Biocomplexity and fisheries sustainability

Ray Hilborn**, Thomas P. Quinn*, Daniel E. Schindler*, and Donald E. Rogers*

*School of Aquatic and Fishery Sciences and *Department of Biology, University of Washington, Seattle, WA 98195-5020

Edited by William C. Clark, Harvard University, Cambridge, MA, and approved April 1, 2003 (received for review November 29, 2002)

A classic example of a sustainable fishery is that targeting sockeye
salmon in Bristol Bay, Alaska, where record catches have occurred
during the last 20 years. The stock complex is an amalgamation of
several hundred discrete spawning populations. Structured within
lake systems, individual populations display diverse life history
characteristics and local adaptations to the variation in spawning
and rearing habitats. This biocomplexity has enabled the aggre-
gate of populations to sustain its productivity despite major
changes in climatic conditions affecting the freshwater and marine
environments during the last century. Different geographic and life
history components that were minor producers during one climatic
regime have dominated during others, emphasizing that the bio-
complexity of fish stocks is critical for maintaining their resilience
to environmental change.
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t a time of growing concern about the sustainability of many

of the world’s fisheries, several stand out as providing
long-term sustainable yield. Among the most prominent suc-
cesses are the fisheries for sockeye salmon in Bristol Bay, Alaska
(Fig. 1), that have seen record returns and catches in the last two
decades. This success is due in part to several factors including
(i) favorable ocean conditions in recent decades, (if) a single,
accountable management agency, and (iii) a well established
program of limited entry to the fishery. However, the biocom-
plexity of the stock structure has also played an critical role in
providing stability and sustainability. Here we provide evidence
for the effects of biocomplexity on sustainability and emphasize
that conserving biocomplexity within fish stocks is important for
maintaining their resilience to future environmental change.

The Biodiversity Of Bristol Bay Sockeye

Homing of Pacific salmon (Oncorhynchus spp.) to their natal
sites results in reproductive isolation of populations, allowing
natural selection to operate on heritable phenotypic traits, and
the result is a wealth of distinct, locally adapted populations (1,
2). Sockeye salmon (Oncorhynchus nerka), for example, display
a wide variety of life history types, each associated predictably
with certain breeding and rearing habitats (3). The diversity of
phenotypes thus reflects the adaptation of populations to the
diversity of suitable habitats. Spawning by salmonid fishes
generally takes place in lotic habitats, and Bristol Bay sockeye
salmon spawn in streams and rivers ranging from 10 cm to several
meters deep, and in substrate ranging from small gravel to cobble
(4, 5). Some creeks have spring-fed ponds with much finer
substrate and deeper, slowly flowing water, and these too are
used for spawning. Sockeye also spawn in groundwater-fed
beaches at the outwash areas of rivers and along hillsides with
substantial groundwater inputs. In these habitats, sockeye may
spawn from the shoreline to depths of several meters. Finally,
sockeye may also spawn on the rocky beaches of low-lying islands
that are too flat to develop groundwater but where wind-driven
surface currents are sufficient to deliver highly oxygenated water
to developing embryos buried in the coarse gravel (6).

Adult sockeye display a suite of adaptations to the diversity of
spawning and incubation environments, seen repeatedly from
one site to another (Table 1). First, the date of spawning reflects
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Fig.1. Map of Bristol Bay, Alaska, showing the major lake systems producing
sockeye salmon and the associated fishing districts. Figure is adapted from
Minard and Meacham (37), which also gives an overview of Bristol Bay sockeye
management practices.
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the long-term average thermal regime experienced by incubating
eggs and the timing of food production for juvenile salmon in the
spring. Simply put, the adults spawn at a date that, given the
average thermal regime, will allow the embryos to complete
embryonic development and emerge in time to feed on aquatic
insects and zooplankton the following spring (7). Salmon spawn
early (late July to mid-August) in small streams that experience
cold temperatures during incubation but spawn later (late Au-
gust to October) in large rivers and lakes that have substantial
heat storage capacity (8).

Not only the timing of spawning but also the average size of
the eggs reflects the habitat-specific features of the incubation
environment. In general, salmon have very large eggs compared
with other teleost fishes (9). The development of such large
embryos is possible because the cold, highly oxygenated water
counters the surface-to-volume constraint against large eggs and
because size-selective predation (10) and competition favor large
juveniles (11). Larger adult salmon have both larger and more
numerous eggs than smaller salmon, but the energetic con-
straints on the female result in tradeoffs between egg size and
egg number that are population-specific. Sockeye spawning in
rocky island beaches have unusually large eggs (12). This takes
advantage of the well oxygenated water and large interstitial
spaces among the rocks to provide the offspring with abundant
yolk to help survive the prolonged posthatching period that
results from early spawning. In addition, large eggs may be less
vulnerable to size-selective predation by sculpins (Cottus spp.)
(13). In contrast to the island spawners, the eggs of females
spawning in streams and rivers are of intermediate size (match-
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Table 1. A summary of life history variation within the Bristol Bay stock complex of sockeye salmon

Element of biocomplexity

Range of traits or options found

Watershed location within Bristol Bay complex

Seven different major watersheds, ranging from maritime-influenced systems on the

Alaskan Peninsula to more continental systems

Time of adult return to freshwater
Time of spawning
Spawning habitat

June-September
July-November

Body size and shape of adults

Major rivers, small streams, spring fed ponds, mainland beaches, island beaches

130-190 mm body depth at 450 mm male length: sleek, fusiform to very deep-bodied, with

exaggerated humps and jaws

Egg size

Energetic allocation within spawning period

Time spent rearing in freshwater 0-3 years
Time spent at sea 1-4 years

88-116 mg at 450 mm female length
Time between entry into spawning habitat and death ranges from 1-3 days to several weeks

ing the size of incubation substrates), and those of females
spawning in ponds and mainland beaches are very small, appar-
ently an adaptation to the lower oxygen levels and reduced water
circulation in the finer substrates that characterize these envi-
ronments (12).

In addition to the adaptations of salmon for egg incubation the
adults show habitat-specific tradeoffs between the pressures of
sexual and natural selection. In the absence of intervening
selection, large and deep-bodied male salmon have more op-
portunities to mate than smaller, less deep-bodied individuals
(14). Large females have more and larger eggs (12) and can bury
them deeper (15) than smaller females. However, size-selective
predation by bears (16-18) and physical access to shallow
streams (18, 19) favor smaller fish in the evolution of body size
and morphology. The result is that salmon spawning on mainland
and island beaches, where there is little predation and no
difficulty of access, are deep-bodied for their length compared
with sockeye spawning in rivers and creeks (19). In addition, the
average age at maturity is greater for sockeye spawning in larger
rivers than in smaller creeks (19, 20).

The dimensions of biocomplexity in Bristol Bay sockeye are
summarized in Table 1. Because it is relatively easy to study
salmon during their spawning period, we understand the diver-
sity of life history strategies during this life stage better than for
the freshwater rearing or marine portion of the life history.
However, there is variation among lakes and populations within
lakes in the proportion of salmon spending 1 or 2 years in
freshwater before seaward migration and in the average size of
smolts (21), and in the degree of diurnal predator avoidance
exhibited by juveniles (22). Such variation, combined with
variation in size after a fixed period of ocean residence (18),
suggests far more diversity in foraging and survival strategies
during these later two periods than we yet understand. This
mixture of life history strategies and local adaptations within the
Bristol Bay sockeye is likely what buffers the stock complex to
large-scale changes in environmental conditions, and thus, pro-
vides its long-term stability.

Changes in Freshwater and Ocean Environments

Environmental conditions in both the freshwater and marine
systems of the North Pacific Ocean have shown several substan-
tial and important modes of variability relevant to the ecology
and evolution of sockeye salmon. Time-series analyses of salmon
catches and climatic conditions during the last century demon-
strate that salmon populations have responded to climate vari-
ability across wide spatial and temporal scales (23). The domi-
nant modes of temporal variability in atmospheric—oceanic
conditions are attributable to subdecadal patterns associated
with the El Nifio Southern Oscillation (ENSO) and to the 50- to
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70-year (interdecadal) climate oscillations that have operated
over the North Pacific Basin for at least 300 years (24).

The interdecadal changes in marine—atmospheric conditions
that appear to be linked to oscillations in the strength of the
winter Aleutian Low pressure cell have received particular
attention recently. This Pacific Decadal Oscillation (PDO) (25)
is a pan-Pacific phenomenon that is distinct from other sources
of climate variability in the Pacific (26). Positive phases of both
the ENSO and the PDO are associated with warmer than
average winter temperatures along the North American coast,
cooler than average temperatures in the central North Pacific,
and low atmospheric sea level pressure over much of the North
Pacific basin (23, 26). However, whereas ENSO events last from
12-18 months and occur every 2-7 years, the PDO involves
abrupt transitions in atmospheric-marine physical conditions
that are stable and persist for 20-35 years (24, 25).

Marine ecosystems appear to respond in a strong, nonlinear
manner to apparently subtle changes in the marine physical
conditions associated with the PDO. Many biological features of
the North Pacific show prominent changes between interdecadal
phases of the PDO. These prolonged modifications in ecosystem
organization associated with changes in atmospheric—oceanic
coupling have been termed regimes (27). The productivity of
Alaskan sockeye salmon populations appears to be among the
more sensitive biological systems that respond to interdecadal
climate shifts and is strongly coherent with changes in the PDO
(23, 26). Biological responses to the PDO seem to be related to
changes in marine phytoplankton productivity that are transmit-
ted through zooplankton to fishes (28-30). Although the exact
mechanisms for the linkage between ocean physical processes
and salmon production are not understood, the largest effects
appear to occur early in the marine life history of salmon,
possibly as they move from their freshwater nursery habitats
through nearshore marine systems (23).

The terrestrial ecosystems of Alaska have also experienced
substantial changes in climate during the last century that appear
to be related to the same shifts in atmospheric conditions that
drive variation in marine systems. For example, the length of the
annual growing season in interior Alaska has increased from
~130 days to ~145 days since the 1950s (31). This lengthening
of the growing season is also apparent in the timing of the spring
thaw in sockeye nursery lakes in Bristol Bay (unpublished data).
Much of the shift in growing season occurred during the late
1970s, at a time when the marine environment was exhibiting
substantial, ecosystem-wide responses to a shift in the PDO (23).
In general, interior Alaska has had relatively warm and wet
conditions in the last two decades since the 1977/78 PDO shift
(25). Time-series comparisons between coastal river flows and
the PDO index demonstrate significant temporal coherence
between atmospheric conditions associated with the PDO and
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Fig.2. Comparisons of the average annual PDO index for 1900-1998 (E) (ref.
26 and http://tao.atmos.washington.edu/pdo) and annual streamflow for
two coastal rivers in southwestern Alaska. All time series have been normal-
ized to the long-term mean. (A and B) The cross correlation plots (CCF)
between normalized annual flow for each of the two rivers and the annual
average PDO index. Lags are shown for 1-year increments. Horizontal lines on
Aand Bmark the significance bounds (P = 0.05). Historical streamflow (annual
ft3:s71) is shown for the Nuyakuk River (59°56'08"* N, 158°11'16" W, C) in the
Upper Nushagak drainage near Dillingham, Alaska (1954-1989) and for the
Kenai River at Cooper Landing, Alaska (60°29'34" N, 149°48'28" W, D) for
1948-1998.

the hydrologic conditions in sockeye spawning and nursery
habitats (Fig. 2). When we use the Kenai River and the Nuyakuk
River as examples, we see that climate regimes associated with
positive phases of the PDO are characterized by relatively high
stream flows, whereas negative phases of the PDO are associated
with below-average flows (23, 25).

Temporal and spatial variation in the hydrology of spawning
and nursery habitats have important implications for both the
spawning success of adult sockeye and for growth and survival
of juveniles during their freshwater residency. For example,
access to small spawning streams by adults is impeded during
years with low flows (19) whereas access to spawning habitat on
lake beaches may be much less dependent on hydrologic pat-
terns. Survival of smolts during their seaward migration may also
be enhanced during periods with high flow because of reduced
vulnerability to freshwater predators. In general, years with high
stream flows coincide with years of favorable near-shore marine
conditions such that sockeye productivity may be enhanced at
several stages of their life history (25).

There is apparent coordination among several critical physical
and biological conditions important to sockeye salmon biology.
Nevertheless, an outstanding characteristic of the responses of
Bristol Bay sockeye to climate variation is that not all popula-
tions appear to respond coherently to documented shifts in the
environment. We argue that this population-specific variability
in response to climate fluctuations is ultimately responsible for
the resilience of the entire Bristol Bay sockeye stock.

Historical Patterns of Stock Productivity

To illustrate the importance of biocomplexity of the Bristol Bay
stock complex, we have broken down the historical sockeye catch
into the contributions from the three major fishing districts
(Naknek/Kvichak, Egegik, and Nushagak) (Fig. 3). Before the
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Fig. 3. Catch history of the three major fishing areas within Bristol Bay,
Alaska. Contributions of the minor districts, Ugashik and Togiak, have aver-
aged 4.6% since 1955.

1950s, we do not have estimates of the number of fish spawning
in each river system and must use fishery catch as a surrogate for
total run, but all major fisheries were already well developed by
the early 20th century and catch is an excellent metric of total run
size. We see that initially the Naknek/Kvichak was responsible
for most of the sockeye production, with the Nushagak a close
second and Egegik a small contributor. In the middle part of the
20th century, the importance of the Nushagak diminished,
whereas Egegik remained roughly steady, and the Naknek/
Kvichak dominated, driven almost exclusively by the Iliamna
Lake populations. During that period, the Bristol Bay fishery was
essentially a Naknek/Kvichak fishery. With the PDO regime
shift of 1977 the Egegik run expanded greatly, so it was often at
least as big than the Naknek/Kvichak, and the Nushagak system
remained a small but steady contributor to the total fishery. In
the 1990s the Naknek/Kvichak contribution declined dramati-
cally, Egegik diminished, whereas Nushagak increased slightly to
become, in some recent years, the most important fishery in
Bristol Bay. Even within the Naknek/Kvichak district, the
contribution of Iliamna Lake is now so small that it requires
special protective fishery management to allow fishing on the
Naknek populations.

Since the 1950s, visual counting towers on the major rivers
leading into the lake systems have provided reliable counts of the
number of fish passing through the fishery en route to their
spawning sites. The number of recruits per spawner is the total
number of adult returns from a spawning year divided by the
number of fish that spawned in that brood year, and is a measure
of per capita reproductive success. We calculated this for
individual systems within fishing districts associated with each of
the major rivers in Bristol Bay to demonstrate the temporal
changes in their productivity (Fig. 4). In Fig. 4 we see the
Naknek/Kvichak broken into its two dominant components; the
Kvichak River-Lake Iliamna system and the Naknek River
system. The Nushagak fishing district consists of three distinct
lake/river systems; the Igushik, the Wood, and the Nushagak
(not shown in Fig. 4). Finally the Ugashik system is the most
remote of Bristol Bay’s systems, located on the Alaska Peninsula.

Two features are important in Fig. 4, the absolute number of
recruits per spawner and the temporal trends. The Kvichak and
Wood systems have produced the fewest recruits per spawner,
generally 2—-4, whereas the Naknek averages ~4, and the Egegik,
Ugashik and Igushik show considerable variability but average
more than Kvichak and Wood. Egegik showed the largest
increase after the 1977 regime shift. This rise in survival was
largely responsible for the upsurge in abundance of Egegik
sockeye after the shift. The Ugashik system also showed a
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Fig. 4. Number of recruits per spawner for different Bristol Bay sockeye
salmon stocks. Values >10 were truncated; the maximum was 27.4 for the
Ugashik River in 1978.

dramatic increase in survival around the regime shift, whereas
the Kvichak, Naknek, and Wood systems showed little response.
Indeed, the Kvichak system has shown a dramatic reduction in
productivity fewer than one recruit per spawner (i.e., below
replacement even without fishing) since the mid-1990s. It is
important to emphasize that none of these lake systems have
been affected by habitat degradation from logging, mining,
agriculture, hydroelectric development, or urbanization preva-
lent elsewhere, nor have they been colonized by non-native
species. Thus we are able to attribute the changes in productivity
to natural ecological processes rather than any direct anthropo-
genic ones.

These changes in productivity are not a response to changes in
escapement and consequent compensatory mortality (32). The
dramatic increase in Egegik productivity from brood years
1976-1988 coincided with a slight increase in average escape-
ment, rather than a decrease, which would be required to
generate higher recruits per spawner due to compensation.
Similarly, the decline in Kvichak/Naknek productivity in the
1990s did not correspond to a significant change in average
escapement, nor did the increase in Nushagak system produc-
tivity (particularly the Wood River) correspond to any significant
change in escapement levels. In all cases the trends in escape-
ment were subtle and in the opposite direction required for
compensation to have been responsible for the observed dynamics.

Within the Kvichak/Iliamna system we have aerial surveys of
~100 different spawning locations. We have classified these
locations into three types: ponds and creeks, large rivers, and
lake beaches. Fig. 5 shows the historical trend in the aerial counts
of these sites, emphasizing strong contributions from river-
spawning fish in the late 1970s and 1980s, overlaid on a sustained
decline in the proportion of fish spawning on beaches. The life
history patterns of beach spawners are quite different from
pond/creek and river spawners, and changes in lake level, ice
cover, and temperature associated with regime shifts may affect
salmon using these habitat types differently. This suggests that
shifts we have seen between Naknek/Kvichak, Egegik, and
Nushagak may well be taking place on a much finer scale within
individual systems.

The biocomplexity of Bristol Bay sockeye involves coarse-
scale geographic structure organized at the scale of lake and river
systems, fine-scale geographic structure associated with distinct
spawning streams, beaches, and ponds, and several dimensions
of life history variation within this geographic structure. The
maintenance of the salmon runs appears to be caused by all of
these levels of biocomplexity, with the strongest evidence being
for the coarse-scale geographic structure responding differently
over time. The evidence that the local adaptations have been the
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Fig. 5. The absolute (Upper) and relative (Lower) contributions of sockeye
salmon using three types of spawning habitats within the Iliamna Lake system
since 1961. Data have been smoothed with a 5-year running mean to empha-
size the long-term trends.

cause of differential response to environmental change is cir-
cumstantial, but it is unarguable that the biocomplexity in all its
dimensions has buffered the stock from environmental changes.
The fixed escapement management policy, which closes harvest-
ing when stocks are low, undoubtedly protects stocks during
periods of poor productivity and is the single most important
management tool available to protect biocomplexity. Within
major river and lake systems we generally do not have sufficient
data to determine whether the fine-scale structure of biocom-
plexity has been maintained during the last century of commer-
cial exploitation, and such monitoring should be made a high
priority.

Conclusions

The stability and sustainability of Bristol Bay sockeye salmon
have been greatly influenced by different populations perform-
ing well at different times during the last century. Indeed, no one
associated with the fishery in the 1950s and 1960s could have
imagined that Egegik would produce over 20 million fish in 1
year, nor could they imagine that the Nushagak would produce
more than the Kvichak, as it has in the last 4 years. It appears that
the resilience of Bristol Bay sockeye is due in large part to the
maintenance of all of the diverse life history strategies and
geographic locations that comprise the stock. At different times,
different geographic regions and different life history strategies
have been the major producers. If managers in earlier times had
decided to focus management on the most productive runs at the
time and had neglected the less productive runs, the biocom-
plexity that later proved important could have been lost. Such
loss of biocomplexity is a characteristic of the salmon situation
in the Pacific Northwest, where many stock components were
lost because of dams or deliberate overharvesting in an attempt
to maximize catch from hatcheries (33). Similarly, in British
Columbia there has been a focus on commercially important
populations such as Fraser River sockeye salmon and neglect of
the numerous smaller populations (34). In the 1950s, managers
could have chosen to overlook the Egegik or Nushagak systems,
and at the time the cost would have appeared to be low.
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We have emphasized the importance of biocomplexity on the
larger geographic scale, but similar patterns exist on ever-smaller
scales within each lake system over the range of habitats and life
history strategies described earlier. Within lakes, tributaries
show asynchronous shifts in density and productivity, and even
within tributaries we have seen habitat units affected by selective
predation by bears, blockage by beaver dams, and other local
processes. Our ability to measure changes in contribution at this
level of biocomplexity is limited by our ability to assign the
fishery catch to fine scale locations. Advances in genetic stock
identification may pave the way for a high resolution analysis of
the role of biocomplexity in maintenance of sustainability.

This work has lessons beyond the conservation of Pacific
salmon. There is growing recognition that many marine fish
stocks consist of amalgamations of several geographic compo-
nents (35, 36). It would seem prudent to try to prevent loss of
such stock components, including those that appear, at present,
to be unproductive. This might necessitate a much finer scale of
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management than that which is the current norm. We believe
that long-term sustainability is derived in large part from com-
plementary patterns of productivity in different stock compo-
nents. Defining the entire stock as healthy simply because a large
component is doing well might lead to decline and extinction if
the conditions that fostered the success of the healthy compo-
nent disappear and the alternate strategy, which would have
done well in the new environmental conditions, has been lost.
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