scale perturbations have taken place during the past
20 yrs in the Pacific, where a dramatic shift of the atmospheric forcing occurred
in the mid-1970s (Hayward, 1997). Interdecadal regime shifts, such as the one ex-
perienced in the entire North Pacific Basin and the California Current in the late
1970s—early 1980s, appear to have altered the productivity of marine ecosystems
at various trophic levels (Polovina et al., 1994; Francis et al., 1998). There has been
a general increased frequency of southern species moving north, a substantial low-
ering of secondary productivity and fish landings, a major decline in seabirds, and
changes in species composition in most sectors of these ecosystems (McGowan etal.,
1998). However, the biological response to the interdecadal regime shift in the Gulf
of Alaska is thought to have been in the opposite direction to that of the California
Current.

It seems that there are large-scale biological responses in the ocean to low-fre-
quency climatic variations. However, the mechanisms by which the climate exerts
its influence vary as components of the ecosystem are constrained by different lim-
iting environmental factors. Thus similar species at the same trophic level may re-
spond quite differently to climate change (Hayward, 1997). According to McFarlane
et al. (2000), one method of measuring climate change and regime shift is to observe
the dynamics of species that could be affected. Obvious environmentally-induced
ecological changes are expected in ecosystems and bottom-up control is the most
conventional type of trophic flow control that seems to dominate most ecosystems
(Cury et al., 2002). However, findings in one system cannot necessarily be extrapo-
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lated to others, and predicting the effects of global-scale environmental change on
ecosystems does not appear to be a straightforward exercise.

Top-down Control and Pelagic Fish.—Because species mostly interact through
predation, the existence of top-down control, which means the regulation of lower
food-web components by one or several upper-level predators, should also be critical
in the functioning of marine ecosystems (Fig. 13B). Piscivory is the largest source of
fish mortality in most marine ecosystems, and usually it represents a larger amount
than fisheries’ catches (Bax, 1998; Overholtz et al., 1999). Christensen (1996) esti-
mated that finfish consume three times the total global catches of finfish. An analysis
of six marine ecosystems (Benguela Current, Georges Bank, Balsfjord, East Bering
Sea, North Sea, Barents Sea) reveals that predation is 2—35 times higher than fishing
mortality (Bax, 1991). This does not mean that fishing has negligible effects on spe-
cies dynamics but rather implies that it can affect the whole ecosystem as species are
tightly connected through predation. Pauly et al. (2000a) demonstrated that fisher-
ies have been fishing down aquatic food webs by removing substantial amounts of
piscivorous fish, which occupy high trophic levels, and subsequently shifting fishing
effort to species at lower trophic levels. As fisheries removed substantial amounts of
small pelagic fish during recent decades, one must carefully consider the implica-
tions for other components of the ecosystem.

The hypothesis that top-down removal of predators is affecting production at low-
er trophic levels has been tested in most exploited ecosystems (Caddy and Garib-
aldi, 2000). This appears to have been the case in the North Atlantic, amongst other
areas, where fishing down marine food webs may have been a likely cause of the
increase in landings of shelf planktivores. Using the FAO catch time series, Caddy
and Garibaldi (2000) also show that in the case of the eastern central Atlantic and in
the southeast Pacific, it took a long time to observe a sharp increase in planktivores.
They attributed this delay to varying strength of upwelling (i.e., bottom-up control),
a change in harvest technology or a possible lag between the release of predation and
the response at an ecosystem level. These results, obtained with data that were not
collected for the purpose of studying ecosystem dynamics, provide some contrasting
patterns of interaction in several ecosystems. However, the authors suggest that the
actual changes in ecosystems more closely follow patterns of “punctuated equilib-
rium” rather than just continuous change in the relative abundance of the various
species (Caddy and Garibaldi, 2000).

During the last four decades there has been a drastic shift, both in abundance and
size composition, in the piscivorous community on Georges Bank, which was at-
tributed to fishing pressure (Link and Garrison, 2002). The total amount of fish con-
sumed did not decline, as expected, as the size of fish in these populations declined
and the total consumption of predators on Georges Bank was relatively constant.
However, one of the principal effects of intensive fishing was a major shift in the
allocation of biomass in the ecosystem. Intense fishing intensity would result in a
shift of the energy flow in marine ecosystems. In the Yellow Sea, Jin and Tang (1996)
analyzed the fish community during different decades and concluded that the deple-
tion of most demersal fish and large size pelagic fish resulted in an increase of small
planktivorous fish. In the Black Sea, the sharp decrease of top marine predators, to-
gether with increased impact of eutrophication, led to increases in planktophageous
species (Daskalov and Prodanov, 1998). In the central Baltic Sea, after the decrease
in stock size of the cod as the top predator, the ecosystem moved from a cod-domi-
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nated system in the 1980s to a clupeid (sprat)-dominated system in the 1990s, which
appears to have a strong impact on the abundance of zooplankton (Kornilovs et al.,
2001).

Analyzing the structural changes in an exploited fish community in the northern
North Sea, Jennings et al. (1999) showed that there are differential effects of fishing
on species with different life history parameters, illustrated by a shift towards small
species with fast life histories as fishing effort increased. This supports the fact that
fishing has had greater effects on slower growing, larger species with late maturity.
Pelagic fish appear to be more resistant to exploitation; all species are not equal with
respect to their life history traits.

More pelagic fish may be expected when large top predators are heavily exploited.
This pattern is observed in many ecosystems, but with varying intensities and delays.
Control by predators (top-down control) plays an obvious role in dampening ecosys-
tem-level fluctuations, but mostly it appears that pelagic fish populations will react
differently according to the structure of the ecosystem, sometimes with important
delays.

Wasp-waist Control.—More recently, the role of pelagic fish has been emphasized
in upwelling systems, where they might exert a major control on energy flows, both
upwards to their predators and downwards to their zooplankton prey. This has been
termed “wasp-waist control” (Fig. 13C). In 20 open marine ecosystems, Micheli
(1999) found that interannual fluctuations in mesozooplankton biomass were nega-
tively correlated with those of pelagic fish, indicating that fish predation can control
mesozooplankton biomass. Similar top-down control of zooplankton by sardine,
sardinellas, herring, or anchovy was also detected in the northern Baltic (Arrhe-
nius, 1997) as well as off South Africa, Ghana, Japan, and the Black Sea (Cury et al.,
2000). In the central Baltic Sea, Kornilovs et al. (2001) also detected an influence of
sprat biomass on the production of cladocerans in summer. Conversely, bottom-up
control of fish predators by small pelagic fish has been found in the Benguela and the
Guinea Currents, as predatory fish appear to suffer from the collapse of their prey
(Cury et al., 2000). Once food becomes abundant again, the recovery of the depleted
fish predator biomass may be immediate, or delayed by short or long periods, high-
lighting the complex response of the ecosystem to change. Despite great plasticity
in life-history characteristics, many seabird populations cannot dampen the effects
of longer-term fluctuations in prey resources (Crawford, 1999). This was the case
off Namibia in the 1970s, when sardine in the diets of birds was replaced mainly by
horse mackerel and pelagic goby. Because these fish were either distributed too far
north, or occurred too deep in the water column, they were unavailable to penguin
and gannet colonies situated south of Liideritz, causing massive decreases in seabird
populations in this region (Crawford et al., 1985).

In the Benguela system, guano harvests were related to trends in the abundance
of breeding seabirds, which in turn reflected the abundance of forage fish (Crawford
and Shelton, 1978). Shifts in the dominance of anchovy and sardine off southern
Africa strongly influence the distribution and abundance of the African Penguins
(Crawford, 1998). The collapses of penguin colonies along the west coast of southern
Africa, and an overall 25% decline in the African Penguin population coincided with
a decrease in sardine during the 1980s (Crawford, 1998). When the sardine stock
began to increase in size in the 1990s, west coast colonies stabilized and new colonies
were formed near Cape Town. However, a major decrease in the number of penguins
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at Dyer Island on the south coast, associated with reduced availability of small pe-
lagic fish in this vicinity, accounted for a further reduction of 19% in the overall Af-
rican Penguin population (Crawford, 1998). Another direct impact of fishing on the
ecosystem is caused by the practice of discarding fish or offal at sea. Predators with
flexible foraging strategies take advantage of discarded fish. This can allow scavenger
seabirds and marine mammals to become more abundant, and outcompete others
with less flexible modes of feeding (David, 1987; Ryan and Moloney, 1988; Berruti et
al., 1993; Furness, 1999).

These examples illustrate wasp-waist control, where abundant small pelagic fish
constitute mid-trophic-level populations that exert both top-down control on zoo-
plankton and bottom-up control on top predators (Fig. 13). It is important to stress
that under wasp-waist control, the environment plays a direct role [sensu Sinclair
(1988) and Bakun (1996)] in determining the strength of the recruitment (i.e., it does
not act directly through the primary production sensu Cushing, 1996).

Three different types of energy flow in ecosystems can thus be considered, result-
ing in different and contrasting views on how pelagic fish populations interact with
the other components of the ecosystem. These considerations can be explored by
studying ecosystem dynamics using trophic models.

TRrRoOPHIC MODELS AND THEIR DIFFICULTIES

Before the late 1970s, provision of scientific advice for the management of fisheries
was largely restricted to information obtained from assessments of single exploited
fish stocks. Gradually, direct and indirect effects of both harvesting and predation
gained recognition. Starfield et al. (1988) and Crawford et al. (1989) viewed multi-
species models as a means of testing the effectiveness of more specific models, as
opposed to striving to understand the ecosystem or evaluate harvesting strategies.
However, multispecies models of today are also useful in achieving the latter two
objectives (Whipple et al., 2000). “Holistic” models as opposed to coupled single-
species models soon began to attract attention. According to the holistic modeling
approach, an ecosystem is considered to be a functional whole with distinct “emer-
gent” properties that are absent at lower organizational levels such as the community
or population level (Mann et al., 1989). Holistic models include those of Beverton and
Holt (1957), the North Sea fisheries model of Anderson and Ursin (1977), and spatial
and temporally explicit DYNUMES models (Laevastu, 1990) such as DYNUMES 11,
the Bering Sea ecosystem model of Laevastu and Larkins (1981). Many of these kinds
of ecosystem models are biomass-based, largely because fisheries are measured in
terms of total catches. However, ecosystem models using other units of flow have
also proved useful; e.g., carbon budget models (Bergh et al., 1985) and models of
nutrient cycling (Moloney, 1992). During the 1980s, the ICES Multispecies Working
Group was established to seek ways of incorporating interactions between species in
fish stock assessments (Pope, 1991). Arising from the work of Andersen and Ursin
(1977), and based on contributions by Helgason and Gislason (1979), Pope (1979),
and Sparre (1980), Multispecies Virtual Population Analysis (MSVPA) was devel-
oped to take into account mortality caused by both fishing and predation. MSVPA
is a data-intensive approach (Sparre, 1991); detailed age-specific catch data and ex-
tensive diet data are required inputs. Uncertainty around MSVPA model results is
high given the large number of parameters involved (Whipple et al., 2000). Further,
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suitability coefficients must be estimated to define the importance of each prey spe-
cies age class for each predatory species age class.

Heavy parameterization requirements have largely limited the use of holistic
models, and restricted MSVPA to the fish groups within an ecosystem. IBMs, which
model populations by summing individuals, have been incorporated into multispe-
cies models (Rose et al., 1999) and are possibly more holistic than MSVPA models.
However, heavy data requirements are again often problematic, and computer time
and memory demands restrict the extent to which whole ecosystems can be realisti-
cally modeled.

Ecopath with Ecosim is a dynamic simulation tool in which changes in biomasses
and consumption of all groups within an ecosystem can be simultaneously mod-
eled (Pauly et al., 2000b). This is a major advantage above MSVPA type models be-
cause trophic interactions for all trophic levels are well represented, including those
at lower trophic levels, often lumped into a category such as “other food” in MSVPA
models (Walters et al., 1997). Ecopath with Ecosim can be applied to a wider range of
ecosystems than the MSVPA type models because data requirements are fewer and
sufficient data are usually readily available (Whipple et al., 2000). It provides a stan-
dardized modeling approach to analyze food webs, facilitating meaningful compari-
sons to be made between ecosystems. Spatial dynamics of ecosystems are considered
using Ecospace, an extension of Ecopath with Ecosim (Walters et al., 2000). Biomass
per species is allocated dynamically across the defined spatial grid and fishing effort
is spatially defined. Horizontal movement is modeled between cells, depending on
the allocation of preferred habitat and predation risk per species group. Ecospace is
a relatively new approach incorporating biotic and physical habitat constraints and
seasonal migration, amongst other factors, to produce a useful tool for fisheries pol-
icy exploration (Pauly et al., 2000b; Walters et al., 2000).

Larkin (1996) notes that in order to achieve successful ecosystem management,
it is necessary to (1) distinguish between environmental and fishing effects, (2) un-
derstand the dynamics underlying interactions between species, and (3) consider
the ways in which fisheries will respond to changes in stocks. Using Ecopath with
Ecosim, it is possible to partly address the latter two actions. Other trophic models
address the first one (e.g., Collie and DeLong, 1999). Ecopath with Ecosim builds on
the mass-balance approach and makes it possible to explore the effects of altered
fishing mortality of selected groups on the whole ecosystem. In this way, resistance
and resilience of the ecosystem towards different fisheries management options can
be explored. In discussing the strengths of Ecosim, Whipple et al. (2000) mention its
usefulness in focusing monitoring effort on variables that are likely to be sensitive to
changes over time. Jennings and Kaiser (1998) believe that, if refined, Ecopath with
Ecosim should prove to be a valuable tool with which to model spatial structure and
complexity, and assess ecosystem effects of fishing, thereby assisting development of
ecosystem management advice.

ALTERNATION BETWEEN SMALL PELAGIC FISH SPECIES AND REGIME SHIFTS: FROM
THE ECOSYSTEM DYNAMICS PERSPECTIVE

While the alternation between small pelagic fish species was interpreted from the
environmental effect point of view in the sub-section “Alternation between small
pelagic fish species and regime shifts: from an environmental perspective,” here we
develop the point of view of the dynamics of the ecosystem (internal dynamics or an-
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thropogenic effects), although both points of view are not completely independent,
nor exclusive.

Interaction Dynamics Within the Ecosystem.—The temporal dynamics of small pe-
lagic fishes involve intermittent rarity; that is, the alternation of variable periods of
time where extremely low abundance is followed by very high abundance. Recon-
structing time series of past fish abundances over several hundred years can provide
a clear demonstration of the instability of pelagic fish populations, even without any
fishery (e.g., Baumgartner et al., 1992; fig. 8). Thus an analogy with the catastrophe
theory (Zeeman, 1978) has been used several times to illustrate observed alternative
stable states (Peterman et al., 1979; Cury, 1988).

Vandermeer (1993) investigated the dynamics of a community composed of two
predators and two prey, and showed that if the predators demonstrate asymmetric
preferences for their prey, then the community can no longer be sustained and one
prey goes extinct. Among the many theoretical models that have been developed, one
should be mentioned because it constitutes a generalization of a two species compe-
tition model applied to the Pacific sardine data. Assuming two interacting popu-
lations affected both by intra- and interspecific competition, Ferriére and Cazelles
(1999) demonstrated that the distribution of time spent in phases of rarity involves
strong regularity. Specifically, intermittent rarity of this dynamic system, composed
of interacting species, is governed by a well-defined power law. The authors showed
that the scaling exponent (-%2) could represent a universal feature of intermittent
rarity: it does not depend on the demographic parameters of species; it is insensitive
to environmental stochasticity. It also implies that the dynamics of rarity have no
characteristic time scale and can only be supported by the prediction of a —% power
law which might underlie intermittent rarity in marine fish community dynamics. In
other words, although the dynamics in population outbursts look qualitatively very
different, rarity phases possess the same statistical property. In practice this general-
ization offers a general form of prediction, in which one can calculate the frequency
of occurrence of rarity phases of any duration.

The school trap hypothesis (Bakun and Cury, 1999) appears to offer a mechanism
for Skud’s (1982) observation (previously introduced in the section on Biology) that
a dominant species responds to environmental factors, while a subordinate spe-
cies responds to the abundance of the dominant one. To recap, it postulates that
a fish species driven to school together with a more abundant species must effec-
tively subordinate its specific needs and preferences to the “corporate volition” of the
school. Thus the dominant species would largely control the “corporate volition” of
the schools. On the other hand, since the needs of the subordinate species are not
optimized, its variability may be controlled more by the adverse effects of the “school
trap” than by the environmental variation itself. This school behavior involving
mixed species, driven by the needs of individuals, may inflict costs at the population
level and could account for the apparent inverse correlation between the population
variations of assemblages of pelagic species (see Bakun, 2005; this issue).

Modeling by Shannon et al. (2004) suggests that size structure of the mesozoo-
plankton community is a possible driving force behind the shifts in dominance of
small pelagic fish in the southern Benguela ecosystem. Van der Lingen (1994, 1999)
and James (1987) have shown that anchovy feed by biting large mesozooplankton
and macrozooplankton, whereas sardine filter-feed small mesozooplankton. In the
southern Benguela ecosystem, changes in the zooplankton community structure
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(Verheye et al., 1998) suggest long-term, continuous environmental change. Such re-
gime shifts, driven by long-term change in the plankton community, can occur only
if there is a major differentiation between the dominant pelagic species. Off Peru,
larvae of anchoveta E. ringens and sardine S. sagax have different diets; anchoveta
larvae feed on phytoplankton whereas sardine larvae feed on zooplankton (Muck et
al., 1989). By comparison, diets are similar in older anchoveta and sardine (Muck et
al,, 1989).

Anthropogenic Effects.—Fishing may trigger interdecadal changes in pelagic fish
abundance or alter the changes from their natural course. Modeling by Silvert and
Crawford (1988) supports this; they found that replacement of one pelagic fish spe-
cies by another could be attributed to a combination of fishing and competition be-
tween predatory fish species for forage fish. Management options for the Peruvian
system considered the potential for anchoveta to recover following a collapse, if fish-
ing and predation pressures are light (Muck, 1989). This would require heavy fish-
ing on important predators of anchoveta (Muck, 1989), namely horse mackerel and
mackerel (Muck and Sanchez, 1987), with no guarantees for a successful outcome for
anchoveta. Similarly, Cisneros-Mata et al. (1996) modeled fluctuations of sardine in
the Gulf of California, concluding that fishing has large effects on a modeled sardine
stock undergoing long-term environmental forcing, and that recovery is slow (20—40
yrs) after modeled fishing is stopped. However, the model showed that the sardine
stock in the Gulf of California shows resilience; it is able to recover after a near col-
lapse.

Within a pelagic community, the removal of the dominant species should favor
the subordinate species, provided that the latter is only lightly exploited. This line
of thinking led to the targeting of anchovy when the commercially valuable sardine
collapsed off Namibia in the 1970s; it was thought that reducing anchovy would be
beneficial to sardine, its competitor (Butterworth, 1983). However, sediment core
analysis (Shackleton, 1987, 1988) suggests that the two species did not compete. This
attempt at reversing the collapse in sardine failed, and both anchovy and sardine se-
verely declined in the late 1970s. In contrast, when sardine off South Africa collapsed
in the late 1960s, anchovy were conservatively managed, which enabled anchovy to
attain large biomasses, resulting in a successful anchovy fishery during the 1980s.
Using an age-structured model to investigate the alternation between anchovy and
sardine populations in the southern Benguela system, Korrtibel (1992) found that
harvesting was important in determining the dominance of stocks.

Fishing can affect both exploited and unexploited species that compete with ex-
ploited species for food, as for example, in hake and horse mackerel (Crawford et
al., 1987). Adult horse mackerel Trachurus trachurus capensis Castelnau (1861), and
juvenile hake Merluccius spp. have similar diets and feeding grounds, so that a de-
crease in one of these species can improve feeding conditions for the other (Krz-
eptowski, 1982). The interactions between the two species are further complicated
because hake feed on horse mackerel (Konchina, 1986). Another example from the
Benguela system is that of chub mackerel Scomber japonicus Houttuyn, 1782 and
anchovy. The diets of both species comprise substantial proportions of macrozoo-
plankton (Baird, 1978; Armstrong et al., 1991), so that increased fishing on anchovy
reduces competition between anchovy and chub mackerel, perhaps enabling chub
mackerel to become more abundant (Shannon et al., 2000). Off Peru, the biomass
of anchoveta and hake are inversely correlated (Espino and Wosnitza-Mendo, 1989),
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probably because of predation (Muck, 1989). Heavy fishing on anchoveta affects the
dominance of other species (Muck, 1989).

Other anthropogenic effects, such as contamination, modification of the quan-
tity and quality of river discharges (more nutrients and contaminants, less natural
debris) and the building of offshore structures (e.g., oil platforms), are less likely to
directly affect small pelagic species because their habitat is usually extended and
widely open to the ocean. Notable exceptions are those of closed or semi-closed areas
like the Baltic Sea, where contamination and eutrophication play a major role in the
ecosystem in general and on the small pelagic species in particular (e.g., Hansson
and Rudstam, 1990).

CONCLUSION

Three different theoretical ways of considering energy flow through ecosystems
have been presented. Top-down, bottom-up, or wasp-waist control produces differ-
ent models of ecosystem dynamics, and consequently different possible ecosystem
responses to fisheries activity and management, and different possible mechanisms
to explain alternation between pelagic fish species (Cury et al., 2002). Obviously, the
difficulty lies in our ability to determine the controlling factors within an ecosystem.
Climate (bottom-up) as well as fishers (top-down) alter the functioning of marine
ecosystems. However, an ecosystem is not driven entirely by only one type of control,
but by a subtle and changing combination of control types that might depend on the
ecosystem’s state, diversity, and integrity.

In conclusion, it is now generally believed that regime shifts and alternation be-
tween small pelagic fish species are primarily environmentally driven and that fish-
eries hasten or intensify these collapses of pelagic fish stocks (Collie and Spencer,
1993; Jennings and Kaiser, 1998; Fréon, 1999). Alternation of species purely due to
the internal dynamics of the ecosystem, without any external (environmental or an-
thropogenic) influence, cannot be excluded but is difficult to prove because few data
are available for long time periods without major modifications of these external
factors. The type of control (bottom-up, top-down, or wasp-waist) may also influ-
ence the chronology of the events. Furthermore, environmental, anthropogenic, and
ecosystem effects are often intermingled.

SUSTAINABLE MANAGEMENT OF SMALL PELAGIC FISHERIES

Following the “reign of conventional stock assessment and fishery management,”
there was a growing awareness of the necessity to view fisheries as part of the ecosys-
tem and to appreciate not only population dynamics considerations, but also biologi-
cal, social, economic, and political objectives (e.g., Rothschild, 1973). More recently,
ecological and ecosystem aspects have been added to this list. In this section we
will first deal with the issue of stock structure and its implications for resilience to
exploitation, then we will review the different management options, and afterwards,
the different regulatory mechanisms. Finally we present a tentative two-level man-
agement strategy as an attempt to address the challenge of conciliating all the issues
related to small pelagic fish developed in this section.
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STOCK STRUCTURE AND RESILIENCE TO EXPLOITATION

Fishery management is based on stock assessment, which leads to the central
question of the identification of stock units and of their structure. Traditionally, the
identification of stock units was based on the distribution of the species (trying to
identify gaps of low or nil abundance between regions) and knowledge of their repro-
ductive migration (location of spawning, nursery, and foraging grounds). Later on,
electrophoretic genetic studies were used, giving contrasting results. More recently,
powerful techniques like differentiation of mitochondrial DNA and geochemical sig-
nature in otoliths indicate that stock structure may be more complex than initially
thought. In some pelagic species, occurrence of parasites can give an indication of
stock structure, as shown by Lester et al. (2001).

The loss of small pelagic fish species diversity has not been, and is not currently,
an issue in biological conservation as almost no pelagic fish species are endangered
(Beverton, 1990). It seems that populations reduced to the order of one-thousandth
of their peak sizes for extended time periods (e.g., more than 20 yrs in the case of the
Californian sardine), can form a nucleus for subsequent recovery when conditions
become favorable again (Beverton, 1990). In this sense, reduction of intraspecific
diversity does not represent the same kind of threat as does species extinction. How-
ever, theoretical arguments as well as new findings contradict any simplified views
of, and possible impacts on, fisheries. The threats to intraspecific genetic diversity
need particular attention in large and highly fluctuating populations. Ryman et al.
(1995) emphasized that the long-term genetic effects with regard to allelic diversity
of reduced population sizes are more dramatic for large populations than they are
for small ones. Considering the evolutionary scale, low levels of gene diversity in
Sardinops and mutation-drift disequilibria are consistent with a strong reduction
in population size of an ancestral Sardinops population before the late Pleistocene
dispersal to the corners of the Indian-Pacific Oceans (Grant and Leslie, 1996; Grant
and Bowen, 1998). Recently observed population collapses are also likely to have a
serious negative impact on the evolutionary potential of the species, as a lot of rare
alleles, which may be of importance for future adaptation, will be lost (Ryman et
al., 1995). However, the immediate biological implications of excessive losses of al-
leles for fisheries management are not clear and would most likely go undetected in
a typical genetic study. In bottom spawners like herring, managing within-species
diversity seems feasible on the basis of spatial management units (Smedbol and Ste-
phenson, 2001).

Most pelagic fish populations are regarded as homogeneous and resilient. How-
ever, several recent studies suggest that marine fishes are subdivided into weakly
differentiated populations. It is unclear which kind of genetic population structures
this reflects exactly, but these studies sometimes reveal complicated spatio-tempo-
ral structure in species. Genetic heterogeneity between supposedly panmictic stocks
has been noticed for the northern anchovy in California, suggesting that the central
stock is a mosaic of elementary populations, sensu Lebedev (1969) (Hedgecock et
al., 1989; Hedgecock, 1991, 1994). In contrast, the same authors found little genetic
variation in Pacific sardines (S. sagax) from five widely separated localities, despite
an observed north-south gradient in size-at-age, interpreted as environmentally de-
termined. This reported difference in genetic population structure between the two
species is likely due to their differences in size and morphology, and to subsequent
differences in their migratory capacities. Mathisen (1989) hypothesized that the an-
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Figure 14. The erosion of intraspecific diversity may affect the productivity of the fisheries, as
the disappearance of populations under an intense exploitation (from 7-4 populations) can have
a detrimental effect on long-term marine fish catch. The associated decreasing productivity is
illustrated by the catch-effort diagram where two catch levels are possible for a given fishing ef-
fort according to the two stocks composition (for the higher level the stock is composed of seven
populations and for the lower level of four remaining populations). Redrawn from Cury and
Anneville (1997).

FISHING EFFORT

chovy stock off Peru consists of a large number of local subpopulations adapted, to
the different upwelling plumes and to spawning during a specific period of the year.
Tudela et al. (1999) found genetic homogeneity for the European anchovy Engraulis
encrasicolus (Linnaeus, 1758) in the northwestern Mediterranean despite the pres-
ence of three apparently well defined spawning grounds in this area. Other stud-
ies on the same species, but considering the whole Mediterranean and the adjacent
seas, show a unidirectional gene flow from the Black Sea to the Aegean Sea, pos-
sibly through passive drift of larvae in the Bosphorus straits (Bembo et al., 1996;
Magoulas and Zouros, 1999). More recently, Borsa (2002) found evidence for two
genetically distinct anchovy populations in the entire Mediterranean Sea: an open-
sea or oceanic population and an inshore population, while broadscale geographical
variation is weak for each of these two habitat-specific forms. These last results il-
lustrate how important the sampling scheme and scale are in relation to the genetic
questions posed.

Tagging experiments and geochemical signatures in otoliths provide growing evi-
dence of natal homing and fidelity to spawning grounds —also called “repeated hom-
ing” or “sexual homing”— of herring and demersal species (Corten, 1993; McQuinn,
1997; Robichaud and Rose, 2001; Thorrold et al., 2001) that may vary according to
the geographic scale of the study (Hay et al., 2001). Limited references to small pe-
lagic fish might simply reflect the difficulty of tagging such fragile fish, rather than
the absence of such behavior. Discrete populations other than herring have been
mostly hypothesized rather than demonstrated (Le Page and Cury, 1996). Sinclair
(1988) and Sinclair and Iles (1989) formalized it as the “member/vagrant” hypothesis,
based on the retention and isolation of larval stages through the interaction between
hydrodynamic processes and natal homing (see also Page et al., 1999). McQuinn
(1997) advocated the metapopulation concept for Atlantic herring to unify the di-
vergent views of fully discrete populations (Sinclair, 1988) on one hand and dynamic
population balance implying quasi-panmictic stocks on the other hand (Smith and
Jamieson, 1986).
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Table 2. Advantages and disadvantages of the different management strategies.

Method Advantages Disadvantages

Steady state Easy to implement. Not adapted to highly variable
Availability of reference points. resources.
Ignores ecosystem effects.
Imposes conservative options to
limit risks.

Adaptive Flexibility in time. Requires good annual stock
Decreases risks of collapses by assessment and fast data
taking major uncertainties into processing.

account. Permanent uncertainty for
Makes use of good fishing fishing industry (investment,
opportunities. employment).

Fishing allowance might not
fit fleet capacity (if resource
abundance too variable in time).

Predictive Anticipation of future events  Ecological processes not well
(investment, employment). enough understood to allow
Makes use of good fishing reliable predictions.
opportunities. Risk of over/under exploitation

if poor abundance forecast.
Environmental prediction
required if short delay between
environmental forcing and
change in abundance.

Management procedure Combines above methods. As above but minimized.
Dampens interannual variability
in catches.

Ecosystem-based Global approach. Difficulties of trade-off between
Can resolve conflicting conflicting objectives.
objectives. Few tools, lack of experience
Can reconcile fisheries and of scientifically accepted
management and conservation marine ecosystem indicators.
issues.

Explores different options.

Reduction of intraspecific diversity of marine populations could potentially affect
long-term sustainability of the fisheries (Sinclair et al., 1985; Cury and Anneville,
1998; Fréon and Misund, 1999). At a stock level, the extinction of one or a few consti-
tutive sub-populations might pass unnoticed if the others had greater productivity,
and some could become extinct before any signs of stock overfishing are apparent.
The erosion by fisheries of intraspecific diversity could lead to a long-term decline
in the productivity of marine pelagic resources with no reversibility (Fig. 14). For
example, if one excludes the Peruvian anchoveta, the world catch of pelagic fish has
been decreasing since 1984. Beverton (1990) noted “the possibility that the collapsed
population may never be able to fully regain its former status in the ecosystem”: of
the nine stocks for which collapse has been documented, only one has fully regained
its original size. Even though pelagic fish stocks appear more resilient than demersal
fish stocks, a lack of resilience has also been observed for most pelagic fish stocks
(Hutchings, 2000).

Fish population genetics is still in its infancy and in a pioneering phase, but we see
an increasing integration of population genetics (Anonymous, 2001) and a growing
importance for pelagic fisheries management.
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REVIEW OF MANAGEMENT OPTIONS

Different management options were proposed to attain sustainable exploitation
of marine fish (Gulland, 1974; Walters, 1986; Hilborn and Walters, 1992; Kruse et
al., 1993; Pikitch et al., 1997; Anonymous, 1999) and they can be broadly subdivided
into five categories that we will review in the context of pelagic fisheries: steady state
management; adaptive management; predictive management; implementation of a
management procedure; and more recently, attempts at ecosystem-based manage-
ment (Table 2). All management options, including the oldest ones, have benefited
from the concept of the precautionary principle applied to fisheries in recent years
(Garcia, 1994; FAO, 1995b; Garcia, 2005; this issue) and have been revisited to ac-
count for risk factors. The following review analyses the relevance of the existing
management options for small pelagic fishes.

Steady State Management.—Steady-state management techniques were first pro-
posed in the second half of the last century. They are based on the concept of a pseudo-
equilibrium of the stock that theoretically rapidly adjusts its biomass and production
according to the level of exploitation. The influence of environmental and ecosystem
factors is ignored (treated as residual variations). The key reference points (Caddy
and Mahon, 1995) used by managers applying these techniques are unique for a giv-
en stock and vary only according to present knowledge, not to the present status of
the stock. These reference points are derived either from surplus production models
(maximum sustainable yield, maximum sustainable effort) or from age-structured
models (e.g., F,  or F,, derived from the yield per recruit models). The advantages of
the steady state management approach lies in its ease of implementation and in the
availability of those clear and scientifically-based reference points that were trusted
up until recently. The weakness of the approach is that it is not adapted to highly
variable resources like pelagic fish, which do not fulfill the steady-state assumption
of conventional fisheries models (Spencer and Collie, 1997), especially when con-
stant catch strategy is adopted. The large uncertainty in pelagic fish recruitment as-
sociated with environmental and ecosystem aspects impose extremely conservative
constraints on the manager who wishes to limit the risks of overexploitation and
collapse of the stock. Such a hard line position is difficult to maintain on a long-term
basis due to pressure from the fishing and political sectors.

Adaptive Management.—Adaptive management techniques are opposite to steady-
state ones in the sense that the manager adjusts (on a medium- to short-term basis)
the level of exploitation of the stock according to its present status. The stock status
is estimated through regular monitoring based on surveys (mostly acoustic or aerial
surveys for pelagic fish) and/or analysis of commercial catches (CPUE, length fre-
quency, oil-content, etc.), usually on a yearly basis but sometimes more frequently,
in particular when the stock is endangered (e.g., Smith et al., 1993). The advantages
of this approach are its flexibility, the decrease of the risks of collapse due to con-
stant monitoring, and fast recommendation of conservative actions (when accept-
ed), combined with the possibility of making use of good fishing opportunities when
environmental and ecosystem conditions are favorable to the stock. The inconve-
nience of this approach is its dependence on regular (at least every year in the case of
short lived species) and reliable stock assessments followed by fast data processing.
Furthermore, from the fishing industry point of view, adaptive management can be
perceived as generating permanent uncertainty, making any investment plan and
employment difficult. In the worst case, the fishing sector will delay the whole pro-



432 BULLETIN OF MARINE SCIENCE, VOL. 76, NO. 2, 2005

cess by questioning the value of the assessment and requesting more surveys when
the recommendation is to close the fishery (Boyer et al., 2001). At the other extreme,
when the resource abruptly becomes unusually abundant, the fleet capacity may be
inadequate to harvest the catch levels possible.

Predictive Management.—Predictive management should limit the previous incon-
venience, providing that predictions of fish abundance on which it is based are reli-
able. It is based on projections of the strength of cohorts according to the influence of
biotic and abiotic processes (Ultang, 1996). By giving an earlier warning to the fish-
ing sector on the future status of the stock, economic and employment action can be
taken to reduce or increase the capture and processing of the fish in a timely manner.
As indicated in the section “Pelagic fish and their physical environment,” there are
still many uncertainties associated with prediction of pelagic fish stock abundance
from models and once the strengths of given exploited cohorts are properly estimat-
ed, they are usually too old and no longer abundant enough to sustain appreciable
exploitation. Therefore, very few, if any, pelagic fisheries are fully managed using the
predictive approach because poor abundance forecasts would dramatically increase
the risks of over- or under-exploitation of the resource. Furthermore, medium-term
environmental prediction might be required if the delay between environmental
forcing and change in abundance is too short to allow predictive management. At
present, such a requirement is not realistic except possibly in a few instances where
there is a substantial time lag in the teleconnections, allowing forecasting of large
scale environmental forcing over a few months (Roy and Reason, 2001; Schneider
and Miller, 2001).

Management Procedures.—Management procedures (MPs) were developed to
minimize the limitations of the above three approaches. A set of clearly defined
rules, which are derived on a regular basis from the stock and the fishery data into
regulatory mechanisms like total allowable catch (TAC) or maximum fishing effort,
is agreed upon by all parties concerned before implementation (Kirkwood, 1992; But-
terworth et al., 1997; Cochrane et al., 1998; De Oliveira et al., 1998; Cooke, 1999).
The robustness of the rules to possible errors in data and assumed population model
structure and implementation are tested by simulation in order to provide a basis to
evaluate acceptable tradeoffs between expected catches and risks to the resource.
The rules must specify in detail which kinds of data will be used and how the regula-
tory mechanism will be calculated from these data, usually on a yearly basis. MPs for
pelagic fisheries are typically defined for a period of 3—5 yrs and should not be modi-
fied during this interval except under exceptional circumstances. After this period,
MPs can be revised if necessary, according to previous experience and additional
knowledge accumulated in the interim (see Butterworth and Rademeyer, 2005; this
issue, for further details on this approach). The advantages of MPs lie in a clear,
transparent, and more time-efficient process of management, avoiding repeated an-
nual time-consuming reevaluation of data and methods of limited real value. Some
rules can address the issue of too much uncertainty for the commercial fishery by
fixing certain thresholds of minimum allowance and/or thresholds of variation in
the allowance from year to year. The simulation tests and the medium-term life span
of the rules allow for a proper appraisal of the risks.

The example of the South African pelagic fishery illustrates how MPs can be applied
in a complex situation and evolve through time according to new needs (Butterworth
and Bergh, 1993). This purse-seine fishery is based on a short-lived multi-species
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End Oct. Anchovy additional sub-season closes
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Provisional anchovy TAC

Provisional pilchard directed TAC

Provisional pilchard bycatch TAC
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Jan. Fishing season commences
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Anchovy 15t TAC
Pilchard directed TAC
Pilchard bycatch 15! TAC
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Figure 15. Present management procedure (OMP-02) used for the anchovy and sardine fishery
in South Africa (Geromont et al., 1999; J. de Oliveira, Marine and Coastal Management, and D.
Butterworth, University of Cape Town, pers. comm.).

resource mainly comprised of sardine (S. sagax, also known locally as pilchard) and
anchovy (E. capensis, homonym to Engraulis encrasicolus (Linnaeus, 1758)), the two
species amounting for 60%—-90% of the landings. Sardine is mainly used for canning
while anchovy and other species are reduced to fishmeal and oil. A further compli-
cation in the management of this fishery arises from the high occurrence of mixed
schools of young sardine and anchovy during the first part of the year.

In 1971, a global TAC for all pelagic commercial species was introduced, and until
1983 the basis for management resembled a constant catch strategy. From 1983, spe-
cies-specific TACs were implemented for anchovy and sardine following criticisms
related to the perceived level of abundance and exploitation of the different species.
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Over the period 1983-1987, anchovy TACs were modified substantially in line with
survey output as a result of increasing confidence in the combined egg production
and acoustic survey conducted on the spawning stock in November (Shelton et al,,
1993). From the experience gained and knowledge accumulated on anchovy ecology,
the management procedure over the 1987-1990 period was based on a constant es-
capement (50% of the average spawning biomass level in the absence of exploitation).
The decision flow began with the computation of the total catches after the end of the
fishing season in September—October and the specification of an initial TAC based
on an estimated escapement under different TACs, assuming that the recruitment
is log-normally distributed around a median value R . Then, a revised TAC was is-
sued in February—March, mainly based on the November spawning biomass survey.
A final TAC was decided in June from the results of the May recruitment survey,
which allows a direct estimate of the recruitment R of that year. This procedure
was overridden by decision makers in 1990 when fishing closures were suggested
following 2 yrs of poor recruitment. From 1991-1998 another procedure, based on
constant proportion strategy, was applied (TACs were set at 20% of the estimated
escapement that would have occurred at the end of the year had there been no fish-
ing). This strategy was selected on the basis of simulations over a 20-yr projection
of the resource dynamics and proposed different scenarios according to the level of
risk for specifying future TACs. In so doing, the risk levels could be chosen by deci-
sion makers (Butterworth and Bergh, 1993). This new procedure was extended in
1994 to incorporate both anchovy and sardine management by defining two sardine
TACs: directed (pure adult sardine catches used for canning) and bycatch (mainly
for young sardine mixed with anchovy), which obviously depends on the anchovy
TAC. Therefore, the higher the anchovy TAC, the greater the juvenile bycatch TAC,
and consequently, the lower the directed sardine TAC. This trade-off in the fishery is
translated by the MP into several exploitation options that are simulated, each with
the same level of risks to the resources. A new operational management procedure 99
(OMP-99) was defined in 1999 for 3 yrs, with different parameters compared to the
previous one, plus the addition of constraints suggested by the industrial sector, such
as minimum TAC levels and maximum drops in TAC from year to year (Geromont et
al., 1999). The major change incorporated in the present MP (OMP-02), is that it al-
lows individual fishing companies flexibility in choosing their own desired pilchard:
anchovy ratios (on average) for their catches instead of having these externally and
globally imposed. Other modifications are the inclusion of an additional sub-season
in September—October for “clean” anchovy catches (Fig. 15), taking account of by-
catch drop-off through the normal season; and other constraints on TACs’ absolute
values and extent of change from year to year (D. Butterworth, University of Cape
Town and J. De Oliveira, MCM, pers. comm.).

Ecosystem-Based Management.—Ecosystem-based management is not yet a reality
but this concept is gaining popularity as indicated by recent symposia on this topic
(Anonymous, 1999; Hall, 1999; ICES, 2000; Sinclair and Valdimarsson, 2003). Fol-
lowing a transition period based on the extension from single species management
approaches to a series of surplus production or virtual population analysis (VPA)
models for several species, this approach intends to reconcile stakes related to ex-
ploitation with those related to ecosystem conservation, based on the precautionary
approach and the search for emergent properties of multispecies assemblages.
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Alteration or disturbance of one or several components of marine ecosystems by
anthropogenic, biotic, or environmental factors can have strong effects on higher
or lower trophic levels. It has recently been shown that local extinction associated
with overfishing precedes all other pervasive human disturbances in marine ecosys-
tems. Paleoecological, archaeological, and historical data also show that time lags
of decades to centuries occurred between the onset of overfishing and subsequent
changes in ecological communities (Jackson et al., 2001). According to these authors,
ecological diversity and redundancy within trophic levels are probably the most im-
portant reasons for the delay between the onset of fishing and the subsequent thresh-
old response. These authors reviewed three types of ecosystems; i.e., coral reefs, kelp
forests, and estuaries, but found none exhibiting pelagic fish as an important com-
ponent (but note that upwelling ecosystems might provide a different picture). As
many pelagic fish stocks exhibit “boom and bust” dynamics, redundancy between
pelagic species should be regarded as particularly important for the functioning and
management of the ecosystem.

Using trophic models of the southern Benguela ecosystem for two decades, indica-
tors quantifying redundancy and species interactions have been proposed (Shannon
and Cury, 2004). This ecosystem seems to have functioned in a similar way during
the 1980s, when anchovy was the dominant small pelagic fish species, and the 1990s
when sardine abundance increased (Shannon, 2001; Shannon et al., 2003). This was
evident in similar estimates of transfer efficiencies of biomass from one trophic level
to the next, similar biomass estimates per trophic level, and similarities in many
other ecosystem attributes examined using trophic models for each of the two de-
cades. Therefore, redundancy between sardine and anchovy could have been a major
contributing factor maintaining stability in the functioning of the ecosystem over
these two decades in the southern Benguela. Species interactions and redundancy
between pelagic fish are certainly important questions that need further exploration
for fisheries management.

Ecosystem management is still in its infancy and a better understanding of the
functioning of ecosystems is required, especially in terms of factors which control
their dynamics and the derivation of trustable and accepted ecosystem indicators.
Indicators of ecosystem functioning are likely to prove useful in communicating sci-
entific results for marine fisheries management purposes. Nonetheless, some authors
argue that individual species might be more sensitive indicators of stress than the
system and that there is little value in trying to manage marine ecosystems as a
whole (Schindler, 1985; Bax et al., 1999). Other authors suggest that most ecosys-
tem models, because they do not take into account environmental effects, cannot
predict major changes in community structures like those observed in the Bering
Sea (Trites et al.,, 1999). The final aim of ecosystem management is to ensure the
co-viability of exploitation systems and of natural ecosystems on which the exploi-
tation is based. More ambitious objectives, like rebuilding ecosystems towards the
species mix and levels of abundance of the system before substantial fisheries began
(Pitcher and Pauly, 1998), which supposes reversibility, appear less realistic. Pres-
ently, applied ecosystem management is limited to some intention to apply multispe-
cies management in some fisheries and to the delimitations of MPAs as multi-target
regulatory mechanisms in contrast to other conventional regulatory mechanisms
that we will review in the next sub-section. Nevertheless, this new approach opened
broad perspectives for more effective management (e.g., Beamish and McFarlane,
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Table 3. Advantages and disadvantages of the different regulatory mechanisms.

Mechanism Advantages Disadvantages

Fish size control Allows protection of some Not always easy to implement
developmental stages (e.g., without avoiding fish dumping
pre-recruits or old fish). (poor gear selectivity).

Genetic manipulation

Quota (TAC) Relatively easy to implement ~ Variable TACs might not fit fleet
and enforce. capacity.
Full control of total mortality. Problem of mixed-species
Flexibility in time. schools (encourages dumping).

Control of overall fleet capacity Easy to enforce. Not species specific.
Limits risks of ecosystem over- Risk of overexploitation if
exploitation. increase in catchability and vice
Reduces costs and limits socio- versa.
economical problems. Risk of overcapacity due

to increasing efficiency
(technology, learning, etc).

Control of standardized effort Might be species-specific in Difficult to calibrate effort by

some cases. several fleets.

Limits fish dumping. Uncontrolled changes in F if
changes in g.
Difficult to implement and
enforce.
No reduction of overhead costs.
Might create socio-economical

difficulties.
Time/area closure (seasonal or Allows protection of some Not protective enough if not on
ad hoc base) developmental stages. an ad hoc base.
Easier to enforce. Difficult to decide on the
Limits fish dumping. optimal season.
No reduction of overhead costs.
MPA and marine reserve As above. Not protective enough for
Protect the ecosystem. pelagic species.
Optimal size, number and
location of MPAs?

1999). Instead of trying to optimize the exploitation of several stocks, a new trend in
ecosystem management consists of trying to avoid several thresholds or limit refer-
ence points (sensu Mace, 1994; Caddy and Mahon, 1995) for different exploited or
non-exploited natural resources (Mace, 2001).

This short review (for more details see Gulland, 1974; Walters, 1986; Hilborn and
Walters, 1992; Kruse et al., 1993; Pikitch et al., 1997; Anonymous, 1999) of the avail-
able management options for small pelagic fisheries suggests that none of these are
fully adapted to both the short- and long-term variability in abundance of most small
pelagic fish stocks, although the MPs seem more adapted than the others. The rel-
evance of MPs is not easy to estimate, although management strategy evaluation is
becoming increasingly used when evaluating the effectiveness of the MPs, particu-
larly in Australia (Smith, 1993, 1994; Smith et al., 1999). In the next sub-section we
review the different regulatory mechanisms before proposing a two-level manage-
ment strategy for small pelagic fisheries.
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REGULATORY MECHANISMS

Regulatory mechanisms that can be used in fishery management can be broadly
subdivided into six categories: fish size control; quota —also called TAC; control of
overall fleet capacity; control of standardized effort, time/area closure (seasonal or
ad hoc basis); area closure; and finally, the related MPAs. We review all six categories
in the context of pelagic fisheries (Table 3).

Fish Size Control.—Fish size control is a common regulatory mechanism used in
many pelagic and other fisheries. It has at least one of the following two objectives:
directly avoiding “growth-overfishing” and indirectly limiting “recruitment-over-
fishing.” Growth-overfishing occurs when catching fish that are too small and too
young long before the cohort biomass reaches its maximum (a balance between indi-
vidual growth and natural mortality). Recruitment-overfishing comes from a deple-
tion of the parental stock that limits recruitment (left side of the stock-recruitment
curve) and it can be partly controlled by a size limit which can decrease the fishing
mortality of young fish before they reach their first sexual maturity. In small pe-
lagic fish, particularly those with a short lifespan, size-at-recruitment is close to the
critical size corresponding to growth-overfishing because natural mortality is high.
This means that there is generally no major benefit in terms of growth-overfishing to
control the fish size because the benefits from growth are outweighed by the losses
due to mortality. In contrast, fish size control can be an efficient way to indirectly
limit recruitment-overfishing because the size-at-first maturity is often larger than
the size-at-recruitment (e.g., Fréon, 1994). Fish size control can be a very safe and
conservative measure for small pelagic species when the stock is overexploited to the
extent to which few cohorts are left and the reproductive success largely depends on
the first reproduction. The major drawback of this regulatory mechanism is that it
is not always easy to implement without avoiding fish dumping because of the poor
selectivity of some pelagic fishing gears like the purse-seine. Another potential prob-
lem, although difficult to quantify, is the risk of genetic selection associated with fish
size control. Fast maturing fish, that will reach their first maturity before reaching
the size limit, might be selected by this regulatory mechanism (Policansky, 1993).

Quotas.—Quotas are relatively easy to implement and enforce, especially when
landing sites are limited, as is often the case in industrial pelagic fisheries in contrast
to small-scale fisheries. TACs provide full control of the total mortality and flexibil-
ity in modification of this control through time. Quotas are usually predefined on
a yearly basis, but in some instances they can be adjusted within the fishing season
when fish density or abundance is monitored more than once a year, as in the above
example of the South African anchovy fishery. The shortcoming of variable TACs is
that they offer little opportunity for reducing the costs of the fishery (Gulland, 1974)
and might not always fit the fleet capacity. This situation occurred in South Africa in
2001, after two consecutive years of record recruitment of anchovy. An extra quota
of 150,000 t was given to the fishery after the May 2001 recruit survey, in addition
to the initial TAC totaling 451,000 t (including an additional sub-season quota of
80,000 t). Nonetheless, this extra allowance was poorly used: only 287,000 t (64%
of the TACs) were caught in 2001, although this was well above the average catch of
112,000 t (range 41,000—180,000 t) during the period 1995-1999. Another problem
of quotas is related to multi-species fisheries with different TACs per species that
might not be reached simultaneously. When the fishers cannot identify the school
species prior to the catch (a situation not as common as one may imagine) or when
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mixed-species schools are abundant, fishers will dump the catches of schools domi-
nated by the species for which the quota is attained. The loss of fish from the stocks
resulting from dumping or unexpected mortality after gear contact (“Pelagic fish and
their physical environment” section) cannot be quantified because they are usually
not recorded and are ignored when determining whether the TAC has been caught
and fishing must cease. This omission from the records impacts on the quality of
subsequent stock assessments by indirect methods that are undertaken, as the miss-
ing data introduce additional uncertainty into the calculations.

Control of the Overall Fleet Capacity.—The control of the overall fleet capacity can
be achieved by deciding on a total number of active fishing units, or by broad cat-
egorization of fishing units defined according to their fishing gear or boat type. This
control is easy to enforce and cost-effective because it does not require monitoring
of the landing or fishing activity. It limits to a certain extent the risk of ecosystem
overexploitation by a global control of the total fishing power. Finally, the overall
fleet capacity control limits socio-economical problems by enabling more stable em-
ployment to the people operating the fishing units. The drawbacks of this approach
are that it is not species specific and can therefore favor the overexploitation of the
more marketable or catchable species. Simulations suggest that constant fishing ef-
fort is more efficient than constant catch in stabilization of a fishery only if mortal-
ity is proportional to effort and if the price of the fish depends on the catch volume
(Hannesson, 1999), but both conditions are usually not met in small pelagic fisheries.
Finally, if the fleet capacity is not properly and frequently assessed, this type of con-
trol might favor the fleet overcapacity due to steadily increasing efficiency resulting
from technological improvement, availability of environmental data and, in the case
of young fisheries, the fishers learning from past experience.

Control of Standardized Effort.—The control of standardized effort is the answer to
the previous limitations because statistical techniques like GLM or GAMs (see “Pe-
lagic fish and their physical environment” section) can be used to correct for changes
in efficiency. This standardization might be species-specific when the efficiency of
fishing units changes according to the species. To a certain extent, an appropriate
control of the standardized effort can decrease fish dumping in comparison to over-
all fleet capacity control. Nonetheless, this standardization might be difficult to ap-
ply when different gears (typically purse seine and pelagic trawl) or types of boats are
used in the fishery. The intercalibration of those fleets or “metiers” is not easy, espe-
cially if they do not operate in the same segment of the stock (operating in different
areas or seasons or targeting fish of different age). Moreover, if some changes in the
coefficient of catchability (q) occur, they can result in uncontrolled changes in the
fishing mortality (F). An additional problem arises from the difficulty in implement-
ing and enforcing standardized effort because the theoretical unit must be translated
into some figure for the existing fishing fleets. Finally, the type of control does not
provide a reduction of overhead costs for the fishing sector and it might create so-
cio-economic difficulties if all segments of the fishery are not equally treated in the
control of the effort, which is a difficult exercise.

Time or Area Closure.—Time or area closure, or a combination of both, can be
used on a seasonal or ad hoc basis to control fisheries. The aim is to protect some
specific habitat from destruction by trawled gears, to reduce potential impacts of
localized depletion of prey, or to prevent the catch of key development stages, like
the early stages, when those stages are found in a specific area or at a specific season
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(Gulland, 1974). This type of regulation is relatively easy to enforce, particularly for
time closure. It might limit fish dumping when implemented during the period of
pre-recruitment, especially if non-selective gears are used. Nonetheless, except for
the protection of spawning grounds of bottom-spawners like herring and some sprat
species, area closures are not adapted to the regulation of small pelagic fish because
they occupy a wide pelagic habitat and their spawning season is often extended. Fur-
thermore, protecting only the spawners will not prevent recruitment overfishing.

Marine Protected Areas.—MPAs and marine reserves differ from area closures in
that they are implemented for long time periods in a given location and usually all
types of fishing activities are prohibited, although the definitions and regulations
are not consistent from one country to the other. MPAs serve many purposes but
the main objective is long-term protection of a number of species and their habitat
simultaneously (Clark, 1996; Attwood et al.,, 1997; Roberts, 1997; Botsford, 2005;
this issue). More than a simple regulatory mechanism, MPAs and marine reserves
represent a new trend toward a habitat-based ecosystem approach (Bax et al., 1999).
There is a large body of literature on the optimal size, number, and location of MPAs
and results are often conflicting according to the ecosystem, the rate of exploitation
outside the reserve, and the objectives (Lauck et al., 1998; Coté et al., 2001). It is com-
monly admitted that MPAs are effective in enhancing species richness but migra-
tory species, like small pelagic fish, will gain little protection from MPAs (Roberts,
1997).

TOWARDS A TWO-LEVEL MANAGEMENT STRATEGY

We propose here that a two-level (short- and long-term) management strategy
should be investigated for exploited small pelagic species, based on the different
characteristics of this group of fish that were compiled in this study. The rationale for
this proposed strategy arises from the following considerations. First, recruitment
over-fishing is of major concern compared to growth over-fishing in small pelagic
fish. Second, most target reference points related to steady-state assumptions are not
applicable to small pelagic fish because these species display natural variations in
abundance that are too large, especially in the long-term. Third, short-term predic-
tion of pelagic stock abundance in relation to environmental changes is currently not
accurate enough to allow forecasting and integration in management procedures.
Fourth, interdecadal variations are not well understood, but there is growing evi-
dence of their existence and increasing reports on their long-term autocorrelation
and pseudo-periodicity around a 40—60-yr cycle for many species (“Pelagic fish and
their physical environment” section), although other species may have a shorter cy-
cle (Spencer and Collie, 1997). Fifth, pelagic fish are abundant in many ecosystems,
located at a central place in the food web, and they play a major role (forage fish, pre-
dation on early stages of other species) in most of these ecosystems, therefore there
is a need for ecosystem-based management of this group of species.

The first level of the management strategy that we propose would address the
short-term issue. It could simply be an adaptive management approach incorporating
new ecosystem-based threshold or limit reference points (LRP) as much as possible.
It could be based on a simple modification of the existing MP, based, for instance,
on a TAC that will vary annually according to current estimation of fish stock bio-
mass from direct (e.g., acoustic survey; preferred for short lived pelagic fish) and/or
indirect (e.g., VPA; preferred for medium and long lives species) stock assessment
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Figure 16. Schemes of typical variation in the abundance, effort and investement in pelagic fish-
eries: (A) pseudo-cyclic variation; (B) long periods of collapse; (C) investment strategies related
to pseudo-cyclic variation. The size of question marks reflects the uncertainty about the trend in
abundance over the next 10-yr period.

methods. The accuracy of these techniques is crucial for an efficient and low risk
adaptive strategy and they should benefit from recent technological advances such
as hydroacoustics, light detection and ranging systems (LIDAR), ichthyoplankton
sampling via continuous underwater fish egg sampler (CUFES), aerial observation,
etc. An example of this short-term strategy is provided by the South African OMP
described in the previous section, but ideally this OMP should be complemented by
incorporating LRPs as red areas (Caddy and Mahon, 1995) or “stock traffic lights”
(Caddy, 2000). For instance, a minimum biomass of small pelagic fish could be left
for the predators within their foraging range, especially for endangered species like
some birds or mammals in certain ecosystems. Spatially resolved information on
species habitat on a seasonal time scale should be processed through geographical
information systems (GIS) or similar tools in order to derive such LRPs or to imple-
ment fishery closure when necessary. Complementary regulatory mechanisms, such
as a minimum fish size to limit recruitment over-fishing or MPAs to protect the
habitat of a variety of species and to increase biodiversity, should also be used where
appropriate.

The second level of the strategy should address the problem of interdecadal varia-
tions in the abundance of pelagic fish that induce counterproductive investments in
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the fishing sector (Fig. 16). Pelagic fish fishing units and related infrastructure are
expensive, take at least a year to be ordered and built, and have an operational life
of several tens of years —still much shorter than the duration of the pseudo-cycle of
pelagic fish stock abundance. Therefore the most common scenario of overcapital-
ization is the following one. Fishing companies invest after a relatively long period of
profit, that is, during the growing phase of fish population on the interdecadal scale.
As a result, newly bought fishing units and infrastructure are operational when the
targeted pelagic stock is close to its maximum production, if not when this pro-
duction has already started to decline. When the fish stock reaches its minimum
level or collapses due to overexploitation, the recently bought fishing units are not
yet paid off and the strong competition between too many units limit or eliminate
more profit (FAO, 1984). MPs and TACs are not appropriate to address this issue of
counterproductive investment. Within the context of a precautionary approach, we
suggest an indepth study of options for long-term fleet capacity control based on
long-term autocorrelation and pseudo-periodicity of pelagic fish stock abundance
(Fig. 16). The aim of this control would be to anticipate overcapitalization by encour-
aging investment when the stock abundance starts to take off, limiting investment
when the abundance is thought to be close to its peak and forbidding investment
when there are signs of a plateau being approached. The size of the question marks on
Figure 16A (pseudo-cyclic long-term variation) and Figure 16B (long periods of col-
lapse) tentatively indicates the level of uncertainty on a theoretical stock but should
be refined from proper statistical analysis of several series of historical and paleon-
tological records.

Whether or not the difference between the two patterns of long-term variability
represented in Figures 16A and 16B is due only to exploitation is still debatable, al-
though most authors suggest that exploitation is likely to extend the period for which
a stock remains in a state of collapse (e.g., Collie and Spencer, 1993; Jennings and
Kaiser, 1998; Fréon, 1999). This extension might occur by (1) decreasing the period
of abundance due to early collapses in the descending phase of abundance when
adverse environmental conditions (El Nifo-like events) are amplified by exploita-
tion, and/or (2) preventing the recovery of the population when good environmental
conditions are hampered by abnormally high fishing mortality. If the assumption
that exploitation is the major factor explaining differences between the two patterns
of long-term variability is true, then the short-term strategy may also have an impact
upon duration of stock collapses. If not, the short-term strategy would be only useful
to limit unexpected short-term variability in the biomass and to prevent the collapse
of the stock during a period of expected high-medium abundance under natural con-
ditions. But there is no doubt that the short-term strategy will not change the natural
course of long-term pseudo-cycles that existed even before substantial exploitation,
meaning that both levels of action are necessary and that they are complementary.

Several options should be carefully considered to control fishing effort on a long-
term basis, taking into account the entire social, economical, and political implica-
tions. Typically, a first set of options would be regulation, at the state level, of the
number of fishing vessels constructed or imported into the country or into the re-
gion in the case of transboundary stocks. A second set of options would be to make
use of a versatile national fleet or of distant-water foreign fleets. This may provide a
more flexible and less risky strategy in terms of overexploitation and overcapitaliza-
tion, but could result in more uncertainty because the availability of these fleets is
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difficult to predict. The first risk to be carefully evaluated on the basis of the long-
term strategy is the difficulty of assessing the right number of units: too high a value
will not solve the problem while too low a value will not allow optimal exploitation
because the fleet capacity will be saturated in case of a short-term abrupt increase
in abundance. The second risk is a mismatch between the timing of the regulatory
decision and the temporal variation in the stock abundance, comparable to the one
occurring in the stock-option market. Too late a decision to invest or too early an in-
centive to sell fishing units will limit profit or worse, generate losses, while too early
a decision to invest and too late an incentive to sell will increase the risk of popula-
tion extinction. The efficiency of the strategy will largely depend on the accuracy
of the estimation of the pseudo-cycle length. Further studies are needed to decide
whether this estimation should be based on relatively short abundance or catch time
series (except when paleontological records are available) or on longer climate cycles,
thought to be functionally related to abundance, as suggested by Klyashtorin (2001).
In any case, using the precautionary principle, the decision should be made in favor
of the protection of the resource rather than the search for maximum profit or pri-
marily on the basis of political and social considerations.

ConcLusiON.—Despite recent progress on the identification of stock units and
of their structure provided by the use of modern genetic tools, many stocks of pe-
lagic species are not clearly defined and how their structure affects their resilience
to exploitation is still poorly known. Further detailed genetic and tagging studies are
required to facilitate the choice of management options and regulatory mechanisms
based on fine stock structure.

The review of presently used management options and regulatory mechanisms
indicates that none is ideal for small pelagic fish but that some are more appropri-
ate than the others and that these can be combined. Adaptive management and the
related management procedures are definitely more suitable than steady state man-
agement and, at least at present and for most pelagic stocks, predictive management.
Ecosystem management is certainly the way to go but is still in its infancy. The spe-
cific two-level management strategy that we propose to take into account short- and
long-term stock variability should be further explored by specific investigations on
its statistical, socio-economical, and political merits.

CONCLUSION AND RECOMMENDATIONS

Small pelagic fish share many specific traits in relation to their habitat, morpholo-
gy, biology, behavior (particularly their gregariousness), ecology, population dynam-
ics (characterized by high variability at different temporal and spatial scales), and
finally, their particular type of exploitation by massive capture gears. Despite their
high fecundity, small pelagic fish are vulnerable to exploitation and numerous stocks
have collapsed due to overexploitation. As underlined by Sadovy (2001), there is little
empirical or theoretical basis to support the assumption that highly fecund species
are any less at risk than those of low fecundity. Myers et al. (1999) indicate that maxi-
mum annual reproductive rate is relatively constant, regardless of the species.

The majority of small pelagic exploited stocks are threatened by exploitation, often
out of phase with strong and not always well-understood variations in abundance,
in relation to environmental variability (short- and long-term) and/or the internal
dynamics of the ecosystem. Environmental changes can affect fisheries either at the
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level of catchability or at the level of resource abundance. The lack of understanding
of most of the processes still limits short-term forecasts of abundance. Process-ori-
ented studies (modeling approach interacting with orientated data collection and ex-
periments, etc.) and emphasis on combined analysis of different sources of spatialized
environmental, ecological, and fishery data are required to improve our knowledge.
A better use of GIS, as well as coupling 3D hydrodynamics models to productivity
models (NPDZ) and to IBM models, provide promising ways of achieving this goal
by explicitly representing and modeling spatial structure and complexity in marine
ecosystems. Marine GIS are challenged by highly dynamic processes that occur in
three dimensions, but present a huge potential for understanding the functioning of
ecosystems, enhancing the communication between stakeholders, and helping in the
ecosystem approach to fisheries management.

Interdecadal variations in abundance, characterized by a pseudo-periodicity of
around 40-60 yrs, are observed in many large stocks. Growing evidence suggests
the existence of regime shifts, despite the need for more investigation through the
comparative approach. The global synchrony of these shifts and cycles is nonetheless
questionable.

Another area that requires more research effort is the stock structure and its impli-
cation for the sustainability of exploitation. Genetic studies and tagging experiments
(when possible) should improve our understanding of stock units and the function-
ing of fish populations.

Pelagic fish represent an important component of most ecosystems, particularly
in upwelling regions where few species dominate in terms of abundance. The central
position of small pelagic fish in the trophic web (forage fish) and their potential role
as predators of young stages of other species make it necessary to understand the
type of control that prevails (top-down, bottom-up, or wasp-waist) in order to ef-
ficiently manage ecosystems such as these. A large emphasis has been placed on the
type of trophodynamics control in marine ecosystems, but, as underlined by Bax
et al. (1999), whether trophodynamics itself is the appropriate focus has not been
definitively debated.

In addition to environmental effects, fisheries are subjected to a combination of
biological, economical, and political influences (May et al., 1979; Caddy, 1999). This
is well illustrated in the California system. Off California, anchovy and sardine com-
pete for zooplankton prey. There have been researchers who recommended heavy
fishing on anchovy to allow sardine, of greater commercial value, to increase. This
was unacceptable to sports fishers, who realized the importance of anchovy as prey
for sports fish (May et al., 1979). Fishery management should move from the conven-
tional approach aimed at optimizing the exploitation of all individual species and
rather try to keep the trajectories of the exploited ecosystems within boundaries
acceptable to all stakeholders (fishers, managers, scientists, environmentalists, pub-
lic). Within the context of multiple stakeholders with divergent interests, multiple
and conflicting objectives and high levels of uncertainty about the dynamics of the
resources, this can be achieved by the combined use of many limit reference points
rather than a sum of individual target ones (often conflicting), and by adaptive man-
agement. In the case of marine ecosystems in which exploited small pelagic spe-
cies play a key role, we recommend specific statistical and socio-economical studies
on the feasibility of a two-level management strategy that would combine adaptive
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management (short-term) and fleet capacity control (long-term) and would take into
account ecosystem considerations.

Despite many unknowns in scientific aspects related to small pelagic fish, this
challenging field of research remains innovative and has generated several original
hypotheses in recent years. Because experimental studies on the vast pelagic domain
occupied by small pelagic fish are difficult, the comparative approach should be fa-
vored. We will certainly improve our understanding of the dynamics of exploited
pelagic stocks by trying to identify common patterns among ecosystems and inter-
preting them in the light of the characteristics shared by these stocks, ecosystems,
and types of exploitation.

ACKNOWLEDGMENTS

This work is a contribution to the joint South-African-French program IDYLE, which in-
volves the IRD (Institut de Recherche pour le Développement), Marine and Coastal Manage-
ment, and the University of Cape Town. We warmly thank the anonymous referee and A. Ba-
kun for their deep review of our work and the useful comments they provided. We especially
thank S. Jackson for her help in improving the format of the manuscript and C. Boucher for
assistance with the figures.

LITERATURE CITED

Aebisher, N. ], J. C. Coulson, and J. M. Colebrook. 1990. Parallel long-term trends across four
marine trophic levels and weather. Nature 347: 753=755.

Agenbag, J. ., A.J. Richardson, H. Demarcq, . Fréon, S. Weeks, and F. A. Shillington. 2003.
Relating distribution of South African pelagic fish species to environmental variables using
generalized additive and linear models. Progr. Oceanogr. 59: 275-300.

Alheit, J. 1987. Egg cannibalism versus egg predation: their significance in anchovies. S. Afr. J.
Mar. Sci. 5:467-470.

and E. Hagen. 1997. Long-term climate forcing of European herring and sardine popu-
lations. Fish. Oceanogr. 6: 130—139.

and . 2001. The effect of climate variation on pelagic fish and fisheries. Pages
247-265 in P. D. Jones, A. E. ]. Ogilvie, T. D. Davies, and K. R. Briffa, eds. History and cli-
mate. Memories of the future. Kluwer Academic/Plenum Publishers, New York.

Andersen, K. P. and E. Ursin. 1977. A multispecies extension to the Beverton and Holt theory
of fishing, with accounts of phosphorus circulation and primary production. Medd. Dan.
Fisk. Havunders. 7: 319-435.

Anderson, R. W. 1995. Learning and evolution: a quantitative genetics approach. J. Theor. Biol.
175: 89-101.

Anonymous. 1978. Climate and fisheries: Proc. Workshop on the Influence of Environmen-
tal Factors on Fisheries Production. Center for Ocean Management Studies, University of
Rhode Island, Kingston. 136 p.

. 1997. Forage fishes in marine ecosystems. Proc. Int. Symp. on the Role of Forage
Fishes in Marine Ecosystems. Ak-SG-97-01. University of Alaska, Fairbanks. 756 p.

. 1999. Ecosystem approaches for fishery management. AK-SG-99-01. University of
Alaska Sea Grant, Fairbanks. 738 p.

. 2001. Report of the Working Group on the Application of Genetics in Fisheries
and Mariculture. ICES CM 2001/F:13. ICES, Copenhagen. 61 p.

Anthony, V. C. and M. J. Fogarty. 1985. Environmental effects on recruitment, growth, and
vulnerability of Atlantic herring (Clupea harengus harengus) in the Gulf of Maine region.
Can. J. Fish. Aquat. Sci. 42: 158-173.



http://www.ingentaconnect.com/content/external-references?article=0257-7615(1987)5L.467[aid=6554398]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1987)5L.467[aid=6554398]
http://www.ingentaconnect.com/content/external-references?article=0028-0836(1990)347L.753[aid=6554400]
http://www.ingentaconnect.com/content/external-references?article=0028-0836(1990)347L.753[aid=6554400]
http://www.ingentaconnect.com/content/external-references?article=0022-5193(1995)175L.89[aid=5014970]
http://www.ingentaconnect.com/content/external-references?article=0022-5193(1995)175L.89[aid=5014970]

FREON ET AL.: SUSTAINABLE EXPLOITATION OF SMALL PELAGIC FISH STOCKS 445

Aoki, I. and T. Komatsu 1997. Analysis and prediction of the fluctuation of sardine abundance
using a neural network. Oceanol. Acta 20: 831-88.

Armstrong, M. J., A.J. James, and E. 5. Valdés Szeinfeld. 1991. Estimates of annual consump-
tion of food by anchovy and other pelagic fish species off South Africa during the period
1984-1988. S. Afr. J. Mar. Sci. 11: 227-250.

Arrhenius, F. 1997. Top-down controls by young-of-the-year herring (Clupea harengus) in
the Northern Baltic proper. Pages 77—86 in Forage fishes in marine ecosystems. Proc. Int.
Symp. on the Role of Forage Fishes in Marine Ecosystems. Ak-SG-97-01. University of
Alaska, Fairbanks.

Attwood, C. G.,J. M. Harris, and A. J. Williams. 1997. International experience of marine pro-
tected areas and their relevance to South Africa. S. Alr. J. Mar. Sci. 18: 311-332Z.

Bahri, T-and P- Fréon. 2000. Spatial structure of coastal pelagic schools descriptors in the Med-
iterranean Sea. Fish. Res. 48: I57—166.

Bainbridge, V., G. A. Cooper, and . J. B. Hart. 1974. Seasonal fluctuations in the abundance
of the larvae of mackerel and herring in the northeastern Atlantic and North Sea. Pages
159-169 in J. H. S. Blaxter, ed. The early life history of fish. Springer-Verlag, Berlin.

Baird, D. 1978. Food of the mackerel Scomber japonicus from Western Cape waters. Fish. Bull.
S. Afr. 10: 62-68.

Bakken, E. 1983. Recent history of Atlanto-Scandian herring stocks. FAO Fish. Rep. 291: 521—
536.

Bakun, A. 1996. Patterns in the ocean: ocean processes and marine population dynamics. Uni-
versity of California Sea Grant (in cooperation with Centro de Investigaciones Biolgicas de
Noroeste, La Paz, Baja California Sur, Mexico), San Diego. 323 p.

. 1998. Ocean triads and radical interdecadal stock variability: bane and boon for fish-
eries management. Pages 331-358 in T. Pitcher, P. J. B. Hart, and D. Pauly, eds. Reinventing
fisheries management. Chapman and Hall, London.

.2001. “School-mix feedback”: a different way to think about low frequency variability
in largé mobile Tish populations. Prog. Oceanogr. 49: 485—511.

~2005. Seeking an expanded suite of management tools: implications of rapidly-
evolving adaptive response mechanisms (e.g., school-mix feedback’). Bull. Mar. Sci. 76:
463-483.

and K. Broad, eds. 2002. Climate and fisheries: interacting paradigms, scales, and
policy approaches. Int. Res. Inst. Climate Prediction, Columbia University, Palisades. 65 p.

and P. Cury. 1999. The “school trap”: a mechanism promoting large-amplitude out-
of-phase population oscillations of small pelagic fish species. Ecol. Lett. 2: 349-351.

Barange, M. (ed.). 2001. Report of the Ist meeting of the SPACC/IOC Study Group on ~Use of
environmental indices in the management of pelagic fish populations” GLOBEC Special
Contribution, Cape Town. No. 5. 122 p.

, I. Hampton, and B. A. Roel. 1999. Trends in the abundance and distribution of
anchovy and sardine on the South Africa continental shelf in the 1990s, deduced from
acoustic surveys. S. Afr. J. Mar. Sci. 21: 367-391.

Bard, F- X.and K. A~ Koranteng (eds.). I1995. Dynamique et usage des ressources en sardinelles
de l'upwelling Cétier du Ghana et de la Cote-d’Ivoire. K. A. Actes du colloque DUSRU. Col-
lections Colloques et Séminaires. ORSTOM Edition, Paris. 435 p.

Bas, C.,J.]. Castro, and J. M. Lorenzo, eds. 1995. Int. Symp. Middle-sized Pelagic Fish, Las Pal-
mas de Gran Canaria, Gran Canaria, Canary Islands (Spain). Sci. Mar. 59: 3—4.

Baumgartner, T. R., A. Soutar, and V. Ferreira-Bartrina. 1992. Reconstruction of the history of
Pacific sardine and northern anchovy populations over the past two millennia from sedi-
ments of the Santa Barbara Basin, California. Cal. Coop. Ocean Fish. 33: 24—40.

Bax, N. J. 1991. A comparison of the fish biomass flow to fish, fisheries, and mammals on six
marine ecosystems. ICES Mar. Sci. Symp. 193: 217-224.

. 1998. The significance and prediction of predation in marine fisheries. ICES J. Mar.
Sci. 55: 997-1030.



http://www.ingentaconnect.com/content/external-references?article=0079-6611(2001)49L.485[aid=6554042]
http://www.ingentaconnect.com/content/external-references?article=0079-6611(2001)49L.485[aid=6554042]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1999)21L.367[aid=6554406]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1999)21L.367[aid=6554406]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1999)21L.367[aid=6554406]
http://www.ingentaconnect.com/content/external-references?article=1461-023X(1999)2L.349[aid=6554407]
http://www.ingentaconnect.com/content/external-references?article=1461-023X(1999)2L.349[aid=6554407]
http://www.ingentaconnect.com/content/external-references?article=0007-4977(2005)76L.463[aid=6554408]
http://www.ingentaconnect.com/content/external-references?article=0007-4977(2005)76L.463[aid=6554408]
http://www.ingentaconnect.com/content/external-references?article=0007-4977(2005)76L.463[aid=6554408]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(2000)48L.157[aid=6554410]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(2000)48L.157[aid=6554410]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1997)18L.311[aid=6554411]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1997)18L.311[aid=6554411]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1988)11L.227[aid=6554412]
http://www.ingentaconnect.com/content/external-references?article=0399-1784(1997)20L.81[aid=6554413]
http://www.ingentaconnect.com/content/external-references?article=0399-1784(1997)20L.81[aid=6554413]

446 BULLETIN OF MARINE SCIENCE, VOL. 76, NO. 2, 2005

, A. Williams, S. Davenport, and C. Bulman. 1999. Managing the ecosystem by lever-
age points: a model for multispecies fishery. Pages 283—-303 in Anonymous, ed. Ecosystem
approaches for fishery management. AK-SG-99-01. University of Alaska Sea Grant, Fair-
banks.

Beamish, R.J. and D. R. Bouillon. 1993. Pacific salmon production trends in relation to climate.
Can. J. Fish. Aquat. Sci. 50: 1002-1016.

and G. A. McFarlane. 1999. Applying ecosystem management to fisheries in the
Strait of Georgia. Pages 637-664 in Anonymous, ed. Ecosystem approaches for fishery
management. AK-SG-99-01. University of Alaska Sea Grant, Fairbanks.

, D. J. Noakes, G. A. MacFarlane, L. Klyashtorin, V. V. Ivanov, and V. Kurashov.
1999. The regime concept and natural trends in the production of Pacific salmon. Can. J.
Fish. Aquat. Sci. 56: 516-526.

Beckley, L. E. and C. D. van der Lingen. 1999. Biology, fishery and management of sardines
(Sardinops sagax) in southern African waters. Mar. Freshw. Kes. b0: 955—-978.

Belinay de, A. 1994, Hydros contre harengs. Info-Pilote (Février): 20—22.

Bembo, D. G., G. R. Carvalho, M. Snow, N. Cingolani, and T. J. Pitcher. 1996. Stock discrimina-
tion among European anchovies, Engraulis encrasicolus, by means of PCP-amplified mito-
chondrial DNA analysis. Fish. Bull. 94: 31-40.

Bergh, M. O,, ]. G. Field, and L. V. Shannon. 1985. A preliminary carbon budget of the southern
Benguela pelagic ecosystem. Int. Symp. Upw. W. Afr. Inst. Inv. Pesq. 1: 281-304.

Berruti, A., L. G. Underhill, P. A. Shelton, C. Moloney, and R. J. M. Crawford. 1993. Seasonal
and interannual variation in the diet of two colonies of the Cape Gannet (Morus capensis)
between 1977-78 and 1989. Colon. Waterbird 16: 158—-175.

Bertrand, A., E. Josse, P. Bach, P. Gros, and L. Dagorn. 2002. Hydrological and trophic charac-
teristics of tuna habitat: consequences on tuna distribution and longline catchability. Can.
J. Fish. Aquat. Sci. 59: T002-1013.

, M. Segura, M. Gufiérrez, and L. Vdsquez. 2004. From small-scale habitat loop-
holes to decadal cycles: a habitat-based hypothesis éxplaining fluctuation in pelagic fish
populations off Peru. Fish and Fisheries 5: 296—316.

Beverton, R.J. H. T990. Small marine pelagic fish and the threat of fishing: are they endan-

gered? J. Fish Biol. 37: 5-16.

and S. J. Holt. 1957. On the dynamics of exploited fish populations. Fishery
Investigations Series II, XIX. Ministry of Agriculture, Fisheries and Food, London. 533 p.

Binet, D., B. Gobert, and L. Maloueki, L. 2001. El Nifio-like warm events in the Eastern Atlantic
(6°N, 20°S) and fish availability from Congo to Angola (1964—-1999). Aquat. Living Resour.
14: 99-113.

Blaxter, J. H. S. and J. R. Hunter. 1982. The biology of the clupeoid fishes. Adv. Mar. Biol. 20:
1-223.

Borsa, - 2002. Allozyme, mitochondrial-DNA, and morphometric variability indicate cryptic
species of anchovy (Engraulis encrasicolus). Biol. ]. Linnean Soc. 75: 261-269.

Botsford, L. W. 2005. Potential contributions of marine reserves to sustainable fisheries: recent
modeling results. Bull. Mar. Sci. 76: 245—259.

Boyer, D. C. and I. Hampton. 2001. An overview of the living marine resources of Namibia. S.
Afr. J. Mar. Sci. 23: 9-35.

, H.J. Boyer, I. Fossen, and A. Kreiner. 2001. Changes in abundance of the northern
Benguela sardine stock during the decade 1990=2000, with comments on the relative im-
portance of fishing and the environment. S. Afr. ]. Mar. Sci. 23: 67-84.

Brill, R- W. 1994, A teview of temperature and oxygen tolerance studies of tunas pertinent
to fisheries oceanography, movement models and stock assessments. Fish. Oceanogr. 3:
204-216.

Butterworth, D. S. 1983. Assessment and management of pelagic stocks in the southern Ben-
guela region. Pages 329-405 in G. D. Sharp, and J. Csirke, eds. Proc. of the Expert Con-



http://www.ingentaconnect.com/content/external-references?article=0257-7615(2001)23L.67[aid=6554096]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(2001)23L.67[aid=6554096]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(2001)23L.67[aid=6554096]
http://www.ingentaconnect.com/content/external-references?article=0007-4977(2005)76L.245[aid=6554383]
http://www.ingentaconnect.com/content/external-references?article=0007-4977(2005)76L.245[aid=6554383]
http://www.ingentaconnect.com/content/external-references?article=0024-4066(2002)75L.261[aid=6554384]
http://www.ingentaconnect.com/content/external-references?article=0024-4066(2002)75L.261[aid=6554384]
http://www.ingentaconnect.com/content/external-references?article=0022-1112(1990)37L.5[aid=6554386]
http://www.ingentaconnect.com/content/external-references?article=0022-1112(1990)37L.5[aid=6554386]
http://www.ingentaconnect.com/content/external-references?article=1467-2960(2004)5L.296[aid=6554387]
http://www.ingentaconnect.com/content/external-references?article=1467-2960(2004)5L.296[aid=6554387]
http://www.ingentaconnect.com/content/external-references?article=1467-2960(2004)5L.296[aid=6554387]
http://www.ingentaconnect.com/content/external-references?article=0706-652X(2002)59L.1002[aid=6554388]
http://www.ingentaconnect.com/content/external-references?article=0706-652X(2002)59L.1002[aid=6554388]
http://www.ingentaconnect.com/content/external-references?article=0706-652X(2002)59L.1002[aid=6554388]
http://www.ingentaconnect.com/content/external-references?article=1323-1650(1999)50L.955[aid=6554392]
http://www.ingentaconnect.com/content/external-references?article=1323-1650(1999)50L.955[aid=6554392]
http://www.ingentaconnect.com/content/external-references?article=0065-2881(1982)20L.1[aid=6277328]
http://www.ingentaconnect.com/content/external-references?article=0065-2881(1982)20L.1[aid=6277328]

FREON ET AL.: SUSTAINABLE EXPLOITATION OF SMALL PELAGIC FISH STOCKS 447

sultation to Examine Changes in Abundance and Species Composition of Neritic Fish Re-
sources, San Jose, Costa Rica, April 1983. FAO Fish. Rep. 291. FAO, Rome.

and M. O. Bergh. 1993. The development of a management procedure for the
South African anchovy resource. Pages 83—99 in S. J. Smith, J. J. Hunt, and D. Rivard, eds.
Risk evaluation and biological reference points for fisheries management. Can. Spec. Publ.
Fish. Aquat. Sci. vol. 120. Dept. of Fisheries and Oceans, Ottawa.

and R. A. Rademeyer. 2005. Sustainable management initiatives for the south-
ern african hake fisheries over recent years. Bull. Mar. Sci. /6: 287—319.

, K. L. Cochrane, and J. A. A. De Oliveira. 1997. Management procedures: a
better way to manage fisheries? The South African experience. Pages 83-90 in E. K. Pikitch,
D. D. Huppert, and M. P. Sissenwine, eds. Global trends: fisheries management. Am. Fish.
Soc. Symp. 20.

Caddy, J. F. 2000. Limit reference points, traffic lights, and holistic approaches to fisheries man-
agement with minimal stock assessment input. Fish. Kes. 56: 133—137.

and R. Mahon. 1995, Reference points for fishery management. FAO Fish. Tech.
Pap. 347 p.

and L. Garibaldi. 2000. Apparent changes in the trophic composition of world
marine harvests: the perspéctive from the FAO capture database. Ocean Coast. Manage.
43:615-655.

Castillo, J., M. A. Barbieri, and A. Gonzalez. 1996. Relationships between sea surface tem-
perature, salinity, and pelagic fish distribution off northern Chile. ICES J. Mar. Sci. 53:
139-146.

Castonguay, M. and D. Gilbert. 1995. Effects of tidal streams on migrating Atlantic mackerel,
Scomber scombrus L. ICES J. Mar. Sci. 52: 941-954.

Christensen, V. 1996. Managing fisheries involving predator and prey species. Rev. Fish Biol.
Fish. 6: 417447

Cisneros-Mata, M. A., G. Montemayor-Lépez, and M. O. Nevdarez-Martinez. 1996. Modeling
deterministic effects of age structure, density dependence, environmental forcing and fish-
ing on the population dynamics of Sardinops sagax caeruleus in the Gult of California. Cal.
Coop. Ocean. Fish. 37: 201-208.

Clark, C.-W.1996. Marine reserves and the precautionary management of fisheries. Ecol. Appl.
6: 369-370.

Cochrane, K. L., D. S. Butterworth, J. A. A. De Oliveira, and B. A. Roel. 1998. Management
procedures in a fishery based on highly variable stocks and with conflicting objectives: ex-
periences in the South African pelagic fishery. Rev. Fish Biol. Fisher. 8: 177-214.

Collie, J. S. and A. K. DeLong. 1999. Multispecies interactions in the Georges Bank fish com-
munity. Pages 187-210 in Anonymous, ed. Ecosystem approaches for fishery management.
AK-SG-99-01. University of Alaska Sea Grant, Fairbanks.

and P. D. Spencer. 1993. Management strategies for fish populations subject to long-
term environmental variability and depensatory predation. Pages 629-650 in G. Kruse, D.
M. Eggers, R. J. Marasco, C. Pautzke, and T. J. Quinn II, eds. Management strategies for
exploited fish populations. AK-SG-93-02. University of Alaska Sea Grant, Fairbanks.

Cooke, J. G. 1999. Improvement of fishery-management advice through simulation testing of
harvest algorithms. ICES J. Mar. Sci. 56: 797-810.

Corten, A. 1993. Learning processes in herring migrations. ICES C. M. 1993/H: 18. Pelagic Fish
Committee. 8 p.

Coté, I. M., I. Mosqueira, and J. D. Reynolds. 2001. Effects of marine reserve characteristics on
the protection of fish populations: a meta-analysis. J. Fish Biol. 59: 178—189.

Cox, D. R. 1975. A note on data-splitting for the evaluation of significance levels. Biometrika
62: 441-444.

Crawford, R.J. M. 1981. Distribution, availability and movements of pilchard Sardinops ocel-
lata off South Africa, 1964—1976. Fish. Bull. 14: 1-46.



http://www.ingentaconnect.com/content/external-references?article=1051-0761(1996)6L.369[aid=6554061]
http://www.ingentaconnect.com/content/external-references?article=1051-0761(1996)6L.369[aid=6554061]
http://www.ingentaconnect.com/content/external-references?article=0006-3444(1975)62L.441[aid=6554370]
http://www.ingentaconnect.com/content/external-references?article=0006-3444(1975)62L.441[aid=6554370]
http://www.ingentaconnect.com/content/external-references?article=0575-3317(1996)37L.201[aid=6554373]
http://www.ingentaconnect.com/content/external-references?article=0575-3317(1996)37L.201[aid=6554373]
http://www.ingentaconnect.com/content/external-references?article=0575-3317(1996)37L.201[aid=6554373]
http://www.ingentaconnect.com/content/external-references?article=0575-3317(1996)37L.201[aid=6554373]
http://www.ingentaconnect.com/content/external-references?article=0960-3166(1996)6L.417[aid=6554374]
http://www.ingentaconnect.com/content/external-references?article=0960-3166(1996)6L.417[aid=6554374]
http://www.ingentaconnect.com/content/external-references?article=0964-5691(2000)43L.615[aid=6554377]
http://www.ingentaconnect.com/content/external-references?article=0964-5691(2000)43L.615[aid=6554377]
http://www.ingentaconnect.com/content/external-references?article=0964-5691(2000)43L.615[aid=6554377]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(2000)56L.133[aid=6554378]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(2000)56L.133[aid=6554378]
http://www.ingentaconnect.com/content/external-references?article=0007-4977(2005)76L.287[aid=6554379]
http://www.ingentaconnect.com/content/external-references?article=0007-4977(2005)76L.287[aid=6554379]

448

BULLETIN OF MARINE SCIENCE, VOL. 76, NO. 2, 2005

. 1998. Responses of African penguins to regime changes of sardine and an-
chovy in the Benguela system. S. Afr. J. Mar. Sci. 19: 355—364.
- 1999. Seabird responses to long-term changes of prey resources off southern

Africa. Pages 688—705 in N.J. Adams and R. H. Slotow, eds. Proc. 22 Int. Ornithol. Congr.,

Durban. Johannesburg: BirdLife South Africa, Johannesburg.
and P. A. Shelton. 1978. Pelagic fish and seabird interrelationships off the

coasts of South West and South Africa. Biol. Conserv. 14: 85-109.

, L. V. Shannon, and D. E. Pollock. 1987. The Benguela ecosystem. Part IV. The
major fish and invertebrate resources. Oceanogr. Mar. Biol. Annu. Rev. 25: 353-505.

, , and P. A. Shelton. 1989. Characteristics and management of
the Benguela as a large marine ecosystem. Pages 169-219 in K. Sherman and L. M. Alex-
ander, eds. Biomass yields and geography of large marine ecosystems. A.A.A.S. Selected
Symp. 111. Westview Press, Boulder.

, R. A. Cruickshank, P. A. Shelton, and I. Kruger. 1985. Partitioning of a goby
resource amongst four avian predators and evidence for altered trophic flow in the pelagic
community of an intense, perennial upwelling system. S. Air. J. Mar. Sci. 3: 215-22Z8.

, L. G. Underhill, L. V. Shannon, D. LIuch-Belda, W. K. Siegfried, and C. A. Vil-
lacastin-Herrero. 1991. An empirical investigation of trans-oceanic linkages between areas
of high abundance of sardine. Pages 319-332 in T. Kawasaki, S. Tanaka, Y. Toba, and A.
Taniguchi, eds. Long-term variability of pelagic fish populations and their environment.
Pergamon Press, Oxford.

Cury, P. 1988. Pressions sélectives et nouveautés évolutives: une hypothése pour comprendre

certains aspects des fluctuations a long terme des poissons pélagiques cotiers. Can. J. Fish.
Aquat. Sci. 44: 1099-1107.

and O. Anneville. 1998. Fisheries resources as diminishing assets: marine diversity
threatened by anecdotes. Pages 537-548 in M. H. Durand, P. Cury, R. Mendelssohn, C. Roy,
A. Bakun, and D. Pauly, eds. From local to global changes in upwelling systems. ORSTOM,
Paris.

and A. Fontana. 1988. Compétition et stratégies démographiques comparées de deux
espéces de sardinelles (Sardinella aurita et Sardinella maderensis) des cOtes ouest-afric-
aines. Aquat. Living Resour. 1: 165-180.

and C. Roy. 1989. Optimal environmental window and pelagic fish recruitment success
in upwelling aréas. Can. J. Fish. Aquat. Sci. 46: 670—680.

, L. Shannon, and Y. Shin. 2002. The functioning of marine ecosystems: a fisheries per-
spective. CABI Publishing, Wallingford and Rome. FAO. 448 p.

, C. Roy, R. Mendelssohn, A. Bakun, D. M. Husby, and R. H. Parrish. 1995. Moderate is

better: exploring nonlinear climatic effect on Californian anchovy. Can. J. Fish. Aquat. Sci.
121: 417-424.

, A. Bakun, R. J. M. Crawford, A. Jarre-Teichmann, R. Quinones, L. J. Shannon, and H.

M. Verheye. 2000. Small pelagics in upwelling systems: patterns of interaction and struc-
tural changes in “wasp-waist” ecosystems. ICES J. Mar. Sci. 57: 603—-618.

Cushing, D. H. 1975. Marine ecology and fisheries. Cambridge University Press, Cambridge.

278 p.

. 1982. Climate and fisheries. Academic Press, New York and London. 373 p.

. 1990. Plankton production and year-class strength in fish populations: an update
of the match/mismatch hypothesis. Adv. Mar. Biol. 26: 249-293.

. 1996. Towards a science of recruitment in fish populations. Excellence in ecology
book 7. Ecology Institute, D21386 Oldendorf/Luhe. 175 p.

Daskalov, G. and K. Prodanov. 1998. Marine environmental conditions and fishery productiv-

ity in the Black Sea. Pages 249-266 in M. H. Durand, P. Cury, R. Mendelssohn, C. Roy, A.
Bakun, and D. Pauly, eds. Local versus global changes in upwelling systems. ORSTOM,
Paris.


http://www.ingentaconnect.com/content/external-references?article=0065-2881(1990)26L.249[aid=6554359]
http://www.ingentaconnect.com/content/external-references?article=0065-2881(1990)26L.249[aid=6554359]
http://www.ingentaconnect.com/content/external-references?article=0706-652X(1989)46L.670[aid=6554362]
http://www.ingentaconnect.com/content/external-references?article=0706-652X(1989)46L.670[aid=6554362]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1985)3L.215[aid=6554365]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1985)3L.215[aid=6554365]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1985)3L.215[aid=6554365]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1998)19L.355[aid=6554368]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1998)19L.355[aid=6554368]

FREON ET AL.: SUSTAINABLE EXPLOITATION OF SMALL PELAGIC FISH STOCKS 449

David, J. H. M.. 1987. Diet of the South African fur seal (1974—-1985) and an assessment of com-
petition with fisheries in southern Africa. Pages 693-713 in A. L. L. Payne, J. A. Gulland,
and K. H. Brink, eds. The Benguela and comparable ecosystems. S. Afr. J. Mar. Sci. 5, Cape
Town.

De Oliveira, J. A. A., D. S. Butterworth, B. A. Roel, K. L. Cochrane, and J. P. Brown. 1998. The
application of a management procedure to regulate the directed and bycatch fishery of
South African sardine Sardinops sagax. S. Afr.J. Mar. Sci. 19: 449—469.

DeAngelis, D. L. and L. J. Gross (eds.). 1992. Individual-based models and approaches in ecol-
ogy: concepts and models. Routledge, Chapman and Hall, New York. 525 p.

Dingle, H. 1996. Migration. The biology of life on the move. Oxford University Press, Oxford.
474 p.

Doubleday, W. G. 1976. A least squares approach to analysing catch at age data. Int. Comm.
Northw. Atlant. Fish. Res. Bull. 12: 69-81.

Draper, N. R. and H. Smith. 1966. Applied regression analysis. John Wiley and Sons, New York.
402 p.

Durand, M.-H. 1995. Mode of price formation for pelagic species and exploitation prospects
in the less productive upwelling zone. Pages 194—204 in F.-X. Bard and K. A. Koranteng,
eds. Dynamics and use of sardinella resources from upwelling off Ghana and Ivory Coast.
Orstom Editions, Paris.

Espino, M. and C. Wosnitza-Mendo. 1989. Biomass of hake (Merluccius gayi) off Peru, 1953—
1987. Pages 297—-305 in D. Pauly, P. Muck, J. Mendo, and I. Tsukayama, eds. The Peruvian
upwelling ecosystem: dynamics and interactions. ICLARM Conf. Proc. 18. ICLARM, Ma-
nila.

FAO. 1983a. Proceedings of the Expert Consultation to Examine Changes in Abundance and
Species Composition of Neritic Fish Resources. FAO Fish. Rep. 291, Rome. 553 p.

. 1983b. Proceedings of the Expert Consultation to Examine Changes in Abundance and
Species Composition of Neritic Fish Resources. FAO Fish. Rep. 291, Rome. 557-1224 p.

. 1984. Report of the expert consultation to examine changes in abundance and species
composition of neritic fish resources. Page 102 in J. Csirke and G. D. Sharp, eds. FAO Fish.
Rep. 291.

. 1995a. Code of conduct for responsible fisheries. United Nations, Rome. 41 p.

. 1995b. Effects of riverine inputs on coastal ecosystems and fisheries resources. FAO
Fish. Tech. Pap. 349 p.

. 1997. Review of the state of world fishery resources: marine fisheries. Fisheries Circular
920. Food and Agriculture Organization of the United Nations, Rome. 173 p.

.2002. FAO yearbook. Fishery statistics. Capture production 2002, Volume 94/1.

Ferriere, R. and B. Cazelles. 1999. Universal power laws governing intermittent rarity in com-
munities of interacting species. Ecology 80: 1505—1521.

Fieldler, - C. 1983 Satellite remote sensing ol the habitat of spawning anchovy in the southern
California Bight. Cal. Coop. Ocean. Fish. 24: 202-209.

Finney, B. P, . Gregory-Eaves, . Sweetman, M. S. V. Douglas, and J. P. Smol. 2000. Impacts of
climatic change on fishing and Pacific salmon abundance over the past 300 years. Science
290:795-798.

, M. S. V. Douglas, and J. P. Smol. 2002. Fisheries productivity in
the northeastern Pacific Ocean over the past 2200 years. Nature 416: 729-733.

Fox; W. W.Jr. 1974. An overview of production modelling. Workshop on population Dynamics
of Tuna. ICCAT meeting, Nantes. 2—7 Septembre 1974. ICATT Rec. Doc. Sci. 3: 142—-146.

Francis, R. C., S. R. Hare, A. B. Hollowed, and W. S. Wooster. 1998. Effects of interdecadal cli-
mate variability on the oceanic ecosystems of the NE Pacific. Fish. Oceanogr. 7: 1-21.

Fréon, P. 1994. Rendements par recrue et biomasse féconde du stock de Sardinella aurita de
la région sénégalo-mauritanienne. Pages 221-227 in FAO, ed. Groupe de travail ad hoc sur
les sardinelles et autres espéces de petits pélagiques cotiers de la zone nord du COPACE.
COPACE/PACE Series 91/58.



http://www.ingentaconnect.com/content/external-references?article=0028-0836(2002)416L.729[aid=6554354]
http://www.ingentaconnect.com/content/external-references?article=0028-0836(2002)416L.729[aid=6554354]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(2000)290L.795[aid=6554355]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(2000)290L.795[aid=6554355]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(2000)290L.795[aid=6554355]
http://www.ingentaconnect.com/content/external-references?article=0012-9658(1999)80L.1505[aid=6554357]
http://www.ingentaconnect.com/content/external-references?article=0012-9658(1999)80L.1505[aid=6554357]

450 BULLETIN OF MARINE SCIENCE, VOL. 76, NO. 2, 2005

.1999. Interactions between environment, pollution, fisheries and aquaculture and their
impacts on society: keynote speech. Pages 227-241 in K.-G. Barthel, M. Suranyi, H. Barth,
M. Bohle-Carbonell, M. Cornaert, C. Fragakis, D. Leviel, E. Lipiatou, P. Martin, G. Ollier,
D. Seifer, T. Tianen, and J. Verborgh, eds. Third European Marine Science and Technology
Conférence, Lisbon. Conference Proceedings. European Commission, Luxembourg.

and J. Weber. 1983. Djifére au Sénégal: la péche artisanale en mutation dans un con-
texte industriel. Rev. Trav. Inst. Péches Mar. 47: 304.

and O. A. Misund. 1999. Dynamics of pelagic fish distribution and behaviour: effect on

fisheries and stock assessment. Blackwell, Fishing News Book, London. 348 p.
and L. Dagorn. 2000. Review of fish associative behaviour: toward a generalisation of
the meeting point hypothesis. Rev. Fish Biol. Fisher. 10: 183-207.

, F. Gerlotto, and M. Soria. 1993a. Variability of Harengula spp. school reactions to
boats or predators in shallow water. ICES Mar. Sci. Symp. 196: 30-35.

, ,and . 1996. Diel variability of school structure with special ref-
erence to transition periods. ICES J. Mar. Sci. 53: 459—464.

, C. Mullon, and G. Pichon. 1991. CLIMPROD: A fully interactive expert-system soft-
ware for choosing and adjusting a global production model which accounts for changes in
environmental factors. Pages 247—-357 in T. Kawasaki, S. Tanaka, Y. Toba, and A. Taniguchi,
eds. Long-term variability of pelagic fish populations and their environment. Pergamon
Press, Oxford.

, ,and . 1993b. CLIMPROD: experimental interactive software for
choosing and fitting surplus production models including environmental variables. FAO
Computer. Inf. Ser. 5.

, , and B. Voisin. 2003. Investigating remote synchronous patterns in fisher-
ies. Fish. Oceanogr. 12: 443—-457.

,1.Sow, andJ.]. Lévénez. 1994. Trois décennies de péche sardiniére semi-industrielle au
Sénégal. Pages 265-312 in M. Barry-Gérard, T. Diouf, and A. Fonteneau, eds. Lévaluation
des ressources exploitables par la péche artisanale sénégalaise. Colloques et Séminaires.
ORSTOM Editions, Paris.

Froese, R. and D. Pauly. 2000. FishBase 2000: concepts, design and data sources. ICLARM, Los
Banos. 344 p.

Furness, R. W. 1999. Will reduced discarding help or harm seabird populations? Pages 481-488
in Ecosystem approaches for fishery management. AK-SG-99-01. University of Alaska Sea
Grant, Fairbanks.

Gaertner, D., M. Pagavino, and J. Marcano. 1999. Influence of fishers’ behaviour on the catch-
ability of surface tuna schools in the Venezuelan purse-seiner fishery in the Caribbean sea.
Can. J. Fish. Aquat. Sci. 56: 394—406.

Gammelsrad, T., C. H. Bartholomae, D. C. Boyer, V. L. L. Filipe, and M. J. O’Toole. 1998. Intru-
sion of warm surface water along the Angolan-Namibian coast in February—March 1995:
the 1995 Benguela Nino. S. Afr. J. Mar. Sci. 19: 41-56.

Garcia, S. M. 1994. Precautionary principle: its implications in capture fisheries management.
Ocean Coast. Manage. 22: 99-125.

- 2005. Fishery science and decision-making: dire straights to sustainability. Bull.
Mar. Sci. 76: T71-196.

Geromont, H. F.,,J. ATA De Oliveira, S. J. Johnston, and C. L. Cunningham. 1999. Development
and application of management procedures for fisheries in southern Africa. ICES J. Mar.
Sci. 56: 952-966.

Gibbons, M. J. and 65 coauthors. 1999. The taxonomic richness of South Africa’s marine fauna:
a crisis at hand. S. Afr. J. Sci. 95: 8—12.

Glantz, M. H. (ed.). 1992 Climate variability, climatic change and fisheries. Cambridge Univer-
sity Press, Cambridge. 450 p.

Grant, W. S and R. W. Leslie. 1996. Late Pleistocene dispersal of Indian-Pacific sardine popula-
tions in an ancient lineage of the genus Sardinops. Mar. Biol. 126: 133—142.



http://www.ingentaconnect.com/content/external-references?article=0038-2353(1999)95L.8[aid=6554343]
http://www.ingentaconnect.com/content/external-references?article=0038-2353(1999)95L.8[aid=6554343]
http://www.ingentaconnect.com/content/external-references?article=0007-4977(2005)76L.171[aid=6554344]
http://www.ingentaconnect.com/content/external-references?article=0007-4977(2005)76L.171[aid=6554344]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1998)19L.41[aid=6554345]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1998)19L.41[aid=6554345]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1998)19L.41[aid=6554345]
http://www.ingentaconnect.com/content/external-references?article=0964-5691(1994)22L.99[aid=628174]
http://www.ingentaconnect.com/content/external-references?article=0964-5691(1994)22L.99[aid=628174]

FREON ET AL.: SUSTAINABLE EXPLOITATION OF SMALL PELAGIC FISH STOCKS 451

and B. W. Bowen. 1998. Shallow population histories in deep evolutionary lin-
eages of marine fishes: insights from sardines and anchovies and lessons for conservation.
J. Hered. 89: 415—426.

Gray, J. A. B-and E. J. Denton. 1991. Fast pressure pulses and communication between fish. J.
Mar. Biol. Ass. UK. 71: 83-T106.

Grimm, V. 1999. Ten years of individual-based modelling in ecology: what have we learned and
what could we learn in the future? Ecol. Model. 115: 129-148.

Gulland, J. A. 1974. The management of marine fisheries. University of Washington Press, Se-
attle. 198 p.

Gunderson, D. R. 1993. Surveys of fisheries resources. Wiley, New York. 248 p.

Haist, V. and M. Stocker. 1985. Growth and maturation of Pacific herring (Clupea harengus
pallasi) in the Strait of Georgia. Can. J. Fish. Aquat. Sci. 42: 138—-146.

Hall, S. J. 1999. The effects of fishing on marine ecosystems and communities. Blackwell Sci-
ence, Oxford. 274 p.

Hancock, J., P.J. B. Hart, and T. Antezana. 1995. Searching behaviour and catch of horse mack-
erel (Trachurus murphyi) by industrial purse-seiners off south-central Chile. ICES J. Mar.
Sci. 52: 991-1004.

Hannesson, R. 1999. Strategies for stabilization: constant catch or constant fishing effort? Pages
665—682 in Ecosystem approaches for fishery management. AK-SG-99-01. University of
Alaska Sea Grant, Fairbanks.

Hansson, S. and L. Rudstam. 1990. Eutrophication and Baltic fish communities. Ambio 19:
123-125.

Harden Jones, F. R. 1968. Fish migration. Edward Arnold, London. 325 p.

Hare, S. R. and N. J. Mantua. 2000. Empirical evidence for North Pacific regime shifts in 1977
and 1989. Prog. Oceanogr. 47: 103—145.

Hastie, T. and R. Tibshirani. 1990. Generalized additive models. Chapman and Hall, London.
336 p.

Hay, D. E., P. B. McCarter, and K. S. Daniel. 2001. Tagging of Pacific herring Clupea pallasi
from 1936-1992: a review with commenfs on homing, geographic fidelity, and straying.
Can. ]. Fish. Aquat. Sci. 58: 1356—-1370.

Hayward, T. L. 1997. Pacific Ocean climate change: atmospheric forcing, ocean circulation and
ecosystem response. Trends Ecol. Evol. 12: T50-154.

Headth, M. R. 1992 Field investigations of the early life stages of marine fish. Adv. Mar. Biol. 28:
1-174.
~ ,B.Scott,and A. D. Bryant. 1997. Modelling the growth of herring from four differ-
ent stocks in the North Sea. European regional seas ecosystem model II. J. Sea. Res. Spec.
Issue E 38: 413—-436.

Hedgecock, D. 1991. Contrasting population genetic structures of pelagic clupeoids in the
California current. Pages 199-207 in T. Kawasaki, S. Tanaka, Y. Toba, and A. Taniguchi,
eds. Long term variability of pelagic fish populations and their environment. Pergamon
Press, Oxford.

. 1994. The central stock of Northern anchovy (Engraulis mordax) is not a ran-
domly mating population. Cal. Coop. Ocean. Fish. 35: 12—-36.

, E. S. Hutchinson, G. Lj, F. L. Sly, and K. Nelson. 1989. Genetic and morphomet-
ric variation in the Pacific sardine, Sardinops sagax caerulea: comparisons and contrasts
with historical data and with variability in the northern anchovy, Engraulis mordax. Fish.
Bull. 87: 653-671.

Helgason, T. and H. Gislason. 1979. VPA analysis with species interaction due to predation.
CIEM C.M. 1979/G. 52 p.

Hensen, V. 1887. Ueber die Bestimmung des Planktons oder des im Meere treibende Materials
an Pflanzen und Thieren. Ber. Komm. Wiss. Unters. Dt. Meere 5: 1-109.

Hilborn, R. and C. J. Walters. 1992. Quantitative fisheries stock assessment: choice, dynamics
and uncertainty. Chapman and Hall, New York. 570 p.



http://www.ingentaconnect.com/content/external-references?article=0065-2881(1992)28L.1[aid=6554333]
http://www.ingentaconnect.com/content/external-references?article=0065-2881(1992)28L.1[aid=6554333]
http://www.ingentaconnect.com/content/external-references?article=0169-5347(1997)12L.150[aid=6554334]
http://www.ingentaconnect.com/content/external-references?article=0169-5347(1997)12L.150[aid=6554334]
http://www.ingentaconnect.com/content/external-references?article=0706-652X(2001)58L.1356[aid=6554335]
http://www.ingentaconnect.com/content/external-references?article=0706-652X(2001)58L.1356[aid=6554335]
http://www.ingentaconnect.com/content/external-references?article=0706-652X(2001)58L.1356[aid=6554335]
http://www.ingentaconnect.com/content/external-references?article=0044-7447(1990)19L.123[aid=6554336]
http://www.ingentaconnect.com/content/external-references?article=0044-7447(1990)19L.123[aid=6554336]
http://www.ingentaconnect.com/content/external-references?article=0025-3154(1991)71L.83[aid=6554340]
http://www.ingentaconnect.com/content/external-references?article=0025-3154(1991)71L.83[aid=6554340]
http://www.ingentaconnect.com/content/external-references?article=0022-1503(1998)89L.415[aid=6554341]
http://www.ingentaconnect.com/content/external-references?article=0022-1503(1998)89L.415[aid=6554341]
http://www.ingentaconnect.com/content/external-references?article=0022-1503(1998)89L.415[aid=6554341]

452 BULLETIN OF MARINE SCIENCE, VOL. 76, NO. 2, 2005

Hjort, J. 1914. Fluctuations in the great fisheries of Northern Europe. Rapp. P.-v. Réun. Cons.
Perm. Int. Explor. Mer 19: 1-228.

. 1926. Fluctuations in the year classes of important food fishes. J. Conseil 1: 5-38.

Hoff, I, R. Franck-Petersen, T. Gytre, and L. Askeland. 1988. Norwegian system for tagging and
recovery. ICES C. M. 1988/H. 72 p.

Hoftfman, E. E. and T. M. Powell. 1998. Environmental variability effects on marine fisheries:
four case histories. Ecol. Appl. 8: $23-S32.

Hollowed, A. B, S. R. Hare, and W. S. Wooster. 2001. Pacific basin climate variability and pat-
terns of northeast Pacific marine fish production. Pacific climate variability and marine
ecosystem impacts from the tropics to the Arctic. Prog. Oceanogr. 49: 257-282.

Huggett, J., P.Fréon, C. Mullon, and P. Penven. 2003. Modelling the transport success of ancho-
vy (Engraulis encrasicolus) in the southern Benguela: the effect of spatio-temporal spawn-
ing patterns. Mar. Ecol. Prog. Ser. 250: 247-262.

Hutchings, J. A. 2000. Collapse and recovery of marine fishes. Nature 406: 882—885.

Hutchings, L., M. Barange, S. F. Bloomer, A.J. Boyd, R.J. M. Crawford, J. A- Huggett, M. Kert-
san, J. L. Korrabel, J. A. A. De Oliveira, S. J. Painting, A. J. Richardson, L. J. Shannon, F. H.
Schulein, C. D. van der Lingen, and H. M. Verheye. 1998. Multiple factors affecting South
African anchovy recruitment in the spawning, transport and nursery areas. Pages 211-225
in S. C. Pillar, C. L. Moloney, A. I L. Payne, and F. A. Shillington, eds. Benguela dynamics:
impacts of variability on shelf-sea environments and their living resources. S. Afr. J. Mar.
Sci. 19.

ICES. 2000. Ecosystem effects on fishing. ICES J. Mar. Sci. 57: 465-791.

Iles, T. D. 1973. Interaction of environment and parent stock size in determining recruitment
in the Pacific sardine as revealed by analysis of density-dependent 0-group growth. Rapp.
P.-v. Réun. Cons. int. Explor. Mer. 164: 228—240.

. 1980. Environmental pressure and intra- and inter-year-class competition as determi-
nants of year-class size. Rapp. P.-v. Réun. Cons. int. Explor. Mer 177: 315-331.

Imai, C. and S. Tanaka. 1997. Effect of sea water temperature on variability of batch fecundity
in Japanese anchovy (Engraulis japonicus) from coastal waters around Miura peninsula,
central Japan. Fish. Sci. 63: 489-495.

Jackson, J. B. C., M. X. Kirby, W. H. Berger, K. A. Bjorndal, L. W. Botsford, B. J. Bourque, R.
H. Bradbury, R. Cooke, J. Erlandson, J. A. Estes, T. P. Hughes, S. Kidwell, C. B. Lange, H.
S. Lenihan, J. M. Pandolfi, C. H. Peterson, R. S. Steneck, M. J. Tegner, and R. R. Warner.
2001. Historical overfishing and the recent collapse of coastal ecosystems. Science 293:
629-638.

James, A.G. 1987. Feeding ecology, diet and field-based studies on feeding selectivity of the
Cape anchovy Engraulis capensis Gilchrist. S. Afr. J. Mar. Sci. 5: 673—692.

- 1988 Are clupeid microphagists herbivorous or omnivorous? A review of the di-
ets of some commercially important clupeids. S. Afr. J. Mar. Sci. 7: 161-177.

Jennings, S. and M. J. Kaiser. 1998. The effects of fishing on marine ecosystems. Adv. Mar. Biol.
34:201-352.
— S'P'R. Greenstreet, and J. D. Reynolds. 1999. Structural change in an exploited fish
community: a consequence of differential fishing effects on species with contrasting life
histories. ]. Anim. Ecol. 68: 617-627.

Jin, X-and Q. Tang. 1996. Changes in fish species diversity and dominant species composition
in the yellow Sea. Fish. Res. 26: 337-352.

Kawasaki, T. 1983, Why some pelagic fishes have wide fluctuations in their numbers? Biological
basis of fluctuations from the viewpoint of evolutionary ecology. Pages 1065—1080 in Proc.
Expert Consult. Examine Changes in Abundance (and) Species Comp. Neritic Fish Resour.
FAO Fish. Rep. 293, Rome.

. 1994. A decade of the regime shift of small pelagics. FAO expert consultation
(1983) to the PICES III (1994). Bull. Jap. Soc. Fish. Oceanogr. 58: 321-333.



http://www.ingentaconnect.com/content/external-references?article=0165-7836(1996)26L.337[aid=6554318]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(1996)26L.337[aid=6554318]
http://www.ingentaconnect.com/content/external-references?article=0021-8790(1999)68L.617[aid=6554319]
http://www.ingentaconnect.com/content/external-references?article=0021-8790(1999)68L.617[aid=6554319]
http://www.ingentaconnect.com/content/external-references?article=0021-8790(1999)68L.617[aid=6554319]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1988)7L.161[aid=6554320]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1988)7L.161[aid=6554320]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1987)5L.673[aid=6554321]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1987)5L.673[aid=6554321]
http://www.ingentaconnect.com/content/external-references?article=0079-6611(2001)49L.257[aid=6554327]
http://www.ingentaconnect.com/content/external-references?article=0079-6611(2001)49L.257[aid=6554327]
http://www.ingentaconnect.com/content/external-references?article=0079-6611(2001)49L.257[aid=6554327]
http://www.ingentaconnect.com/content/external-references?article=0028-0836(2000)406L.882[aid=3027350]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(2001)293L.629[aid=2046500]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(2001)293L.629[aid=2046500]
http://www.ingentaconnect.com/content/external-references?article=0065-2881(1998)34L.201[aid=599900]
http://www.ingentaconnect.com/content/external-references?article=0065-2881(1998)34L.201[aid=599900]

FREON ET AL.: SUSTAINABLE EXPLOITATION OF SMALL PELAGIC FISH STOCKS 453

and M. Omori. 1988. Fluctuations in the three major sardine stocks in the Pacific
and the global trend in temperature. Pages 37-53 in T. Wyatt and M. G. Larrafeta, eds.
Long term changes in marine fish populations. Proc. Int. Symp. Long-term Changes in
Marine Populations. Consejo Superior de Investigaciones Cientificas, Vigo.

, S. Tanaka, Y. Toba, and A. Taniguchi. 1991. Long-term variability of pelagic fish
populations and their environment. Pergamon Press, Oxford. 402 p.

Kerstan, S. 1993. Relationships between pilchard distribution and environmental factors. Ma-
rine science for a sustainable future. 8th South African Mar. Sci. Symp., Langebaan.

Kirkwood, G. P. 1992. Background to the development of revised management procedures.
Rep. Int. Whal. Commn. 42: 236—243.

Klyashtorin, L. B. 1998. Long-term climate change and main commercial fish production in the
Atlantic and Pacific. Fish. Res. 37: 115—125.

- 2001. Climate change and long term fluctuations of commercial catches: the
possibility of forecasting. FAO Fish. Tech. Pap., Rome. 410 p.

Konchina, Y. V. 1986. Distribution and feeding of South African horse mackerel and hake in the
Namibian shelf waters. Colln. Scien. Pap. Int. Commn SE. Atl. Fish. (ICSEAF) 13: 7-18.
Kornilovs, G., L. Sidrevics, and J. W. Dippner. 2001. Fish and zooplankton interaction in the

Central Baltic Sea. ICES J. Mar. Sci. 58: 579-588.

Korrtibel, J. L. 1992. An age-structured simulation model to investigate species replacement
between pilchard and anchovy populations in the southern Benguela. S. Afr.J. Mar. Sci. 12:
375-391.

— ., S.FE Bloomer, K. L. Cochrane, L. Hutchings, and J. G. Field. 1998. Forecasting in
South African pelagic fisheries management: the use of expert decision support systems. S.
Alr. ]. Mar. 5c1. 19: 415-47235.

Krause, J. and G. D. Ruxton. 2002. Living in groups. Oxford University Press, Oxford. 210 p.

Kruse, G., D. M. Eggers, R. J. Marasco, C. Pautzke, and T. J. Quinn II, eds. 1993. Management
strategies for exploited fish populations. AK-SG-93-02. University of Alaska Sea Grant,
Fairbanks. 825 p.

Krzeptowski, M. 1982. Trophic relationships between horse mackerel (Trachurus trachurus
Castelnau) and cape hake (Merluccius capensis Castelnau) off Namibia. Colln. Scient. Pap.
Int. Commn S.E. Atl. Fish. 9: 111-119.

Laevastu, T. 1990. UUSDYNE numerical dynamical ecosystem simulation (personal computer
version of Dynumes). Program documentation 31. NMFS, Alaska Fisheries Science Center,
Seattle.

and H. A. Larkins. 1981. Marine fisheries ecosystem: its quantitative evaluation and
management. Fishing News Books, Farnham, Surrey. 161 p.

Laine, P, J. Eklund, and M. Soikkeli. 1998. Reproduction of Baltic herring after dissimilar
growth and overwintering seasons. Ophelia 48: I155—165.

LarKkin, P-A-T996. Concepts and issues in marine ecosystem management. Rev. Fish. Biol. Fish.
6:139-164.

Lasker, R. 1975. Field criteria for survival of anchovy larvae: the relationship between inshore
chlorophyll maximum layers and successful first feeding. Fish. Bull. 73: 453—-462.

. 1978. The relation between oceanographic conditions and larval anchovy food in the
California Current: identification of factors contributing to recruitment failure. Rapp. P.-v
Réun. Cons. Int. Explor. Mer. 173: 212-230.

. 1981. The role of a stable ocean in larval fish survival and subsequent recruitment.
Pages 80—87 in R. Lasker, ed. Marine fish larvae: morphology, ecology and relation to fish-
eries. University of Washington Press, Seattle.

, J. Peldez, and R. M. Laurs. 1981. The use of satellite infrared imagery for describing
ocean processes in relation to spawning of the northern anchovy (Engraulis mordax). Re-
mote Sens. Environ. 11: 439-453.

Lauck, T., C. W. Clark, M. Mangel, and G. R. Munro. 1998. Implementing the precautionary
principle in fishery management through marine reserves. Ecol. Appl. 8: S72-S78.



http://www.ingentaconnect.com/content/external-references?article=0078-5326(1998)48L.155[aid=6554309]
http://www.ingentaconnect.com/content/external-references?article=0078-5326(1998)48L.155[aid=6554309]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1998)19L.415[aid=6554311]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1998)19L.415[aid=6554311]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1998)19L.415[aid=6554311]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1992)12L.375[aid=6554312]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1992)12L.375[aid=6554312]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1992)12L.375[aid=6554312]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(1998)37L.115[aid=6554315]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(1998)37L.115[aid=6554315]
http://www.ingentaconnect.com/content/external-references?article=0960-3166(1996)6L.139[aid=3027330]
http://www.ingentaconnect.com/content/external-references?article=0960-3166(1996)6L.139[aid=3027330]

454 BULLETIN OF MARINE SCIENCE, VOL. 76, NO. 2, 2005

Le Page, C. and P. Cury. 1996. How spatial heterogeneity influences population dynamics: sim-
ulations in SEALAB. Adapt. Behav. 4: 249-274.
and . 1997. Population viability and spatial fish reproductive strategies in
constant and changing environments: an individual-based modelling approach. Can. J.
Fish. Aquat. Sci . 54: 2235-2246.
Lebedev, N. V. (ed.). 1969. Elementary populations of fish. (Translated from Russian). Israel
Prog. Sci. Trans., Jerusalem.
Lester, R. J. G., C. Thompson, H. Moss, and S. C. Barker. 2001. Movement and stock structure
of narrow-barred Spanish mackerel as indicated by parasites. J. Fish Biol. 59: 833—842.
Letcher, B. H., J. A. Rice, L. B. Crowder, and K. A. Rose. 1996. Variability in survival of Tarval
fish: disentangling components with a generalized individual-based model. Can. J. Fish.
Aquat. Sci. 53: 787-801.

Link, J. S. and L. P. Garrison. 2002. Changes in piscivory associated with fishing induced chang-
es to the finfish community on Georges Bank. Fish. Res. 55: 71-386.

Larraneta, M. G. and 1. Wyatt. 1989. International symposium on long-term changes in ma-
rine fish populations Vigo. Consejo Superior de Investigaciones Cientificas. 554 p.

Lluch-Belda, D., R. J. M. Crawford, T. Kawasaki, A. D. MacCall, R. H. Parrish, R. A. Schwartz-
lose, and P. E. Smith. 1989. World-wide fluctuations of sardine and anchovy stocks: the
regime problem. S. Aff ] VIar. Sci. 8: 195—205.

, RTASchwartzlose, R: Serra, R. H. Parrish, T. Kawasaki, D. Hedgecock, and R. J.
M. Crawford. 1992. Sardine and anchovy regime fluctuations of abundance in four regions
of the world oceans: a workshop report. Fish. Oceanogr. 1: 339-347.

, D. B. Lluch-Cota, S. Hernandez-Vazquez, and C. A. Salinas-Zavala. 1992a. Sar-
dine population expansion in eastern boundary systems of the Pacific Ocean as related to
sea surface temperature. S. Afr. J. Mar. Sci. 12: 147-157.

Longhurst, A-R. 2002 Murphy’s law revisited: longevity as a factor in recruitment to fish popu-
lations. Fish. Res. 56: T25—13T.
and D. Pauly. 1987. Ecology of tropical oceans. San Diego, Academic Press. 407 p.
MacCall, A. 1976. Density dependence of catchability coefficient in the California Pacific sar-
dine, Sardinops sagax caerulea, purse seine fishery. Cal. Coop. Ocean Fish. 18: 136—148.
. 1990. Dynamic geography of marine fish populations. Books in recruitment fishery
oceanography. Washington Sea Grant Program, University of Washington Press, Seattle.
153 p.

. 2002. Sardine regimes and mesoscale flow stucture. Pages 39-42 in A. Bakun and
K. Broad, eds. Climate and fisheries: Interacting paradigms, scales, and policy approaches.
IRI, Columbia University, New York.

Mace, P. M. 1994. Relationships between common biological reference points used as thresh-
olds and Targets of fisheries management strategies. Can. J. Fish. Aquat. Sci. b1: 110—122.

- Z00I. A new role for MSY in single-species and ecosystem approaches to lisheries
stock assessment and management. Fish Fish. 2: 2-32.

MacKenzie B. R. 2000. Turbulence, larval fish ecology and fisheries recruitment: a review of
field studies. Oceanol. Acta 23: 357-375.

Mackinson, S., U. R. Sumaila, and 1. J. Pitcher. 1997. Bioeconomics and catchability: fish and
fishers behaviour during stock collapse. Fish- Res. 3T I1-17.

, L. Nottestad, S. Gue nette, T.J. Pitcher, O. A. Misund, and A. Ferno. 1999. Cross-
scale observations on distribution and behavioural dynamics of ocean feeding Norwegian
spring spawning herring (Clupea harengus L.). ICES J. Mar. Sci. 56: 613—626.

Magoulas, A. and E. Zouros. 1999. Population structure of anchovy (Engraulis encrasicolus) in
the Mediterranean and adjacent seas using molecular genetic markers. Page 207 in K.-G.
Barthel, M. Suranyi, H. Barth, M. Bohle-Carbonell, M. Cornaert, C. Fragakis, D. Levieil, E.
Lipiatou, P. Martin, G. Ollier, P. Seifert, T. Tiainen, and J. Verborgh, eds. 3¢ European Ma-
rine Science and Technology Conference, Lisbon, 23—-27 May 1998: Conference proceed-
ings. Office for Official Publications of the European Communities, Luxemburg.



http://www.ingentaconnect.com/content/external-references?article=0399-1784(2000)23L.357[aid=6554285]
http://www.ingentaconnect.com/content/external-references?article=0399-1784(2000)23L.357[aid=6554285]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(1997)31L.11[aid=6554294]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(1997)31L.11[aid=6554294]
http://www.ingentaconnect.com/content/external-references?article=0706-652X(1994)51L.110[aid=6554295]
http://www.ingentaconnect.com/content/external-references?article=0706-652X(1994)51L.110[aid=6554295]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(2002)56L.125[aid=6554297]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(2002)56L.125[aid=6554297]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1989)8L.195[aid=6554299]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1989)8L.195[aid=6554299]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(2002)55L.71[aid=6554300]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(2002)55L.71[aid=6554300]
http://www.ingentaconnect.com/content/external-references?article=0022-1112(2001)59L.833[aid=6554302]
http://www.ingentaconnect.com/content/external-references?article=0022-1112(2001)59L.833[aid=6554302]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1992)12L.147[aid=6554305]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1992)12L.147[aid=6554305]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1992)12L.147[aid=6554305]

FREON ET AL.: SUSTAINABLE EXPLOITATION OF SMALL PELAGIC FISH STOCKS 455

Mann, K. H., J. G. Field, and F. Wulff. 1989. Network analysis in marine ecology: an assessment.
Pages 259-282 in F. Wulff, J. G. Field, and K. H. Mann, eds. Network analysis in marine
ecology: methods and applications. Coastal and Estuaries Studies No. 32. Springer-Verlag,
Berlin.

Maravelias, C. D. and D. G. Reid. 1995. Relationship between herring (Clupea harengus, L.)
distribution and sea surface salinity and temperature in the northern North Sea. Sci. Mar.
59:427-438.

Marchal, E. 1993. Biologie et écologie des poissons pélagiques cotiers du littoral ivoirien. Pages
237-269 in P. Le Loeuff, E. Marchal, and J. B.éd. Amon-Kothias, eds. Environnement et res-
sources aquatiques de Cote d’Ivoire. Tome I: Le milieu marin. Orstrom, Paris.

Massé, J., C. Koutsikopoulos, and W. Patty. 1996. The structure and spatial distribution of pe-
lagic fish schools in multispecies clusters: an acoustic study. ICES J. Mar. Sci. 53: 155-160.

Mathisen, O. A. 1989. Adaptation of the anchoveta (Engraulis ringens) to the Peruvian upwell-
ing system. Pages 220-234 in D. Pauly, P. Muck, J. Mendo, and I. Tsukayama, eds. The Peru-
vian upwelling ecosystem: dynamics and interactions. ICLARM Conf. Proc. 18. ICLARM,
Manila.

Matson, P. A. and M. D. Hunter. 1992. Special feature: the relative contributions to top-down
and bottom-up forces in population and community ecology. Ecology 73: 723=765.

May, K- M., J. K. Beddington, C.” W. Clark, S.J. Holf, and K. M. Laws. 1979. Management of
multispecies fisheries. Science 205: 267-277.

and 1. Kierboe. 1995, Encounter rates and swimming behavior of pause-travel
and cruise larval fish predafors in calm and turbulent laboratory environments. Limnol.
Oceanogr. 40: 1278-1289.

and . 2000. Larval fish feeding and turbulence: a case for the down-
side. Limnol. Oceanogr. 45: I=T10.

McCleave, J. D, G. P Arnold, J. J. Dodson, and W. H. Neill. 1984. Mechanisms of migration in
fishes. Plenum Press, New York. 574 p.

McCullag, P. and J. A. Nelder. 1989. Generalized linear models. Chapman and Hall, London.
511 p.

McFarlane, G. A. and R. J. Beamish. 2001. The re-occurrence of sardines off British Columbia
characterises the dynamic nature of regimes. Prog. Oceanogr. 49: 151-165.

, J. RUKing, and R. ]J. Beamish. 2000. Have there been recent changes in cli-
mate? Ask the fish. Prog. Oceanogr. 47: 147-T69.

McGowan, J. A., D. K. Cayan, and L. M. Dorman. 1998. Climate-ocean variability and ecosys-
tem response in the northeast Pacific. Science 28T: 2T0-217.

McKenzie, B. R. 2000. Turbulence, Tarval fish ecology and fisheries recruitment: a review of
field studies. Oceanol. Acta 23: 357-375.

McQuinn, I. H. 1997, Metapopulations and the Atlantic herring. Rev. Fish Biol. Fish. 7: 297—
329.

Megrey, B. A. 1989. Review and comparison of age-structured stock assessment models from
theoretical and applied points of view. Pages 8—48 in E. F. Edwards, and B. A. Megrey, eds.
Mathematical analysis of fish stock dynamics. Am. Fish. Soc. Symp. 6., Bethesda.

Mendelssohn, R. and P. Cury. 1987. Fluctuations of a fortnightly abundance index of the Ivo-
irian coastal pelagic species and associated environmental conditions. Can. J. Fish. Aquat.
Sci. 44: 408-428.

Menge, B. A. 2000. Top-down and bottom-up community regulation in marine rocky intertidal
habitats. J-Exp. Mar. Biol. Ecol. 250: 257—289.

Micheli, F. T999. Eutrophication, fisheries, and consumer-resource dynamics in marine pelagic
ecosystems. Science 285: 1396—1398.

Misund, O. A. 1997. Underwater acoustics in marine fisheries and fisheries research. Rev. Fish
Biol. Fish. 7:T=34.

— and ATK. Beltestad. 1995. Survival of herring after simulated net bursts and con-
ventional storage in net pens. Fish. Res. 22: 293-297.



http://www.ingentaconnect.com/content/external-references?article=0165-7836(1995)22L.293[aid=6554279]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(1995)22L.293[aid=6554279]
http://www.ingentaconnect.com/content/external-references?article=0960-3166(1997)7L.1[aid=6554280]
http://www.ingentaconnect.com/content/external-references?article=0960-3166(1997)7L.1[aid=6554280]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(1999)285L.1396[aid=6554281]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(1999)285L.1396[aid=6554281]
http://www.ingentaconnect.com/content/external-references?article=0022-0981(2000)250L.257[aid=6554282]
http://www.ingentaconnect.com/content/external-references?article=0022-0981(2000)250L.257[aid=6554282]
http://www.ingentaconnect.com/content/external-references?article=0960-3166(1997)7L.297[aid=6554284]
http://www.ingentaconnect.com/content/external-references?article=0399-1784(2000)23L.357[aid=6554285]
http://www.ingentaconnect.com/content/external-references?article=0399-1784(2000)23L.357[aid=6554285]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(1998)281L.210[aid=6554286]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(1998)281L.210[aid=6554286]
http://www.ingentaconnect.com/content/external-references?article=0079-6611(2000)47L.147[aid=6554287]
http://www.ingentaconnect.com/content/external-references?article=0079-6611(2000)47L.147[aid=6554287]
http://www.ingentaconnect.com/content/external-references?article=0079-6611(2001)49L.151[aid=6554288]
http://www.ingentaconnect.com/content/external-references?article=0079-6611(2001)49L.151[aid=6554288]
http://www.ingentaconnect.com/content/external-references?article=0024-3590(1995)40L.1278[aid=6554289]
http://www.ingentaconnect.com/content/external-references?article=0024-3590(1995)40L.1278[aid=6554289]
http://www.ingentaconnect.com/content/external-references?article=0024-3590(1995)40L.1278[aid=6554289]
http://www.ingentaconnect.com/content/external-references?article=0012-9658(1992)73L.723[aid=6554290]
http://www.ingentaconnect.com/content/external-references?article=0012-9658(1992)73L.723[aid=6554290]
http://www.ingentaconnect.com/content/external-references?article=0024-3590(2000)45L.1[aid=5441888]
http://www.ingentaconnect.com/content/external-references?article=0024-3590(2000)45L.1[aid=5441888]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(1979)205L.267[aid=4631500]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(1979)205L.267[aid=4631500]

456 BULLETIN OF MARINE SCIENCE, VOL. 76, NO. 2, 2005

,J. Kolding, and P. Fréon. 2002. Fish capture devices and their influence on fisher-
ies management. Pages 13-36 in P. J. B. Hart and J. D. Reynolds, eds. The handbook of fish
biology and fisheries. Vol. 2: Fisheries. Blackwell, London.

Mitchell-Innes, B. A. and G. C. Pitcher. 1992. Hydrographic parameters as indicators of the
suitability of phytoplankton populations as food for herbivorous copepods. S. Afr. J. Mar.
Sci. 12: 355-365.

Moloney, C. L. 1992. Simulation studies of trophic flows and nutrient cycles in Benguela up-
welling foodwebs. S. ATr. J. Mar. Sci. 12: 457-476.

Muck;, P-1989. Major trends in the pelagic ecosystem off Peru and their implications for man-
agement. Pages 386—403 in D. Pauly, P. Muck, J. Mendo, and T. Tsukayama, eds. The Peru-
vian upwelling ecosystem: dynamics and interactions. Proc. Workshop on Models for Yield
Prediction in the Peruvian Ecosystem, Callao. ICLARM Conf. Proc. 18. ICLARM, Manila.

and G. Sanchez. 1987. The importance of mackerel and horse mackerel predation for
the Peruvian anchoveta stock (a population and feeding model). Pages 276—-293 in D. Pauly
and L. Tsukayama, eds. The Peruvian anchoveta and its upwelling ecosystem: three decades
of change. ICLARM Stud. Rev. 15. ICLARM, Manila.

, B. Rojas de Mendiola, and E. Antonietti. 1989. Comparative studies on feeding in lar-
val anchoveta (Engraulis ringens) and sardine (Sardinops sagax). Pages 86—96 in D. Pauly, P.
Muck, J. Mendo, and I. Tsukayama, eds. The Peruvian upwelling ecosystem: dynamics and
interactions. ICLARM Conf. Proc. 18. ICLARM, Manila.

Mullon, C., P. Cury, and P. Penven. 2002. Evolutionary individual-based model for the recruit-
ment of the anchovy in the southern Benguela. Can. J. Fish. Aquat. Sci. 59: 910-922.

, P Freon, C. Parada, C. D. van der Lingen, and J. A. Huggett. Z003. From partlcles to
individuals: modelling the early stages of anchovy in the southern Benguela. Fish. Ocean-
ogr. 12: 396-406.

Myers, R. A. 1998. When do environment-recruitment correlations work? Rev. Fish Biol. Fish.
8:285-305.

and N. J. Barrowman. 1996. Is fish recruitment related to spawner abundance?
Fish. Bull. 94: 707-724.

, K. G. Bowen, and N. J. Barrowman. 1999. Maximum reproductive rate of fish at
low population sizes. Can. J. Fish. Aquat. Sci. 56: 2404—2419.

Neilson, J. D.and R. . Perry. 1990. Diel vertical migrations of marine fishes: an obligate or fac-
ultative process? Adv. Mar. Biol. 26: 115-168.

Nieland, H. 1982. The food of Sardinella aurita (Val.) and Sardinella eba (Val.) off the coast of
Senegal. Rapp. P.-v. Réun. Cons. Int. Eplor. Mer 180: 369—373.

Niquen Carranza, M and E. Diaz. 2002. Advances in research on the spatial distribution of
anchovy and sardine off the Peruvian coast. Pages 36—38 in C. D. van der Lingen, C. Roy,
P. Fréon, L. Castro, M. Gutierrez, L. Nykjaer, and F. Shillington, eds. Report of a GLOBEC-
SPACC/IDYLE/ENVIFISH Workshop on Spatial Approaches to the Dynamics of Coastal
Pelagic Resources and Their Environment in Upwelling Areas (6—8 September 2001, Cape
Town, South Africa). GLOBEC Report 16.

and M. Bouchon Corrales. 2004. Impact of El Nifno events on the pelagic
fisheries in Peruvian waters. Deep Sea Res. II. 51: 563-574.

Overholtz, W. J. 1989. Density-dependent growth in the northwest Atlantic stock of Atlantic
mackerel (Scomber scombrus). ]. Northwest Atl. Fish. Sci. 9: T15—-121.

,J.S. Link, and L. E. Suslowicz. 1999. Consumption and harvest of pelagic fishes
and squids in the Gulf of Maine-Georges Bank ecosystem. Pages 163—186 in Anonymous,
ed. Ecosystem approaches for fishery management. AK-SG-99-01. University of Alaska Sea
Grant, Fairbanks.

Pace, M. L., J. J. Cole, S. R. Carpenter, and J. E. Kitchell. 1999. Trophic cascades revealed in
diverse ecosystems. Trends Ecol. Evol. 14: 483—488.



http://www.ingentaconnect.com/content/external-references?article=0706-652X(2002)59L.910[aid=6554277]
http://www.ingentaconnect.com/content/external-references?article=0706-652X(2002)59L.910[aid=6554277]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1992)12L.457[aid=6554278]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1992)12L.457[aid=6554278]
http://www.ingentaconnect.com/content/external-references?article=0250-6408(1989)9L.115[aid=6243442]
http://www.ingentaconnect.com/content/external-references?article=0250-6408(1989)9L.115[aid=6243442]
http://www.ingentaconnect.com/content/external-references?article=0169-5347(1999)14L.483[aid=5216486]
http://www.ingentaconnect.com/content/external-references?article=0169-5347(1999)14L.483[aid=5216486]
http://www.ingentaconnect.com/content/external-references?article=0706-652x(1999)56L.2404[aid=2992838]
http://www.ingentaconnect.com/content/external-references?article=0706-652x(1999)56L.2404[aid=2992838]

FREON ET AL.: SUSTAINABLE EXPLOITATION OF SMALL PELAGIC FISH STOCKS 457

Page, F. H., M. Sinclair, C. E. Naimie, J. W. Loder, R. J. Losier, P. L. Berrien, and R. G. Lough.
1999. Cod and haddock spawning on Georges Bank in relation to water residence times.
Fish. Oceanogr. 8: 212-226.

Painting, S.J. and J. L. Korrtibel. 1998. Forecasts of recruitment in South African anchovy from
SARP field data using a simple deterministic expert system. Benguela dynamics: impacts
of variability on shelf-sea environments and their living resources. S. Afr. J. Mar. Sci. 19:
245-261.

Parada, C., C. D. van der Lingen, C. Mullon, and P. Penven. 2003. Modelling the effect of
buoyancy on the transport of anchovy (Engraulis capensis) eggs from spawning to nursery
ground in the southern Benguela: an IBM approach. Fish. Oceanogr. 12: 170—-184.

Parker, R. O,, Jr. 1972. An electric detector system for recovering internally tagged menhaden,
genus Brevoortia. NOAA Tech. Rep. 65.

Parrish, J. K. 1989. Layering with depth in a heterospecific fish aggregation. Environ. Biol. Fish.
26: 79-85:
— . T999. Using behavior and ecology to exploit schooling fishes. Environ. Biol. Fish.
55:157-181.

—and A. D. MacCall. 1978. Climatic variation and exploitation in the Pacific mack-
erel fishery. Calif. Fish Game Fish. Bull. 167. 110 p.

, C. S. Nelson, and A. Bakun. 1981. Transport mechanisms and reproductive suc-
cess of fishes in the California Current. Biol. Oceanogr. 1: 175-203.

, A. Bakun, D. M. Husby, and C. S. Nelson. 1983. Comparative climatology of se-
lected environmental processes in relation to Eastern boundary current pelagic fish re-
production. Pages 731-777 in G. D. Sharp and J. Csirke, eds. Proc. Expert Consultation to
Examine Changes in Abundance and Species Composition of Neritic Fish Resources. FAO
Fish. Rep. 291.

Pauly, D. and I. Tsukayama, eds. 1987. The Peruvian anchoveta and its upwelling ecosystem:
three decades of change. ICLARM Stud. Rev. 15. ICLARM, Manila.

, V. Christensen, J. Dalsgaard, R. Froese, and F. Torres Jr. 1998. Fishing down marine
food webs. Science 279: 860—863.

R , R. Froese, and M. L. Palomares. 2000a. Fishing down aquatic food
webs. Am. Sci. 88: 46-51.

, , and C. Walters. 2000b. Ecopath, ecosim and ecospace as tools for
evaluating ecosystem impact of fisheries. ICES J. Mar. Sci. 57: 697-706.

Peterman, M. R and M. J. Bradford. 1987. Wind speed and mortality rate of a marine fish, the
northern anchovy (Engraulis mordax). Science 235: 354—356.

, W. C.Clark, and C. S. Holling. 1979. The dynamics of resilience: shifting stabil-
ity domains in fish and insect systems. Pages 321-341 in R. M. Anderson, B. D. Turner, and
L. R. Taylor, eds. Population dynamics. Blackwell Scientific Publications, London.

, M. J. Bradford, N. C. Lo, and R. D. Methot. 1988. Contribution of early life
stages to interannual variability in recruitment of northern anchovy (Engraulis mordax).
Can. J. Fish. Aquat. Sci. 45: 8-16.

Petitgas, P. and J. ]. Lévénez. 1996. Spatial organization of pelagic fish: echogram structure, spa-
tio-temporal condition, and biomass in Senegalese waters. ICES J. Mar. Sci. 53: 147-153.

, D. Reid, P. Carrera, M. Iglesias, S. Georgakarakos, B. Liorzou, and J. Massé. 2001.
On the relation between schools, clusters of schools, and abundance in pelagic fish stocks.
ICES J. Mar. Sci. 58: 1150—1160.

Pikitch, E. K., D. D. Huppert, and M. P. Sissenwine (eds.). 1997. Global trends: fisheries man-
agement. Amer. Fish. Soc. Symp. 20. 328 p.

Pitcher, T. J. 1997. Fish shoaling behaviour as a key factor in the resilience of fisheries: shoal-
ing behaviour alone can generate range collapse in fisheries. Pages 143—-148 in D. A. Han-
cock and J. P. Beumer, eds. Proc. 2nd World Fisheries Congress, Brisbane. CSIRO, Collin-
gwood.



http://www.ingentaconnect.com/content/external-references?article=0036-8075(1987)235L.354[aid=6554262]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(1987)235L.354[aid=6554262]
http://www.ingentaconnect.com/content/external-references?article=0378-1909(1999)55L.157[aid=6554264]
http://www.ingentaconnect.com/content/external-references?article=0378-1909(1999)55L.157[aid=6554264]
http://www.ingentaconnect.com/content/external-references?article=0378-1909(1989)26L.79[aid=6554265]
http://www.ingentaconnect.com/content/external-references?article=0378-1909(1989)26L.79[aid=6554265]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(1998)279L.860[aid=2379180]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(1998)279L.860[aid=2379180]

458 BULLETIN OF MARINE SCIENCE, VOL. 76, NO. 2, 2005

and J. K. Parrish. 1993. Functions of shoaling behaviour in teleosts. Pages 363—439
in T.J. Pitcher, ed. Behaviour of teleost fishes. Chapman and Hall, London.
and D. Pauly. 1998. Rebuilding ecosystems, not sustainability, as the proper goal
of fishery management. Pages 312329 in T. J. Pitcher, P.]. B. Hart, and D. Pauly, eds. Rein-
venting fisheries management. Chapman and Hall, London.

Policansky, D. 1993. Evolution and management of exploited fish populations. Pages 651664
in G. Kruse, D. M. Eggers, R. J. Marasco, C. Pautzke, and T. J. Quinn II, eds. Management
strategies for exploited fish populations. AK-SG-93-02. University of Alaska Sea Grant,
Fairbanks.

Polovina, J. F. 2005. Climate variation, regime shifts, and implications for sustainable fisheries.
Bull. Mar. Sci. 76: 233-244.

, G. T-Mitchum, N. E. Graham, M. P. Craig, E. E. Demartini, and E. N. Flint. 1994.
Physical and biological consequences of a climate event in the central North Pacific. Fish.
Oceanogr. 3: 15-21.

Pope, J. G. 1977. Estimation of fishing mortality, its precision and implications for the manage-
ment of fisheries. Pages 63—76 in J. H. Steele, ed. Fisheries mathematics. Academic Press,
New York.

. 1979. A modified cohort analysis in which constant natural mortality is replaced by
estimates of predation levels. ICES C. M. 1979/H. 16 p.

. 1991. The ICES Multispecies Assessment Working Group: evolution, insights and
future problems. ICES Mar. Sci. Symp. 193: 22-33.

Rice, J. 1995. Food web theory, marine food webs, and what climate change may do to northern
marine fish populations. Pages 561-568 in R. J. Beamish, ed. Climate change and northern
fish populations. Can. Spec. Publ. Fish. Aquat. Sci. 121.

Richardson, A.J., B. A. Mitchell-Innes, J. L. Fowler, S. F. Bloomer, H. M. Verheye, J. G. Field, L.
Hutchings, and S. J. Painting. 1998. The effect of sea temperature and food availability on
the spawning success of Cape anchovy Engraulis capensis in the southern Benguela. S. Afr.
J. Mar. Sci. 19:275-290.

RicKer;, W. E. 1954 Stock and recruitment. J. Fish. Res. Board Can. 11: 559-623.

Roberts, C. M. 1997. Ecological advice for the global fisheries crisis. Trends Ecol. Evol. 12:
35-38.

Robichaud, D. and G. A. Rose. 2001. Multiyear homing of Atlantic cod to a spawning ground.
Can. J. Fish. Aquat. Sci. 58: Z325=23209.

Rosg, K. A., E-S. Rutherford, J. L. Forney, E. L. Mills, and D. SinghDermott. 1999. Individual-
based model of walleye and yellow perch populations in Oneida Lake. Ecol. Monogr. 69:
127-154.

Rothschild, B. J. 1973. Questions of strategy in fishery management and development. J. Fish.
Res. Board Can. 30: 2017-2030.

. 1986. Dynamics of marine fish populations. Harvard University Press, Cam-
bridge. 277 p.

. 1995. Fishstock fluctuations as indicators of multidecadal fluctuations in the
biological productivity of the ocean. Can. Spec. Publ. Fish. Aquat. Sci. 121: 201-209.

and T. R. Osborn. 1988. Small-scale turbulence and plankton contact rates. J.
Plankton Res. 10: 465—474.

Roy, C.and C. Reason. 2001. ENSO related modulation of coastal upwelling in the eastern
Atlantic. Prog. Oceanogr. 49: 245—255.

, 5. Weeks, M. Rouault, G. Nelson, R. Barlow, and C. D. van der Lingen. 2001. Extreme
oceanographic events recorded in the southern Benguela during the 1999-2000 summer
season. S. Afr. J. Sci. 97: 465-471.

, . Fréon, and C. D. van der Lingen. 2002. An empirical model of anchovy recruit-
ment variability in the southern Benguela. Pages 52—54 in C. D. van der Lingen, C. Roy, .
Fréon, M. Barange, L. Castro, M. Gutierrez, L. Nykjaer, and F. Shillington, eds. Report of
a GLOBEC-SPACC/IDYLE/ENVIFISH Workshop on Spatial Approaches to the Dynam-



http://www.ingentaconnect.com/content/external-references?article=0007-4977(2005)76L.233[aid=6554072]
http://www.ingentaconnect.com/content/external-references?article=0007-4977(2005)76L.233[aid=6554072]
http://www.ingentaconnect.com/content/external-references?article=0079-6611(2001)49L.245[aid=6554250]
http://www.ingentaconnect.com/content/external-references?article=0079-6611(2001)49L.245[aid=6554250]
http://www.ingentaconnect.com/content/external-references?article=0142-7873(1988)10L.465[aid=6554251]
http://www.ingentaconnect.com/content/external-references?article=0142-7873(1988)10L.465[aid=6554251]
http://www.ingentaconnect.com/content/external-references?article=0012-9615(1999)69L.127[aid=6554254]
http://www.ingentaconnect.com/content/external-references?article=0012-9615(1999)69L.127[aid=6554254]
http://www.ingentaconnect.com/content/external-references?article=0012-9615(1999)69L.127[aid=6554254]
http://www.ingentaconnect.com/content/external-references?article=0706-652X(2001)58L.2325[aid=6554255]
http://www.ingentaconnect.com/content/external-references?article=0706-652X(2001)58L.2325[aid=6554255]
http://www.ingentaconnect.com/content/external-references?article=0169-5347(1997)12L.35[aid=6554256]
http://www.ingentaconnect.com/content/external-references?article=0169-5347(1997)12L.35[aid=6554256]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1998)19L.275[aid=6554257]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1998)19L.275[aid=6554257]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1998)19L.275[aid=6554257]

FREON ET AL.: SUSTAINABLE EXPLOITATION OF SMALL PELAGIC FISH STOCKS 459

ics of Coastal Pelagic Resources and Their Environment in Upwelling Areas. GLOBEC
Report 16.

Ryan, P. G. and C. L. Moloney. 1988. Effect of trawling on bird and seal distributions in the
southern Benguela region. Mar. Ecol. Prog. Ser. 45: 1-11.

Ryman, N., F. Utter, and L. Laikre. 1995. Protection of intraspecific biodiversity of exploited
fishes. Rev. Fish Biol. Fish. 5: 417-446.

Sadovy, Y. 2001. The threaf of fishing to highly fecund fishes. J. Fish Biol. 59: 90—108.

Santos, A. M. P. 2000. Fisheries oceanography using satellite and airborne remote sensing
methods: a review. Fish. Res. 49t I-20.

Schindler, D-W., K- H. Mills, D. F. Malley, D. L. Findlay, J. A. Shearer, I .J. Davies, M. A. Turner,
G. A. Linsey, and D. R. Cruikshank. 1985. Long-term ecosystem stress: the effects of years
of experimental acidification on a small Take. Science 228: 1395—1400.

Schneider, N. and A. J. Miller. Z00T. Predicting western North Pacific Ocean climate. J. Clim.
14: 3997-4002.

Schwartzlose, R. A, J. Alheit, A. Bakun, T. R. Baumgartner, R. Cloete, R. J. M. Crawford, W.
J. Fletcher, Y. Green-Ruiz, E. Hagen, T. Kawasaki, D. Lluch-Belda, S. E. Lluch-Cota, A. D.
MacCall, Y. Matsuura, M. O. Nevarez-Martinez, R. H. Parrish, C. Roy, R. Serra, K. V. Shust,
M. N. Ward, and J. Z. Zuzunaga. 1999. Worldwide large-scale fluctuations of sardine and
anchovy populations. S. Afr. J. Mar. Sci. 21: 289-347.

Sech, P."AT1980. Cataloque des engines de péche artisanale au Sénégal. COPACE Series
79/16.

Shackleton, L. Y. 1987. A comparative study of fossil fish scales from three upwelling regions.
The Benguelaand comparable ecosystems. S. AlT. J. Mar. Sci. b: 79—84.

. 1988, Scale shedding: an important factor in fossil fish scale studies. J. Cons.
Int. Explor. Mer 44: 259-63.

Shannon, L.J. 2001. Trophic models of the Benguela upwelling system: towards an ecosystem ap-

proach to fisheries management. Ph.D. thesis, University of Cape Town, Cape Town. 319 p.

and P. M. Cury 2004. Indicators quantifying small pelagic fish interactions in the
southern Benguela ecosystem. Ecol. Ind. 3: 305-321.

, and A. Jarre. 2000. Modelling effects of fishing in the southern
Benguela ecosystem. ICES J. Mar. Sci. 57: 720-722.

,J. G. Field, and C. L. Moloney 2004. Simulating anchovy-sardine regime shifts in
the southern Benguela ecosystem. Ecol. Mod. 172: 269-281.

, C. L. Moloney, A. Jarre, and J. G. Field. 2003. Trophic flows in the southern Ben-
guela during the 1980s and 1990s. J. Mar. Sys. 39: 83—116.

Shelton, P. A., M. ]. Armstrong, and B. A. Roel. 1993. An overview of the application of the daily
egg production method in the assessment and management of anchovy in the Southeast
Atlantic. Bull. Mar. Sci. 53. 778-794.

Silvert, W. and R. J. M. Crawford. 1988. The periodic replacement of one fish stock by another.
Pages 161-180 in T. Wyatt and M. G. Larraneta, eds. Long term changes in marine fish
populations. Proc. Int. Symp. Vigo, Spain. November 1986. Instituto de Investigaciones
Marinas de Vigo, Vigo.

Sinclair, M. 1988. Marine populations: an essay on population regulation and speciation. Uni-
versity of Washington Press, Seattle. 252 p.

and M. J. Tremblay, 1984. Timing of spawning of Atlantic herring (Clupea haren-
gus harengus) populations and the match-mismatch theory. Can. J. Fish. Aquat. Sci. 41:
1055-1065.

and T. D. Iles. 1989. Population regulation and speciation in the oceans. J. Cons. Int.
Explor. Mer. 45: 165-175.

and G. Valdimarsson. 2003. Responsible fisheries in the marine ecosystem. CABI
Publishing, Wallingford. 448 p.



http://www.ingentaconnect.com/content/external-references?article=0257-7615(1987)5L.79[aid=6554242]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1987)5L.79[aid=6554242]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1999)21L.289[aid=6554243]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1999)21L.289[aid=6554243]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(1985)228L.1395[aid=6554245]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(1985)228L.1395[aid=6554245]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(2000)49L.1[aid=6554246]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(2000)49L.1[aid=6554246]
http://www.ingentaconnect.com/content/external-references?article=0960-3166(1995)5L.417[aid=6554248]
http://www.ingentaconnect.com/content/external-references?article=0960-3166(1995)5L.417[aid=6554248]

460 BULLETIN OF MARINE SCIENCE, VOL. 76, NO. 2, 2005

, V. C. Anthony, T. D. Iles, and R. N. O’Boyle. 1985. Stock assessment problems in
Atlantic herring Clupea harengus in the northwest Atlantic. Can. J. Fish. Aquat. Sci. 42:
888-898.

Skud, B. E. 1982. Dominance in fishes. The relation between environment and abundance. Sci-
ence 216: 144-149.

Smedbol, R. and R. Stephenson. 2001. The importance of managing within-species diversity in
cod and herring fisheries of the northwestern Atlantic. J. Fish Biol. 59: 109-128.

Smetacek, V. 1999. Revolution in the ocean. Nature 401: 647 p.

Smith, A. D." M. I993. Risks of over- and under-Tishing new resources. Pages 261-267 in S. J.
Smith, J., J. Hunt, and D. Rivard, eds. Risk evaluation and biological reference points for
fisheries management. Can. Spec. Publ. Fish. Aquat. Sci. 120.

. 1994. Management strategy evaluation — the light on the hill. Pages 249-253 in D. A.
Hancock, ed. Population dynamics for fisheries management. Australian Society for Fish
Biology, Perth.

, K. J. Sainsbury, and R. A. Stevens. 1999. Implementing effective fisheries-manage-
ment systems — management strategy evaluation and the Australian partnership approach.
ICES J. Mar. Sci. 56: 967-979.

Smith, P. E. 1985. Year-class strength and survival of 0-group clupeoids. Can. J. Fish. Aquat.
Sci. 42: 69-82.

Smith, P.J. and A. Jamieson. 1986. Stock discreteness in herrings: a conceptual revolution. Fish.
Res. 4: 223-234.

Smith, S.J.,].J. Hunt, and D. Rivard (eds.). 1993. Risk evaluation and biological reference points
for fishery management. Can. Spec. Publ. Fish. Aquat. Sci. 120.

Sparre, P. 1980. A goal function of fisheries (legion analysis). ICES CM 1980/G: 40. ICES, Co-
penhagen. 81 p.

. 1991. Introduction to multispecies virtual population analysis. ICES Mar. Sci. Symp.
193:12-21.

Spencer, P. D. and J. S. Collie. 1997. Patterns of population variability in marine fish stocks. Fish.
Oceanogr. 6: 188—204.

Starfield, A. M., P. A. Shelton, J. G. Field, R. J. M. Crawford, and M. J. Armstrong. 1988. Note on
a modelling schema for renewable resource problems. S. Afr. . Mar. Sci. 7: 299=303.

Steele, J. H. and M. Schumacher. 2000. Ecosystem structure before fishing. Fish. Res. 44: 201—
205.

Stocker, M., V. Haist, and D. A. Fournier. 1985. Environmental variation and recruitment of
Pacific herring (Clupae haregus pallasi) in the Strait of Georgia. Can. J. Fish. Aquat. Sci.,
42(Suppl. 1): 174-180.

Stoecker, D. K. and N. K. Sanders. 1985. Differential grazing by Acartia tonsa on a dinoflagel-
late and a tintinnid. J. PlanktonRes. 7: 85—100.

Sund, P, N., M. Blackburn, and F. Williams. 1931. Tunas and their environment in the Pacific
Ocean: a review. Oceanogr. Mar. Biol. Ann. Rev. 19: 443=512.

Swartzman, G. 1997. Analysis of the summer distribution of fish schools in the Pacific Eastern
Boundary Current. ICES J. Mar. Sci. 54: 105-116.

, W. Stuetzle, K. Kulman, and M. Powojowski. 1994. Relating the distribution of
pollock schools in the Bering Sea to environmental factors. ICES J. Mar. Sci. 51: 481-492.

Thorrold, S. R., C. Latkoczy, P. K. Swart, and C. M. Jones. 2001. Natal homing in a marine fish
metapopulation. Science 291: 297-299.

Trites, A~ W., I. A. Livingston, M. C. Vasconcellos, S. Mackinson, A. M. Springer, and D. Pau-
ly. 1999. Ecosystem considerations and the limitations of ecosystem models in fisheries
management: insights from the Bering Sea. Pages 609-619 in Anonymous, ed. Ecosystem
approaches for fishery management. AK-SG-99-01. University of Alaska Sea Grant, Fair-
banks.

Troadec, J. -P,, W. G. Clark, and J. A. Gulland. 1980. A review of some pelagic fish stocks in
other areas. Rapp. P-v. Réun. Cons. int. Expl. Mer 177: 252-277.



http://www.ingentaconnect.com/content/external-references?article=0078-3218(1981)19L.443[aid=6554222]
http://www.ingentaconnect.com/content/external-references?article=0078-3218(1981)19L.443[aid=6554222]
http://www.ingentaconnect.com/content/external-references?article=0142-7873(1985)7L.85[aid=6554223]
http://www.ingentaconnect.com/content/external-references?article=0142-7873(1985)7L.85[aid=6554223]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(2000)44L.201[aid=6554224]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1988)7L.299[aid=6554225]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1988)7L.299[aid=6554225]
http://www.ingentaconnect.com/content/external-references?article=0028-0836(1999)401L.647[aid=6554230]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(2001)291L.297[aid=6456010]
http://www.ingentaconnect.com/content/external-references?article=0036-8075(2001)291L.297[aid=6456010]

FREON ET AL.: SUSTAINABLE EXPLOITATION OF SMALL PELAGIC FISH STOCKS 461

Tudela, S., J. L. Garcia-Mrain, and C. Pla. 1999. Genetic structure of the European anchovy (En-
graulis encrasicolus) in the northwest Mediterranean. J. Exp. Mar. Biol. Ecol. 234: 95—109.

Tylér, J. A and K. A. Rose. 1994. Individual variability and spatial heterogeneity in lish popula-
tion models. Rev. Fish Biol. Fish. 4: 9T-123.

Ulltang, O. 1976. Catch per unit of effort in the Norwegian purse seine fishery for Atlanto-
scandian (Norwegian spring spawning) herring. FAO Series, FIRS/T155: 91-101.

. 1996. Stock assessment and biological knowledge: can prediction uncertainty be re-

duced? ICES J. Mar. Sci. 53: 659-675.

Valdés Seinfeld, E. S. 1991. Cannibalism and intraguild predation in clupeoids. Mar. Ecol. Prog.
Ser. 79: 17-26.

, P. A. Shelton, M. J. Armstrong, and J. G. Field. 1987. Cannibalism in South
African anchovy: egg mortality and egg consumption rates. S. Afr. J. Mar. Sci. 5: 613-622.

van der Lingen, C. D. I994. Effect of particle size and concentration on the feeding behaviour
of adult pilchard Sardinops sagax. Mar. Ecol. Prog. Ser. 109: 1-13.

. 1999. The feeding ecology of, and carbon and nitrogen budgets for, sar-

dine Sardinops sagax in the southern Benguela upwelling ecosystem. PhD thesis, Univer-

sity of Cape Town, Cape Town. 202 p.

. 2002. Diet of sardine Sardinops sagax in the southern Benguela upwell-

ing ecosystem. S. Afr.J. Mar. Sci. 247 301-316.

and L. Hutchings. (In press). Assessing the condition of pelagic fish in the
southern Benguela using a novel technique. Afr. J. Mar. Sci. 27:

R ,D. Merkle, J.J.van der Westhuizen, and G. Nelson. 2001.
Comparative spawning habitats of anchovy (Engraulis capensis) and sardine (Sardinops
sagax) in the southern Benguela upwelling ecosystem. Pages 185-209 in G. H. Kruse, N.
Bez, T. Booth, M. Dorn, S. Hills, R. Lipcius, D. Pelletier, C. Roy, S. Smith, and D. Witherell,
eds. Spatial processes and management of marine populations. AK-SG-00-04. University of
Alaska Sea Grant, Fairbanks.

Vandermeer, J. 1993. Loose coupling of predator-prey cycles: entrainment, chaos and intermit-
tency in the classic MacArthur consumer-resource equations. Am. Nat. 141: 687-716.
Verheye, H. M., A. J. Richardson, L. Hutchings, G. Marska, and D. Gianakouras. 1998. Long-
term trends in the abundance and community structure of coastal zooplankton in the

southern Benguela system, 1951-1996. S. Afr. J. Mar. Sci. 19: 317-332.

Verity, P. G. 1998. Why is relafing plankton community structure to pelagic production so
problematic? S. ATr. J. Mar. Sci. 19: 333-338.

von Brandt, A. T984. Fish catching methods of the world. Fishing News Books, London. 418 p.

Wada, T. and L. D. Jacobson. 1998. Regimes and stock-recruitment relationships in Japanese
sardine (Sardinops melanostictus). Can. J. Fish. Aquat. Sci. 55: 2455-2463.

Walters, C. 1986. Adaptive management of renewable resources. Macmillan, New York. 374 p.

, V. Christensen, and D. Pauly. 1997. Structuring dynamic models of exploited ecosys-
tems from trophic mass-balance assessments. Rev. Fish Biol. Fish. 7: 139—172.

, D. Pauly, and V. Christensen. 2000. Ecospace: prediction of mesoscale spatial pat-
terns in trophic relationships of exploited ecosystems, with emphasis on the impacts of
marine protected areas. Ecosystems 2: 539-554.

Watson, K. and D. Pauly. 2001. Systematic distortions in world fisheries catch trends. Nature
414: 534-536.

Weeks, S., B. Currie, and A. Bakun. 2002. Massive emissions of toxic gas in the Atlantic. Nature
415: 493-494.

Werner, F. E., J. A. Quinlan, R. L. Lough, and D. R. Lynch. 2001. Spatially-explicit individual
based modeling of marine populations: a review of the advances in the 1990s. Sarsia 86:
405—-410.

Whipple, S.T., J. S. Link, L. P. Garrison, and M. J. Fogarty. 2000. Models of predation and fishing
mortality in aquatic ecosystems. Fish Fish. 1: 22-40.



http://www.ingentaconnect.com/content/external-references?article=0036-4827(2001)86L.405[aid=6554205]
http://www.ingentaconnect.com/content/external-references?article=0036-4827(2001)86L.405[aid=6554205]
http://www.ingentaconnect.com/content/external-references?article=0036-4827(2001)86L.405[aid=6554205]
http://www.ingentaconnect.com/content/external-references?article=1432-9840(2000)2L.539[aid=6554206]
http://www.ingentaconnect.com/content/external-references?article=1432-9840(2000)2L.539[aid=6554206]
http://www.ingentaconnect.com/content/external-references?article=1432-9840(2000)2L.539[aid=6554206]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1998)19L.333[aid=6554208]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1998)19L.333[aid=6554208]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1996)19L.317[aid=6554209]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(2002)24L.301[aid=6554211]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(2002)24L.301[aid=6554211]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1987)5L.613[aid=6554213]
http://www.ingentaconnect.com/content/external-references?article=0257-7615(1987)5L.613[aid=6554213]
http://www.ingentaconnect.com/content/external-references?article=0171-8630(1991)79L.17[aid=6554214]
http://www.ingentaconnect.com/content/external-references?article=0171-8630(1991)79L.17[aid=6554214]
http://www.ingentaconnect.com/content/external-references?article=0960-3166(1994)4L.91[aid=6554217]
http://www.ingentaconnect.com/content/external-references?article=0960-3166(1994)4L.91[aid=6554217]
http://www.ingentaconnect.com/content/external-references?article=0022-0981(1999)234L.95[aid=6554218]
http://www.ingentaconnect.com/content/external-references?article=0022-0981(1999)234L.95[aid=6554218]
http://www.ingentaconnect.com/content/external-references?article=0028-0836(2001)414L.534[aid=6553996]
http://www.ingentaconnect.com/content/external-references?article=0028-0836(2001)414L.534[aid=6553996]
http://www.ingentaconnect.com/content/external-references?article=0960-3166(1997)7L.139[aid=6243420]
http://www.ingentaconnect.com/content/external-references?article=0960-3166(1997)7L.139[aid=6243420]

462 BULLETIN OF MARINE SCIENCE, VOL. 76, NO. 2, 2005

Winters, G. H. 1977. Estimates of tag extrusion and initial tagging mortality in Atlantic herring
(Clupea harengus harengus) released with abdominally inserted magnetic tags. J. Fish. Kes.
Board Can. 34: 354-359.

Wolf, N. G. 1985. Odd fish abandon mixed-species groups when threatened. Behav. Ecol. So-
ciobiol. I7:47=52.

Wooster, W. S.and K. M. Bailey. 1989. Recruitment of marine fishes revisited. Pages 153—159
in R.J. Beamish and G. A. McFarlane, eds. Effects of ocean variability on recruitment and
an evaluation of parameters used in stock assessment models. Can. Spec. Publ. Fish. Aquat.
Sci. 108.

Wroblewski, J. S., J. G. Richman, and G. L. Mellor. 1989. Optimal wind conditions for the sur-
vival of larval northern anchovy, Engraulis mordax: a modelling investigation. Fish. Bull.
87:387-398.

Wyatt T. and M. G. Larraneta, eds. 1988. Proc. Int. Symp. Long Term Changes in Marine Fish
Populations, Vigo. Consejo Superior de Investigaciones Cientificas. Imprenta Real, Bayona.
552 p.

Yanez, E. R., V. V. Catasti, M. A. Barbieri, and G. S. Bohm. 1996. Relaciones entre la distribu-
cion de recursos pelagicos pequenos y la temperatura superficial del mar registrada con
satélites NOAA en la zona central de Chile. Invest. Mar. 24: 107-122.

, C.Silva, K. Nieto, M. A. Barbieri, G. Martinez, and B. Ramirez. 2002. Prediction of
probable fishing grounds in northern Chile from pelagic distributions and environmental
conditions. Pages 324—326 in C. D. van der Lingen, C. Roy, P. Fréon, L. Castro, M. Gutier-
rez, L. Nykjaer, and F. Shillington, eds. Report of a GLOBEC-SPACC/IDYLE/ENVIFISH
Workshop on Spatial Approaches to the Dynamics of Coastal Pelagic Resources and their
Environment in Upwelling Areas. GLOBEC Report 16, Cape Town.

Zeeman, E. C. 1978. Catastrophe theory: selected papers, 1972—-1977. Addison-Wesley, Read-
ing. 675 p.

Zhang, C. L, J. B. Lee, S. Kim, and Oh J-Ho. 2000. Climate regime shifts and their impacts on
marine ecosystem and fisheries resources in Korean waters. Prog. Oceanogr. 4/: 171—190.

Zheng, J. 1996. Herring stock-recruitment patterns in the North Atlantic and northeast Pacific
Oceans. Fish. Res. 26: 257-277.

ADDRESSES: (P.F.) Institut de Recherche pour le Développement & Marine and Coastal Man-
agement, Centre de Recherche Halieutique Méditerranéenne et Tropicale, Avenue Jean Mon-
net, BP 171, 34203 Séte cedex, France. E-mail: <pfreon@ird.fr>. (P.C.) Institut de Recherche
pour le Développement & University of Cape Town, 213, Centre de Recherche Halieutique
Meéditerranéenne et Tropicale, Avenue Jean Monnet, BP 171, 34203 Séte cedex, France. E-
mail: <pcury@sete.ifremer.fr>. (L.S.) Marine and Coastal Management, PO Box X2, Rogge
Bay, 8012, Cape Town, South Africa. E-mail: <ishannon@deat.gov.za>. (C.R.) Institut de Re-
cherche pour le Développement & University of Cape Town, BP 70, 29280 Plouzané, France.

E-mail: <claude.roy@ird.fr>.


http://www.ingentaconnect.com/content/external-references?article=0165-7836(1996)26L.257[aid=6554198]
http://www.ingentaconnect.com/content/external-references?article=0165-7836(1996)26L.257[aid=6554198]
http://www.ingentaconnect.com/content/external-references?article=0079-6611(2000)47L.171[aid=6554199]
http://www.ingentaconnect.com/content/external-references?article=0079-6611(2000)47L.171[aid=6554199]
http://www.ingentaconnect.com/content/external-references?article=0340-5443(1985)17L.47[aid=6554202]
http://www.ingentaconnect.com/content/external-references?article=0340-5443(1985)17L.47[aid=6554202]
http://www.ingentaconnect.com/content/external-references?article=0015-296X(1977)34L.354[aid=6554203]
http://www.ingentaconnect.com/content/external-references?article=0015-296X(1977)34L.354[aid=6554203]
http://www.ingentaconnect.com/content/external-references?article=0015-296X(1977)34L.354[aid=6554203]

