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Chapter 4

Long-term Change
4.1. Introduction
Bob Spies and Tom Weingartner
After surviving a harsh winter of long nights, cold, and severe storms, organisms in the
Gulf of Alaska (GOA) would have depleted their energy reserves as they enter the
growing season and, for most, the reproductive season. Yet, they are a part of an
ecosystem poised to capture and distribute the increasing solar energy warming the
upper layers of the subarctic ocean.
Every year is different in the Gulf of Alaska, and the seeds of longer-term variability lie in how each year differs from the last in climate, in other natural factors, and
man’s effects. To be sure, the major ecological phenomena each year are similar: late
winter stratification of the upper layers of the ocean; a spring phytoplankton bloom in
April–May followed by a zooplankton bloom; and predation on the bloom by larger
zooplankton and forage fish, which in turn are consumed by sea birds and marine
mammals. Each year is a fresh start and change, irregularly expressed over the periods of
years, comes from the press of climate, disease, contaminants, predators, and competitors
on populations of organisms with unique adaptations. Foraging strategies, energy
storage, reproductive strategies, size, and life span provide an array of “choices” made
by each species in the course of its evolution that involves multiple trade-offs. It is
the play of a changing ecosystem against these “choices” minus the effects of man
that ultimately determine the success and, therefore, the population trajectory and
long-term change in a species.
That ecological change occurs over different timescales is a truism of ecology.
In this book, we devote considerable resources to changes that occur over several years
to decades rather than longer periods simply because this is where we have the most
data. Even on this scale, we must recognize that ecological data in the Gulf as with
most other regions is particularly sparse pre-1975.
The first barrier to understanding change is that we do not have the long-term data sets,
and those that we have seldom encompass the scales and include the variables that are
required to quantify changes, much less understand their causes. For example, the instrumental record of physical data spans barely more than a century in the North Pacific
Ocean. The longest term physical data records consist of easily measured variables,
such as sea surface temperature, salinity, air pressure, temperature, and sea level.
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Long-term measures of other physically important variables (i.e. salinity, precipitation,
nutrients, stratification, currents, and coastal wind fields) are however relatively rare.
For the biological data needed to track and understand long-term change, the situation is even worse. Typically, our records consist only of catch data of commercially
important species or, more rarely, population estimates, which are sometimes needed
by managers. Noncommercial populations are less well studied, particularly pre-1970.
The uneven treatment of biological populations in this book is to a large extent the
result of the lack of data for many populations. For example, virtually nothing is known
about long-term changes in two of the most important components of the ecosystem,
phytoplankton and benthic communities.
However, with regard to climate, the paleoecological record is replete with evidence
of changes in ecosystems coincident with climate variations. Indeed, when viewed
from the perspective of geological time, climate, and ecosystem changes appear to be
the rule rather than the exception. Nevertheless, climate change, whether of natural
or anthropogenic origin, brings with it uncertainty and the potential to upset existing
economic and social structures. It is precisely this uncertainty that provides the impetus
for current research efforts directed at understanding how marine ecosystems function
and respond to climate variability.
The second barrier to understanding long-term changes in the Gulf of Alaska is the
complex nonlinear structures that characterize these systems. Perturbations to these
systems often yield unexpected behaviors that can affect not only the mean state of
the system but, perhaps more importantly to organisms, the variance of the system
(see Box 1). Examples of this abound in both the paleoclimate record and model predictions of the evolution of present-day climate when perturbed by the increases in greenhouse gases. Among the many predicted effects are increases in the frequency and
magnitude of extreme or episodic events and alterations in the annual cycle of precipitation and runoff. Conceivably these changes have a much greater influence on ecosystem
processes than mean conditions might suggest. In addition, climate responses might
not be uniform over the globe but may instead be accelerated (or delayed) or amplified
(or damped) in one region relative to another. Another potential example is the effect that
whaling may have had on gulf megafuana for decades (Springer et al., 2003).
Given these difficulties, scientists have often tried to establish a statistical correlation
between physical and biological variables. Although occasionally successful, this
approach has potential pitfalls. In particular, the space and timescales of physical and
biological variables are different from one another and the relation between a physical
change and a biological response might be indirect, nonlinear, and involve several
other (unmeasured and also varying) system components. An additional problem is
that the limited observations do not allow unequivocal conclusions to be made with
respect to physically induced causes of biological change, especially when considering
decadal (10–50 years) and longer timescales. In such cases, there are too few
representations of the covariability to permit statistically discriminating real causal
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BOX 1: NONLINEAR AND CHAOTIC RELATIONSHIPS
by Robert Spies
The relationships between organisms or between organisms and their environment
is key to understanding or even trying to predict long-term change. Ecological
relationships are often described as nonlinear, although linear relationships can
also occur. In mathematics, a nonlinear relationship or function is where a change
in one variable (m) elicits a response in a second variable (n), but the response
instead of being linear (Fig.1.A.2) is not proportional throughout its range
(Fig.1.A.3, and Fig.1.A.4), taking a variety of forms (sigmoid, asymptotic, etc.).
In real ecosystems even “nonlinearity” often fails to capture the complexity
of relationships. A more realistic abstraction of the relationship between two
variables might look like Fig.1.B.1. Here, a relationship between m and n is
affected by many more factors acting on n. If the other factors hold steady, then
there might be a defined relationship, e.g. as in Fig.1.B.2. However, instead
of a nonlinear relationship between m and n, there is more likely a chaotic
relationship (Fig.1.B.3). Chaotic does not mean that m and n are not related, but
that only the relationship is affected by other factors and cannot be predicted
based solely on interactions between these two variables.
The nature of real ecosystems is such that doing “experiments” where the
relationship between two variables, e.g. oil and population size, is studied by
contrasting settings where one of the factors varies is so challenging.
Unmeasured variables and their fluctuations and interactions tend to move the
relationships towards chaotic ones.
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Figure 1: Some simple types of relationships between ecosystem variables (m,n):
A. When m and n vary independent of other ecosystem variables – (1) the
dependent relationship, (2) linear, (3) nonlinear, sigmoid, and (4) nonlinear,
asymmpotic. B. When one variable (n) also varies due to other factors:
(1) multiple factors affecting n, (2) nonlinear, sigmoid, and (3) chaotic.
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relationships from apparent correlations, trends, or “state” shifts that can emerge
between two random time series (e.g. Wunsch, 1999). Indeed, long-period climate
fluctuations represent the “gray area of climate variability” (Karl, 1988), which are
poorly described by short instrumental records.
In addition, factors that correlate under some state conditions may not correlate in
another state when the controlling factors may shift (see Box 2).
There are, however, alternative approaches to the constraints imposed by the short
observational record. One technique is to examine proxy data, such as obtained from
paleoenvironmental studies. In some cases, these provide a reasonable extension of the
instrumental record for many hundreds of years into the past. An alternate approach is
to use numerical models based upon realistic approximations to the physics and biology.
The observations are then used in conjunction with models to evaluate model performance and/or to constrain model predictions and hindcasts. While both approaches

BOX 2: CORRELATION OR CAUSE AND EFFECT?
by Robert Spies
The history of fisheries science abounds in correlations between various environmental factors and fish populations. Almost inevitably the correlations work for a
while but then dissolve, leaving scientists to conclude that the link was either not
causative or that there are new factors that have become the determinants of the
population trajectory.
There are several examples in the Gulf of Alaska where there have been observations supporting hypothesized causes of ecological changes that appeared to
have changed as the ecosystem entered a new phase or state. We present two here:
1. Upwelling and pink salmon production
There was a relationship between strength of the Bakkun upwelling index
reported near the Hinchinbrook Entrance to Prince William Sound (a proxy
measure for onshore flow) and the springtime standing stock of zooplankton
measured by PWSAC at the AFK hatchery each spring (April–May average)
as settled volume of zooplankton (Fig.1.A.2). This relationship held in the
1980s but “dissolved” in the 1990s, despite the fact that the range in
upwelling indices for April–May did not change in the 1990s. What did change
was the zooplankton – only about half the volume in comparable samples from
1991–1998. The number of pink salmon adults coming back to spawn was in
turn correlated with the AFK zooplankton (r2 > 0.5)(Cooney et al., 2001).
2. A relationship between young-of-the-year Pacific herring abundance and
kittiwake productivity
There was a strong relationship in the 1990s (kittiwake reproductive success
(lagged 2 year) vs. log of age-3 herring abundance. That is, if age-3 Pacifc
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Figure 2: Relationship between upwelling index and zooplankton.
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lagged 3 years to account for the strength of the age class at the time it was
recruited, black legged kittiwakes, which feed on age-0 herring, have reproductive success that correlates with how many young herring are in the shallow waters in which they feed. The comparable data from the 1980s did not
show this relationship (see Fig.3) (Suryan et al., 2000).
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Figure 3: Relationship between kittiwake productivity and juvenile herring
abundance.
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have limitations, they are becoming increasingly effective in quantifying long-term
variability over a range of space and timescales and in deciphering mechanistic relationships between climate change and ecosystem response. Thus, while marine scientists
are still at an early stage in explaining ecosystem variability, substantial progress has
been made in the last two decades in understanding and quantifying this variability. Two
principal reasons account for this progress. First, new technologies are allowing a more
comprehensive and systematic collection of observations. Moreover, technological
developments have allowed marine science to undertake interdisciplinary programs
that are yielding new insights into marine ecosystem structure and function. Second,
advances in computational resources and a more sophisticated understanding of
atmosphere–ocean dynamics are improving physical model reliability. Continued
efforts along these lines suggest that our understanding of climate–ecosystem variations
will accelerate even more rapidly in the near future. Still, these efforts are much better
at explaining what happened in the past, hindcasting, than in forecasting.
For example, there are mathematical models of the Gulf of Alaska that have been
constructed based on how freshwater inputs influence buoyancy, the way that wind
moves water, and how currents are generated by differences in water properties over distance (Wu and Hseih, 1999; Herman et al., 2002; Murray et al., 2001; Wang et al., 2001).
These models draw conclusions and make predictions of system behavior that are
largely deductive. There are also some deductive models that predict behavior of the
biological components of the system, e.g., models exist that predict the intensity and
duration of plankton blooms in Prince William Sound, based on water properties at
various depths and wind strength (Eslinger et al., 2001). The forcing factors are well
understood and strong for high-latitude plankton blooms, but subtler interactions of
many forces may be at work in plankton populations at other times of the years and
at higher trophic levels.
So, linking forcing factors (e.g. fishing, changes of the winds or cloud cover, and
contamination) with outcomes, i.e. changes in populations, presents significant challenges, especially for species at higher trophic levels. Therefore, the value of deductive
logic and deterministic models is limited when dealing with the manifold interacting
processes that determine the trajectories of fish, bird, and mammal populations.
Induction can contribute explanations that are consistent with the observations, but are
difficult to establish with a high degree of rigor that is the standard for experimental
science.
The challenges of establishing cause and effect lie at the heart of understanding our
impact on complex marine ecosystems. Resource users, e.g. commercial fishers and
waste dischargers, can and usually do expect a high level of proof when their activities are regulated. That is, they expect challenges to their privileges to use the marine
environment, based on perceived negative consequences of their activities, to be
accompanied by rigorous demonstrations of cause and effect. Government resource
agencies responsible for the maintenance of healthy populations and ecosystems, are,
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by contrast, usually much more conservative in protecting the ecosystem in the face
of uncertainty and prefer an approach that considers the weight of evidence, the
precautionary approach. The tension revolving around cause and effect is crucial
background for understanding the conflicting claims about the effects of the Exxon
Valdez oil spill chapter 5 and other resource management issues in the Gulf of Alaska.
Change is a fundamental ecological reality in the Gulf of Alaska that is neither constant
in its rate nor predictable with our present understanding. Here, in Chapter 4 we examine
ecosystem changes longer than 1 year. In Chapter 2, a foundation for longer-term
changes was laid by exploring strongly interrelated seasonal physical, chemical, and biological cycles and survival strategies for some major vertebrate species. Chapter 2
described root forcing mechanisms of long-term change, both natural and anthropogenic.
This leads us to consider here what the long-term changes have been in the Gulf of
Alaska and what may have caused them.
In the first part of Chapter 4 records of long-term physical, chemical, and plankton
fluctuations are presented, and the potential causes for change are discussed. This is
followed by a series of case histories of the species first introduced in Chapter 2. The
possible causes for their population changes are then discussed. This section provides
the foundation for Chapter 5, which synthesizes the studies on the Exxon Valdez oil
spill, and Chapter 6 that discusses long-term ecosystem change holistically.

4.2. Atmosphere and Ocean
Tom Weingartner
4.2.1. Introduction
This section outlines some of the substantial variability observed over recent decades in
the physical environment of the Gulf of Alaska. Variations have been detected in winds,
surface heat fluxes and runoff, water temperature and salinity, mixed-layer depth, nutrient
supply, and circulation properties. Most of the data forming the basis of this presentation have been collected on the northwest Gulf of Alaska shelf and along “Line P,”
which extends westward from the British Columbian shelf to 50°N, 145°W in the
southern Gulf of Alaska. Line P, which has been sampled by Canadian oceanographers since the mid-1950s, spans the bifurcation zone of the North Pacific Current as
it approaches the west coast of North America (see Section 2.2.1). The physics of the
bifurcation region and the shelf differ considerably from each another, however, so
the spatial extent over which observed changes along Line P are representative of
changes in the central basin is not readily apparent. We, therefore, discuss each region
separately. Nevertheless, there are a number of consistent trends observed in both
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areas, suggesting that these changes might be spatially extensive, although the magnitude
of the changes might vary in different portions of the shelf and basin.

4.2.2. Gulf of Alaska Shelf
Winds
Stabeno et al. (2004) analyzed interannual variability in shelf winds, produced by the
National Oceanic and Atmospheric Administration–National Center for Environmental
Prediction (NOAA–NCEP) weather forecast models. Although the modeled winds are
likely biased because of the influence of the coastal mountain ranges (Section 2.2.1),
they are the primary source of long-term wind variations for this shelf. Stabeno et al.
(2004) find that most of the variability is on the interannual timescale (rather than the
interdecadal or intradecadal scales discussed in Section 3.2). They do suggest,
however, that both anomalously low winter wind speeds (important for vertical mixing)
and along-shore wind stress (important for coastal downwelling and along-shore shelf
transport) prevailed from the mid-1960s to mid-1970s and above average values from
the late 1970s through the 1980s. Although these differences appear to coincide with
the mid-1970s regime shift, there is no significant correlation between wind variations
in the northern Gulf and the Pacific Decadal Oscillation (PDO) index (Royer, 2005).
They did find a weak (but significant) correlation between eastern Gulf winds and the
PDO, however, with a positive PDO index (warm-phase) associated with stronger
than normal downwelling-favorable wind stress. Stronger downwelling in the eastern
Gulf would tend to strengthen flow in the Alaska Coastal Current (ACC) in the northern
Gulf, because the coastal flow at a particular location responds to the integrated response
to both the local and the upstream along-shelf wind field.
Stabeno et al. (2004) also found substantial year-to-year variability in the frequency
and strength of summer wind-mixing events and upwelling-favorable winds, with
these variations being largest over the shelves in the southwest and southeast Gulf of
Alaska. This is a potentially important finding because upwelling or wind-mixing
events entrain nutrient-rich subsurface waters into the nutrient-depleted surface layer.
Upwelling events are intermittent so year-to-year variations in event frequency,
duration, and strength would likely yield similar variations in the total summer primary
production.

Variability in Surface Heating and Cooling and Shelf Temperatures
The temperature of the ocean at a given location is controlled by heat exchange with
the atmosphere, mixing with waters of different temperatures, and the advection of
heat into or out of a region by ocean currents. In most regions of the ocean, including
the Gulf of Alaska shelf, air–sea heat exchange exerts the primary control over upper
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ocean temperatures. Changes in mixing and advection are difficult to assess in the
absence of routine measurements of ocean currents and temperatures at several
locations, but surface heat flux estimates can be estimated from routine meteorological
measurements made over the ocean or from weather forecast models. The interannual
variability in the net seasonal air sea heat fluxes over the northern Gulf of Alaska
shelf from 1950 through 2000 is shown in Fig.4. The figure shows the cumulative net
heat exchange for fall–winter (late September through late March) when cooling
occurs and for summer (April through September) when heating occurs based on
NOAA–NCEP weather forecast models. These values are shown for each year, as an
11-year running mean, and for the 50-year average. The northern Gulf of Alaska generally loses more heat in winter than it gains in summer (Section 2.2.1), although
there are some years when heat loss and gain nearly balance each other and one year
(2000) when the ocean gained more heat in summer than it lost in winter. There is
substantial interannual variability in these fluxes, with the variations being much
larger in winter than in summer. Heat flux variations in summer are less than winter
because summer heat fluxes are primarily due to solar radiation (Section 2.2.1).
Variability in radiative heating is primarily controlled by cloud cover, which, in
general, varies little from summer to summer. In winter, the latent and sensible heat
fluxes dominate air–sea heat exchange, and changes in these heat fluxes depend

Figure 4: Annual cumulative heat loss in winter (red) and heat gain in summer
(blue) from 1950 to 2001. The horizontal blue line is the mean for all summers, and
the horizontal red line is the mean for all winters. The thin colored lines are the
annual values, and the thicker colored lines are the smoothed versions of the annual
values to highlight decadal variability.
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on wind speed and the air–sea temperature difference. Consequently, winter heat loss
primarily determines upper ocean water temperatures in spring and is likely to affect
the metabolic rates of many marine organisms, including zooplankton and immature
fish at a critical phase in their life history. For illustrative purposes, the winter cooling rates in Fig.4 can be expressed in terms of a corresponding temperature change
over the upper 100 m of the shelf water column during the cooling season. On average,
this results in a temperature change of −4.4°C, with the range being −6.5°C (1970) to
−2.5°C (2000). For summer, the mean temperature increase is 3.8oC, with the range
being 4.2°C (1958) and 2.8°C (1998).
Winter cooling rates decreased substantially (~20%) in the mid-1970s coincident
with the shift of the PDO from the cold to the warm phase and the intensification
of the Aleutian Low. Prior to the regime shift winter cooling rates would have induced
a 5°C decrease over the upper 100 m of the ocean versus a 3.8°C decrease since then.
These changes are consistent with a warming of nearly 1.0°C in the upper 100 m of
the water column since 1970 based on temperature observations made at hydrographic station GAK 1 near Seward (Royer, 2005). He found a temperature increase of
similar magnitude between 100–200 m over this same period. Hence, the warming
over the whole water column exceeds that due to air–sea heat exchange alone and
suggests that oceanic transport processes have also contributed to the warming trend.
The most likely source of this oceanic warming is the alongshore transport of heat from
southerly latitudes by the ACC on the shelf and by the Alaska Current along the
continental slope. Indeed this is consistent with the findings of Freeland and Whitney
(2000) of a similar increase in upper ocean temperatures over the British Columbian
shelf during this period. The warming trend, along with suggestions of increased
along-shelf transport due to the winds and changes in runoff (discussed next) suggest
that there has been an increase in along-shore mass transport over the shelf.
Royer’s (2005) analysis of the GAK 1 record also shows that there are substantial
ENSO-induced temperature variations on the northern Gulf of Alaska shelf. Observed
ENSO-induced temperature changes at GAK 1 range between 0.5 and 1.7°C and
occur in winter some 7–10 months after the equatorial onset of ENSO. However,
ENSO-associated temperature perturbations are generally short-lived on the Gulf of
Alaska shelf, usually appearing in early winter and disappearing by late spring.
Although brief in duration, the timing of these perturbations could be of biological
significance because they occur in spring when during the early life history of many
invertebrates and fish. Interestingly, Royer (2005) finds that the ENSO response is
statistically significant at depths between 50 and 150 m, but not at shallower depths.
Conceivably the lack of a significant relationship between the equatorial ENSO signal
and upper ocean temperatures on the Gulf of Alaska shelf occurs because random
local variability in air–sea heat fluxes blur the ENSO signal in the upper ocean.
The presence of the ENSO-temperature signal at depth does suggest that ocean
advection is important, however. Indeed, Royer (2005) argues that ENSO warming in
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the Gulf of Alaska is primarily associated with oceanic processes that displace the
large-scale coastal temperature gradient northward into the Gulf of Alaska. This interpretation is consistent with observations made during the 1997–1998 ENSO event,
which showed anomalously large increases in the flow along the Alaskan continental
slope (Strub and James, 2002), within the ACC (Weingartner et al., 2005), and in the
northward flux of heat along the British Columbian continental slope (Freeland,
2002).
Royer (2005) also finds that the PDO (positive or warm phase is associated with
above normal temperatures) is significantly and uniformly correlated with monthly
water temperature anomalies over the entire shelf water column, although the PDO
signal accounts for only about 25% of the temperature variability. Nevertheless, his
result indicates that the PDO is a useful indicator of long-period, deep temperature
variations for the northern shelf. Given the uniform response of the shelf water
column to the PDO, it seems probable that both the atmosphere and the ocean influence
the thermal structure on the shelf. Since the PDO index reflects winter, sea-surface
temperature variations over the winter mixed layer, which is typically 150 m throughout
the northern North Pacific, these anomalies could be advected onto the shelf by ocean
circulation processes. Air–sea heat exchange is also important however, because winter
cooling tends to decrease during the warm phase of the PDO and increase during the
cold phase.

Variability in Runoff and Shelf Salinity
As discussed in Chapter II.B.2.1, runoff onto the Gulf of Alaska shelf affects salinity,
which in turn critically controls both horizontal and vertical ocean density gradients.
The long-term runoff record for the Gulf of Alaska based on Royer’s (1982, 2005)
simplified hydrology model captures monthly anomalies in coastal freshwater discharge since 1931 (Fig.5). The monthly anomalies can be enormous; several times
greater (or smaller) than the mean monthly value. Indeed, anomaly magnitudes can be
as large as 25,000 m3 s−1, which is comparable to the mean annual runoff. Although
the monthly and interannual variability dominates the signal, there is considerable
longer-period variability in this record as well (Fig.6) where the blue curve is a
smoothed (3-year low-pass filter) version of Fig.5 along with an alternative index of
runoff variability (red) discussed below. (Note for both curves the anomalies are
normalized by their standard deviation.) Abnormally large runoff occurred in the
1940s and from the mid-1980s to the mid-1990s and abnormally low runoff occurred
in the 1960s–70s. The red line is a proxy time series for runoff based on the significant
correlation between runoff and the atmospheric sea level pressure difference between
Seward and Ketchikan (Weingartner et al., 2005). Positive values of this difference are
believed to represent atmospheric transport of warm, moist air into the northern
Gulf of Alaska, while negative values reflect outbreaks of cold, dry continental air.
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Figure 5: Monthly anomalies of coastal freshwater discharge into the Gulf of
Alaska since 1931 [adapted from Royer (1982, 2005)].

Because these two time series are significantly correlated, the sea-level pressure
record serves as a surrogate for runoff and can be extended back to the beginning of the
twentieth century (although pressure estimates prior to 1910 are less certain than those
afterwards).
Monthly anomalies of ACC salinity and the transport component forced by crossshore density gradient are correlated with runoff from November through May
(Weingartner et al., 2005). Hence the time series in Figure 6 suggest how these ACC
parameters have varied at interdecadal timescales. Accordingly, the first decade of

Figure 6: Long-term freshwater runoff anomalies in the Gulf of Alaska. The blue
curve is based on the model of Royer (1982), and the red curve is based on the
atmospheric sea-level pressure difference between Seward and Ketchikan. Adapted
from Weingartner et al. (2005).
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the twentieth century and the period from 1960 to mid-1975 were more saline and had
weaker ACC transport than the period from 1920 through 1945 and the 1980s. The
GAK 1 record indicates a salinity decrease of about.07 in the upper 100 m since 1970,
which is consistent with the increase in runoff over the same time period (Royer,
2005). The implied increase in ACC transport from 1970 through the mid-1990s is also
consistent with the previous discussion that the warming trend observed at GAK 1
since 1970 must have involved an increase in along-shelf transport of heat into the
northern Gulf of Alaska. Although direct measurements of mixed-layer depth variations are not available for the northern Gulf of Alaska shelf, the warming and freshening trend in the upper ocean reported by Royer (2005) also imply that winter shelf
stratification is strengthening. This tendency appears to be Gulfwide as similar trends
have been reported for the British Columbian shelf and over the southern portion of
the basin by Freeland and Whitney (2000).
Although changes in runoff, upper ocean salinities, and transport of the ACC seem
consistent with the “regime shift” change in the PDO from the cold to the warm phase
in the mid-1970s, these variables are only weakly correlated with the PDO index
(Weingartner et al., 2005; Royer, 2005) as is the correlation between ENSO and salinity
(Royer, 2005). It is not entirely clear why this is the case, although Dettinger et al.
(2001) find that, while precipitation and river discharge increase during the PDO
warm phase and El-Niños over south central Alaska, these variables tend to decrease
over the Pacific Northwest and British Columbia. Since the salinity and ACC transport
in the northern Gulf are a consequence of runoff along the entire coast, the spatially
out-of-phase patterns in runoff between the northern Gulf of Alaska and the Pacific
Northwest would tend to degrade the correlation between salinity and the PDO and
ENSO climate indices.
There are occasions, however, when ENSO-related salinity affects can be substantial.
The best-documented example of this in the northern Gulf of Alaska is the comparison between the El Niño winter of 1997–1998 and the La Niño winter of 1998–1999
(Weingartner et al., 2002, 2005). March and April shelf temperatures over the upper
100 m of the water column were nearly 2.0°C greater and salinities were about 0.3
lower in 1998 than for the comparable period in 1999. These changes were consistent
with a 30% reduction in atmosphere–ocean heat loss during the winter of 1997–1998
compared to 1998–1999 and anomalously large late summer–early fall discharges
in the Fraser River (British Columbia) and Columbia River (Oregon) and winter
freshwater discharge into the Gulf of Alaska. The effects of the increased runoff
in 1997–1998 were further enhanced by unusually strong downwelling-favorable
wind stress in the northeastern Gulf of Alaska. In aggregate these anomalies resulted
in the density-driven component of ACC transport in 1998 being double that of 1999.
The increased transport and the above normal temperatures over the British Columbian
shelf in 1997–1998 imply that oceanic heat advection was also greater in 1997–1998
than in 1998–1999 and contributed to the ocean temperature differences between
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these two winters. However, the contribution of ocean heating to the observed warming has not been evaluated yet.
The runoff differences between these years were also accompanied by an earlier
onset of stratification in spring (Weingartner et al., 2005) and lower nitrate concentrations over the upper ocean (Childers et al., 2005) in 1998 compared to 1999. The large
coastal freshwater influx was the primary cause of the early onset of stratification in 1998,
which occurred nearly a month earlier than in 1999. The low surface nutrient concentrations are consistent with the increased runoff, although larger-scale affects might
also have been operating since surface nitrate concentrations were also diminished
over the northern North Pacific (Goes et al., 2001) and the southern Gulf of Alaska
(Freeland and Whitney, 2000).
The difference in the timing of early spring stratification between these two years
provides a hint of the complexities in the development of stratification and the spring
bloom on the inner portion of the Gulf of Alaska shelf. Springtime phytoplankton
blooms can begin in the sheltered waters of Prince William Sound in late March or
April and shortly thereafter in the ACC. In contrast, the spring bloom on the outer
shelf develops about mid-May. As discussed by Weingartner et al. (2005), stratification does not develop uniformly in space or time over the Gulf of Alaska shelf because
stratification mechanisms on the outer shelf are different from those within the ACC
(and Prince William Sound). Seaward of the ACC, upper-ocean warming is primarily
responsible for initiating stratification in spring and this is governed by wind-mixing
and solar heating. In contrast, stratification inshore depends upon three-dimensional
circulation and mixing processes associated with freshwater dispersal and winds.
Many variables contribute to inner-shelf stratification including the fraction of winter
precipitation delivered as snow and rain, the timing and rate of spring snowmelt,
and the wind velocity. The relevant timescales range from a few days (storm events)
to the seasonal or longer, with the longer scales associated with advection of freshwater
by the ACC from distant upstream regions. Given the number of parameters involved,
large interannual variations in the onset of stratification on the inner shelf are
expected. This also implies that the application of Gargett’s (1997) optimal stability
window hypothesis to the ACC is far more complicated than in regions where vertical
heat fluxes primarily control upper-ocean stability.
The stratification differences between 1998 and 1999 also suggest how climate
warming might affect the Gulf of Alaska ecosystem. Projections of future climate
response to increased greenhouse gas concentrations (IPCC, 2001) indicate an
increase in atmospheric warming and moisture over much of the globe, including the
Gulf of Alaska. This implies greater winter rainfall and runoff but less snow accumulation in the coastal mountain ranges. Consequently, an earlier onset in spring melt is
to be expected. If wind mixing does not increase proportionately, then stratification
and the spring bloom may occur earlier on the inner shelf than it does presently.
Conceivably, these changes might lengthen the time lag between bloom development
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on the inner shelf and the outer shelf, which could affect the community structure and
recruitment success of zooplankton and fish over these different portions of the shelf.
The IPCC (2001) projections also indicate larger year-to-year variations in precipitation so that interannual variability in the timing of the spring bloom on the inner shelf
might also increase.

4.2.3. Gulf of Alaska Basin
Based upon data collected from 1968 to 1990, Lagerloef (1995) and Hunt (1996) concluded that the Alaska gyre underwent a large transition coincident with the regime
shift when the PDO switched from the cold phase to the warm phase. They show that
during the cold phase (prior to the mid-1970s), the center of the Alaska gyre was shifted
northeastward, the gyre circulation was stronger, and cooler sea surface temperatures
prevailed over the central Gulf compared to after the transition. The transition to the
warm-phase PDO mode led to a west-southwest displacement of the gyre center and
a reduction in upwelling and gyre transport in the central and eastern gulf. There are
some indications that on ENSO timescales the Alaska gyre and the California Current
vary out-of-phase (Chelton and Davis, 1982; Tabata, 1991; Kelly et al., 1993) such
that more water from the North Pacific Current enters the Gulf of Alaska when the
gyre strengthens, while more of it is deflected southward when the gyre weakens.
Under such conditions, Van Scoy and Druffel (1993) find that subpolar waters carried
by the North Pacific Current leak into the California Current.
As previously noted, Polovina et al. (1995) concluded that the regime shift was
accompanied by changes in mixed-layer depth. Freeland et al. (1997), Freeland and
Whitney (2000), and Whitney and Freeland (1997) expanded on Polovina et al.’s work
by closely examining changes in mixed-layer depth and properties along Line P. They
find that the winter mixed-layer depth has decreased since 1956 at a rate of about
47 m/century and suggested that there was a possible step-change to a decrease in
winter mixed-layer depth coincident with the regime shift. However, they found that
the shallowing of the winter mixed-layer was related to an increase in upper ocean
stratification brought about by both a freshening and warming of the surface layers.
Superposed on this long-term trend, are ENSO-related variations that corroborate the
model results of Alexander et al. (2002). These workers find that shallower, winter
mixed-layers are associated with El Niños, while deeper mixed layers occur during
La Niñas. The shoaling mixed-layer observed along Line P decreases the winter
re-supply of nitrate and silicate to the euphotic zone (Whitney et al., 1998; Whitney and
Freeland, 1999). Although the decrease does not appear to affect the magnitude of the
spring bloom presently, it increases the likelihood of nutrient exhaustion through
summer. Indeed, this decrease was so severe during the 1998 El Niño event that it led to
the first ever report of nitrate depletion in the surface waters if the Gulf of Alaska basin.
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4.3. Zooplankton
Ted Cooney
Records from the Canadian Weather Ship program at Ocean Station P(OSP)
(1956–1980; Fulton, 1983) located at the southern margin of the Gulf of Alaska
provide a starting point for documenting and analyzing long-term patterns of change
in zooplankton stocks in the Gulf of Alaska. Frost (1983) analyzed these records
(approximately 2500 samples; vertical tows in the upper 150 m) and discovered a
weak, positive statistical relationship between the annual average (February to August)
standing stock of zooplankton and surface water salinity. A similar relationship had
been reported previously by Wickett (1967), who hypothesized that increased salinity
should accompany nutrient upwelling, higher primary productivity, and greater zooplankton growth. Frost was able to examine that possibility by looking for coherence
between zooplankton growth (extracted from a portion of the OSP time series) and
estimates of primary production provided by Parslow (1981). Oddly, Frost found
no relationship between these data sets, suggesting something other than bottom-up
forcing of the production cycle was responsible for driving the interannual patterns in
zooplankton abundance recorded at OSP. Because there were no comparable observations for other locations in the Gulf of Alaska, there is no way to determine just how representative the OSP observations were of the broader Gulf between 1956 and 1980.
Brodeur and Ware (1992) used data collected from the Joint U.S.–Canadian High
Seas survey, 1956–1962, and from later Japanese surveys (R/V Oshoro maru of
Hokkaido University; 1981–1986, 1988–1990) of the Gulf of Alaska to reconstruct
the spatial distribution and stock size of net zooplankton caught in vertical tows from
150 m to the surface during these two different decades. The results of this analysis
are dramatic; zooplankton was distributed more broadly and was more than twice as
abundant than in the 1980s. Also in the 1980s, the biomass of zooplankton was found
to be greatest around the “edge” of the Gulf – a kind of bathtub ring – rather than in the
interior of the region as was the case in the 1950s and early 60s (Fig.7). The authors
suggested two reasons for these patterns: (1) increased center gyre wind-forced
upwelling (demonstrated for the 1980s) generated more nutrients (including iron) from
deep water and thus increased the overall productivity of plankton and (2) predation
on primary producers by zooplankton was enhanced by deeper vertical mixing during
the 1980s when the Aleutian Low was stronger, enabling greater production of grazers (Parsons, 1988). In addition, Miller et al. (1992) reported that the size of individual species tended to be smaller in the interior of the oceanic realm rather than at the
edges of the system. Neocalanus plumchrus and N. flemingeri were often 25–80%
less massive at OSP than when encountered along the shelf edge, presumably a response
to enhanced feeding opportunities nearer the continental margin.
Brodeur and Ware (1992) also looked at the OSP zooplankton time series and plotted the average biomass between June 15 and July 31 each year from 1957 to 1980;
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Figure 7: Comparison of zooplankton biomass in the Gulf of Alaska from two
periods. After Brodeur and Ware (1992).

they found a statistically significant linear increase (approximately a factor of 2.0),
although there was also an apparent cyclic progression to the observations as well (see
Figure 5; Brodeur and Ware, 1992). Zooplankton biomass was lowest in the early
1960s and 1970s, and higher in the early 1950s and late 1970s. There was no explanation given for these apparent cycles. In a parallel analysis of 14 selected fish and
mollusk species (Fig.8) (salmonids, nonsalmonid fishes, and cephalopods) from the
Northeast Pacific Ocean, Brodeur and Ware (1995) were able to demonstrate that
catches of all but one species were greater in the decade of the 1980s than in the mid1950s and early 1960s. Salmonid biomass increased by a factor of 2.0 in concert with
the doubling of the zooplankton stock. The authors suggested that the carrying capacity of the region can vary from decade to decade or over longer periods, and warn that
current high levels of salmon production could decline markedly if the system reverted

Figure 8: Comparison of nekton biomass in the Gulf of Alaska from two periods.
After Brodeur and Ware (1995).
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Figure 9: Changes in settled zooplankton volume at AFK hatchery in
northern Prince William Sound in spring (May–June) since 1981–1998. Data
from Cooney et al. (2001).

to one supporting fewer zooplankton. Cooney et al. (2001) report that wild pink salmon
production in PWS and springtime zooplankton levels (upper 20 m) declined by about
a factor of 2.0 from highs in the 1980s to lows in the 1990s (Fig.9). These observations tracked similar changes in zooplankton noted by Sugimoto and Tadokoro (1997,
1998) for the broader Gulf of Alaska and Bering Sea.
Brodeur et al. (1996) reported on gradients in zooplankton biomass between northern reaches of the Gulf of Alaska and the waters of Oregon and Washington. Stock
production in these different areas appears to vary inversely over time – when zooplankton is abundant in the Washington–Oregon shelf waters, it tends to be lower in
the northern shelf waters of the Gulf of Alaska and vice versa. This inverse relationship also holds for the status and production of salmon populations; cycles of high
production in the northern Gulf of Alaska coincide generally with lower production
for stocks originating in the Pacific Northwest and southern British Columbia.
One of the more curious aspects of long-term zooplankton change is reported by
Mackas et al. (1998) in a study that examined interannual variability in the developmental timing of Neocalanus plumchrus in the North Pacific Ocean. Using samples
from the Station P weathership program and Canadian GLOBEC studies, the investigators were able to document a long-term trend in the biomass maximum of this large
and dominant calanoid copepod. Over a period of nearly 30 years, the maximum rose
gradually from early mid-May (1958) to a much later maximum in late July (1974) and
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Figure 10: Changes in biomass maximum of Neocalanus plumchrus at Ocean Station P,
1955–1994 (after Mackas et al., 1998). Neocalanus plumchrus (photograph Courtesy
of Dr. Russel Hopcroft, University of Alaska).

then returned to a much earlier maximum, again in mid to early May (1994) (Fig.10).
The reasons for this cycling are believed to involve shifts in the temperature-dependent
developmental timing of the different naupliar and copepodite stages and changes in
the survival of early versus later portions of each annual cohort. These changes were
linked statistically to similar shifts in ocean climate over the same time span.
These and other studies are beginning to paint an overall picture of long-term
change in zooplankton communities in the subarctic Pacific (see Mackas and Tsuda,
1999, for a comprehensive review). There is evidence that in addition to the prominent north/south gradient in stock production that shifts its sign over time in relation
to cycling ocean climate, there is also an east–west gradient — the western gyre being
more productive than the Alaska gyre. As we have seen above, changes in biomass by
a factor of 2 to 3, marked spatial sifts that involve the whole of the Gulf of Alaska,
and apparent relationships to similar changes in pelagic nekton all point to a highly
dynamic system at lower trophic levels responding in poorly understood ways to
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climate forcing. Presently missing, but now under intensive study, is how open ocean
changes on a variety of time and space scales influence the more productive shelf
and coastal areas in the Gulf of Alaska – regions where almost all of the reproductive
ecology of apex consumers occurs. In addition to the intrusion of oceanic-derived
zooplankters into the shelf and coastal zones of the Gulf (as noted in an earlier chapter),
the propensity for these intruders to grow to larger absolute size likely has important
trophic consequences for consumers (see Section 2.4).

4.4. History and Production Trends in Salmon
Ted Cooney
4.4.1. Introduction
The long-term record of salmon abundance comes from two sources – the historical
record of the fisheries and geochemical records in sockeye salmon lake sediments
(Finney et al., 2002). This chapter begins with a record of the exploitation of the
salmon populations, examines the longer-term historical record extracted from lake
sediments in the northern Gulf of Alaska sediments, and then discusses the role of climate
and other factors in salmon population fluctuations.

4.4.2. Resource Use and Management
Since early times, Pacific salmon populations have supported human kind in the coastal
and inland waters of the Gulf of Alaska. Archeological studies of Prince William Sound
and other nearby regions indicate man’s presence dates back at least 3000 to 4000 years
(Lethcoe and Lethcoe, 1994). When the Europeans arrived in the middle of the eighteenth
century, there were eight groups of Chugach (Alutig) natives living around the sound.
These ancient peoples subsisted primarily on sea mammals, fishes, shellfish, and birds.
Salmon was immensely significant in their culture, as it is today among their survivors.
Commercial exploitation of Gulfwide salmon stocks began in the late 1800s primarily
pursued by companies operating in San Francisco and Seattle. The full-scale commercial
exploitation of salmon in Prince William Sound began with the incorporation of the
Alaska Packers Association (APA) in San Francisco in 1892 (Lethcoe and Lethcoe,
1994). By 1900, the APA owned two-thirds of the canneries in Alaska, and accounted
for 72% of the annual pack.
During the early days of commercial harvest, fishing practices were ruthless,
and waste was condoned in the absence of any substantial regulation of the industry.
When Alaska was made a territory in 1918, Alaska fishermen demanded the territorial
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government abandon the use of ecologically damaging fish traps owned by the industry
to catch salmon. However, the salmon industry lobby was so strong that fish traps
were still being used at some locations until statehood in 1959.
Alaska Department of Fish and Game assumed responsibility for managing salmon
resources in 1960. The State mandated that harvests be regulated to sustain salmon
stocks at levels that would both conserve the resource and provide a reasonable livelihood
for fishers and the industry. To this end, policies and regulations were put in place to
assure that sufficient numbers of spawning adults would be permitted to escape the
fishery each year to sustain a strong reproductive stock.
In 1974, following a history of significant year-to-year variability in salmon
catches associated with natural disasters (the 1964 earthquake and several severe
winters in the late 1960s and early 1970s), the Alaska legislature passed the
Private Salmon Hatchery Act as a means to help rehabilitate salmon resources.
Private, non-profit regional aquaculture corporations were authorized. The concept
was ocean ranching – rearing eggs and alevins in a protective hatchery environment
and then releasing the juveniles in the ocean to grow and return later with wild fish
to a common-property fishery. In the winter of 1974–1975, stakeholders, including
fishermen, processors, city governments, and native corporations formed the
Prince William Sound Aquaculture Corporation (PWSAC), with offices in Cordova,
Alaska (Olsen, 1994). PWSAC would eventually administer four large hatcheries
in Prince William Sound that produced all species of salmon (Fig.11). Together
with a hatchery near Valdez (Valdez Fisheries Development Association),

Figure 11: Photo of AFK Hatchery, Prince William Sound Aquaculture Association
(photograph courtesy of Mandy Lindberg, NOAA).
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Figure 12: History of releases of hatchery-raised pink salmon fry from three Prince
William Sound hatcheries operated by the William Sound Aquaculture Corporation
(Armin F. Koernig, Cannery Creek, and Wally Noerenberg).

the combined release of juveniles would exceed 750 million fry and smolts annually
by the early 1990s (Fig.12). Current returns of about 25 to 30 million adults to Prince
William Sound each year show the success of the hatcheries in producing
harvestable salmon.

4.4.3. Broadscale Trends in Time and Space
Analyses of the voluminous information and data bases for northeastern Pacific salmon
with some proxy values extending back in time more than 2000 years illustrate four
major time–space patterns: (1) very-low-frequency production variability on a millennial
scale for sockeye salmon (Onchorhynchus nerka) (Finney et al., 2002)(see Fig.I.A.1),
(2) a pronounced north/south production gradient in the northeastern Pacific Ocean
that changes its sign on decadal scales – the so-called “inverse production regime”
(Hare et al., 1999), (3) statistical relationships between annual catches and several indices
of climate forcing that are common across species and regions in the North Pacific
(Beamish et al., 1999), and (4) evidence of decreasing adult body size for adults during
the past two decades (Bigler et al., 1996).
Finney et al. (2002) examined temporal patterns in a stable isotope of nitrogen in
salmon-derived nutrients (SDN) sampled in sediment cores from Karluk, Akalura,
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and Frazer lakes on Kodiak Island, Alaska. From this information, they reconstructed
a millennial-scale record of adult sockeye salmon returning to spawn in these
lakes that extends back to about 200 BC (see Fig.I.A.1). Over roughly 2200 years, the
record depicts declining escapements from a high at the beginning of the record to a
low around AD 100, followed by mostly steady increases to high values again in
AD 1200 and beyond. The last 100 years (or so) of the time-series document
rapid declines, which are probably associated with the development of the modern
red-salmon fishery. Since contemporary records illustrate a general tracking of population change among most salmonid stocks in the northern Gulf of Alaska, the very
long-term reconstructed production history for sockeye salmon may also apply to
pink (O. gorbusca), chum (O. nerka), silver (O. kisutch), and king salmon
(O. tshawytscha).
Hare et al. (1999) used a sophisticated statistical procedure to demonstrate an inverse
production response to shifting ocean climate for salmon stocks in the northern Gulf of
Alaska and those found off Washington and Oregon. They discovered that under certain
conditions of ocean climate, the southern stocks did less well than those occurring
further north, and that these different production regimes appeared to change their
sign in response to climate forcing described later as the Pacific Decadal Oscillation
(PDO; Mantua et al., 1997) (Fig.13). Following a dramatic “regime shift” in the late
1970s, most stocks of salmon in Alaska underwent unprecedented expansion whereas
those in Washington and Oregon languished or declined. This pattern was reversed
in the decade prior to 1977–1978, and at present there is evidence that yet another
change has occurred or is occurring (Sugimoto and Tadokoro 1997, 1998). Recently,
the returns of salmon to southern coastal regions (Washington and Oregon) have been
strengthening under cooler temperatures and higher plankton production. The surprise

Figure 13: The relationship between the Pacific Decadal Oscillation and salmon
harvests in the Gulf of Alaska (after Mantua et al., 1997).
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has been that northern Gulf stocks have generally continued to produce at high
levels during this same period rather than reverting to significantly lower levels as our
understanding of the inverse production regime would predict. Obviously, there are
some general conditions that favor elevated levels of production in both the southern and
northern reaches of the Gulf that need to be investigated further.
Hare and Francis (1995) used intervention analyses to determine the dates of temporal shifts in ecosystem state associated with long-term records of pink and sockeye salmon originating in three different regions of Alaska – western, central, and
southeast. For records of catch extending back to the 1920s, these analyses demonstrated a remarkable concurrence between shifts in production from high to low and
back to high across both species and the three different regions. The shifts occurred
in the late 1940s and in the late 1970s, the latter associated with a well-documented
change in ocean climate. Records for air temperature at Kodiak, Alaska, and the
time-series of the North Pacific Index (NPI) demonstrated similar dates for changes
in state.
Rogers (1984) hypothesized that increased catches of sockeye salmon during warm
ocean periods reflected better marine survivals caused by an altered (shortened)
migratory pathway for returning adults that lessened their vulnerability to predation
by marine mammals. Brodeur and Ware (1992) suggested that increased salmon
production during this same period was caused by much improved foraging opportunities for juveniles. Their work demonstrated that during the late 1950s and early
1960s, oceanic zooplankton was much less abundant and dramatically more patchy
in its distribution than in the 1980s. The warm period of the 1980s was one of more
intense Aleutian low pressure and greater center gyre upwelling that presumably
improved nutrient supply and increased primary productivity supporting higher
zooplankton stocks. Although different mechanistically, both ideas linked salmon
survival to meteorological forcing of ocean climate.
Concern over the possibility that growth-limited adult size may be occurring was
articulated by Helle and Hoffman (1995) and Bigler et al. (1996), who demonstrated
a trend toward smaller adults for all five species of Pacific salmon since the late
1970s. This phenomenon occurred during the same time that Alaskan stocks were
undergoing unprecedented increases. It was believed that density-dependent growth
was forced by competition for limiting forage during the annual feeding migrations
of these fish. Cooney and Brodeur (1998) reviewed the problem and used a simple
bioenergetics model to demonstrate that most of the consumption of forage occurs in
the oceanic rather than coastal feeding areas. This does not mean that density-dependent
growth does not occur in the abundant younger stages, but that, in an absolute sense,
the daily ration and overall forage demand is much greater for the larger, older fishes
feeding in the oceanic environment. Smaller adult size is associated with fewer and
smaller eggs per female and a general reduction in reproductive fitness on the spawning grounds. Some have speculated that the growing contribution of hatchery-reared
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Figure 14: The history of pink salmon catches in the Gulf of Alaska, 1900–2001
(after Brodeur et al., 2003).

salmon to an overall Gulf population is stressing present levels of oceanic carrying
capacity for salmonids (and other consumers) in the northern Gulf of Alaska, despite
evidence of significant increases in salmon forage after the late 1970s.
Brodeur et al. (2003) portray the historical catch (in metric tons) of pink salmon
from Alaska over the period 1900–2001 (Fig.14). Between 1900 and 1940, the catch
generally reflected the increasing development of the fishery. Between 1940 and
1960, declines in catch are believed to be associated with overfishing and adverse
environmental conditions. The harvest recovered somewhat in the 1960s, only to fall
on hard times again in the early 1970s. Closure of the Japanese high-sea drift net fishery,
improving environmental conditions, and the establishment of the private, non-profit
hatchery program led to a period of unprecedented salmon production with catches
increasing at a steady rate from about 1974 to 2001. Thus, over a century, the pink
salmon industry in Alaska grew from landings of about 10,000 mt in the early 1900s
to approximately 200,000 mt today.
Rogers (1986) reported that pink salmon in Central Alaska (mostly from Prince
William Sound and Kodiak Island) accounted for about 35% of all Alaska pinks
between 1950 and 1977, but the growing contribution of hatchery-reared pink salmon
after that time raised the percentage substantially in the late 1980s and 1990s (Fig.15).
Between 1950 and 1984, Central Alaska pink salmon returned an average of 22.5 million
adults each year although the range of returns was broad – 5–59 million fish.
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Figure 15: The returns of wild and hatchery pink salmon to Prince William Sound.

4.4.4. Prince William Sound: A Pink Salmon Case History
Alaska Department of Fish and Game in Cordova, Alaska began compiling production
statistics for pink salmon in Prince William Sound immediately after being declared
a state in 1959. This information included spawning escapements, catches, total
returns for both wild and (later) hatchery stocks, marine survivals for hatchery fish,
and preemergent wild-fry indices. The preemergent index was derived from a quantitative census of alevins surviving in streams and intertidal natal areas a few weeks
before the beginning of peak of fry entry into marine waters each spring (this program
was discontinued in 1996).
The production of pink salmon in Prince William Sound has varied over the years
(Fig.15). In the 1960s, overall returns averaged about 7 million adults annually, perhaps in part caused by the loss of spawning habitat associated with the largest earthquake in Alaska recorded history in 1964 (see also Section 3.3.1). The epicenter of the
quake was in northwestern Prince William Sound. In the 1970s, the average return
increased to about 10 million annually, primarily driven by production increases late
in the decade. Production grew dramatically in the 1980s and 1990s to an average
return of 25 million adults in recent years. A large part of this increase was associated
with the growing contribution of hatchery-produced pink salmon that began to dominate the return of adults in the late 1980s. Part of the production increase has also been
attributed to an improvement in marine rearing conditions that began in 1978 during
the widespread oceanographic regime shift that began at that time and lasted through
the 1980s. Pink salmon stocks in both southeastern and central Alaska regions
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responded positively to a generally warmer and wetter ocean climate following the shift
(Hare and Francis, 1995).
The time series of wild and hatchery pink salmon stock production in Prince
William Sound has been interpreted differently by those who believe hatchery practices eventually lead to the demise of natural stocks (Hilborn and Eggers, 2000), and
those who contend that these different populations can exist together without unduly
influencing each other (Wertheimer et al., 2001). Those who see hatchery stocks as
detrimental to the sustainability of wild populations point to Prince William Sound
as a prime example of hatchery pink salmon displacing the wild population. This
displacement allegedly began in the mid to late 1980s and continues to this day.
As evidence, opponents of hatcheries point to the increasing proportion of hatchery
fish to the overall returns from 1985 to the present. The opposing view uses the same
time series to demonstrate that declines in wild production following the elevated
production years in the 1980s merely represent a return of wild populations to
pre-regime-shift levels after a period of elevated escapements and unusually good
ocean survival conditions. Sugimoto and Tadokoro (1997) provide evidence for
another shift in ocean climate in the north Pacific that occurred in the early 1990s.
After the salmon hatcheries reached their permitted levels of production in the late 1980s,
they have been consistently placing about three times more fry into Prince William
Sound than do the wild stocks each year.
The return-per-alevin index can be used as a proxy value for the marine survival
of wild pink salmon in Prince William Sound. For return years beginning in 1962 and
continuing through 1996, anomalies of this value demonstrated a period of generally
below average marine survivals from 1962 through 1978 followed by seven years
of consistently above average survivals from 1979 through 1985 (Fig.16). After that
time, the anomalies of marine survival have bounced back and forth between
positive and negative values. This pattern supports the view that a dramatically
improved ocean climate stimulated elevated wild-stock production following the
regime shift in 1977–1978. Other factors probably contributed as well. Wild pink
salmon escapement increased over the same period and this may have contributed to the
observed increase in alevins at this time. In the sound, higher levels of alevins generally
result in larger adult returns (Alaska Department of Fish and Game, unpublished data).
The Sound Ecosystem Assessment (SEA) program in Prince William Sound investigated mechanisms influencing the mortality of wild and hatchery-reared pink
salmon during early marine residence, the life stage that most believe determines the
strength of the adult return (Willette et al., 2001). SEA discovered that water temperature affecting growth rates, amounts of fry food, the kinds and abundances of fry
predators (primarily other fishes and birds), and the kinds and abundances of alternative prey for these same predators all interacted in ways that influenced the survival
of fry each year. As noted previously, two facultative planktivores, adult pollock and
Pacific herring early in the season, followed by juvenile gaddids later, comprised the
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Figure 16: Anomalies in the return/fry index (a proxy for marine survival) for
Prince William Sound pink salmon, brood years 1962–1996.

major predators. Pelagic rock fishes, Dolly Varden trout, adult salmon, and some marine
birds were also implicated (Scheel and Hough, 1997).
A numerical model of the fry loss system incorporating the feeding physiology
of the fry and their predators, and observed spatial distributions of zooplankton and
water temperature simulated the loss process from releases at one of the northern pink
salmon hatcheries. The simulation followed the fry to locations in the southwestern
part of the sound where survivors stage before leaving on their oceanic feeding migration (Willette et al., 2001).
Model results suggested that, in the immediate vicinity of a hatchery following
releases of fry, losses to fish predators (adult pollock and herring) were associated with
a complex predator consumption process. In the megaschools of fry (many millions
of small salmon), predator swamping (or not) determined the loss rate. If fry densities
provided sufficient food to satiate the large fish, fewer fry were taken than under
conditions where adult pollock and herring could feed continuously. It was also
discovered that in the immediate area of the releases, feeding on fry was almost
always more energetically beneficial to predators than feeding on zooplankton.
However, as the fry schools dispersed from hatchery sites during a southward
migration, alternative prey for pollock and herring could occur at levels sufficient to
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“switch” the predator consumptive process to euphausiids, large calanoids and/or
pteropods (Willette et al., 1999).
In contrast, it seems unlikely that the entry of wild fry over a 60-day period each
spring (from 800 or so small streams and rivers) would ever approach the densities
of juveniles found in megaschools around hatcheries, so “zooplankton sheltering”
may be a key factor influencing the losses of wild stocks during early marine
residence in most years. Cooney et al. (2001) noted that, during the 1980s, zooplankton
stocks and adult returns of wild pink salmon in Prince William Sound (PWS) were
approximately twice those occurring later in the 1990s.
Given what is presently understood about pink salmon in Prince William Sound and
the interacting factors that account for high mortalities during early ocean residence
(perhaps as many as 75% of the total fry entry), the historical pattern of wild stock production suggests the following: (1) a period from 1960 through the middle 1970s
where marine and freshwater survivals sustained the stocks at levels of 5–10 million
per year (2) a period of approximately 10 years of elevated production – 20–30 million
wild and hatchery adults per year during the 1980s when annual marine survivals were
often well above average – and when overescapement may have been partly the cause
of increased alevin densities in the spring, and (3) a diminishment of elevated wild
stock production in the early 1990s back to pre-1980 levels while hatchery stocks
remain high. The cause of the wild production decline continues to be debated.

4.4.5. What’s Behind the Large-Scale Patterns in Salmon Catch
and Production?
It seems obvious from the above that salmon production is influenced by periodic
if not strictly cyclic shifts in ocean climate on several different time and space scales
(Francis and Sibley, 1991) and by management and harvest strategies that include
stock enhancement (hatcheries). Most agree that run-strength is established early
in the marine life history in near-shore waters. Most also agree that predation, rather
than starvation is the most important factor. In this regard, there is evidence that mortality during the early marine stages is size-dependent, the smaller fishes being at much
greater risk to predation than the larger. As a consequence, growth rates apparently
mediate these early losses; both water temperature and food have been shown to affect
juvenile growth. Fry growing slowly remain in the smallest, most vulnerable sizes
proportionally longer than do fry that encounter optimal growth conditions. This paradigm has been challenged recently by Beamish and Mahnken (2001) who provided
evidence that at least for coho (silver) salmon (Oncorhynchus kisutch) there is reason
to believe that unless the smolting juveniles are sufficiently prepared (physiologically)
for their year in the ocean, they may not survive. Physiological preparation seems
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to be associated with achieving a certain minimal size. Juveniles failing to reach this
“critical size” apparently do not survive a winter at sea. It has not been demonstrated
convincingly that other salmonids in the system are affected in a similar way.
Shifts in ocean state in the northeastern Pacific seemingly affect salmon production
according to where a particular stock resides on the north/south production gradient
between Oregon/Washington and Alaska. An ocean state that exhibits warmer and
generally wetter than average conditions in the north apparently favors production
there (Mueter et al., 2002; Hare et al., 1999). Under the “northern warm regime”
(positive PDO) increased center gyre upwelling and a deeper upper mixed layer in the
Gulf responding to an intensified Aleutian low may improve growing conditions
for plankton (juvenile salmon forage) by increasing nutrient supplies and plankton production, and through increased runoff, creating a more stable photic zone (Gargett, 1997).
Also, an open ocean distribution of zooplankton that strengthens population levels at
the continental margins (Brodeur and Ware, 1992) may “leak” more ocean-derived
zooplankton landward, reinforcing shelf and coastal stocks that serve as food for juveniles and alternative forage for salmon predators. Further, when (for whatever reason)
zooplankton stocks are elevated, the overall trophic status of the ecosystem probably
shifts toward planktivory, the result being that generalists derive more of their energy
by feeding on zooplankton rather than eating small fishes (such as juvenile salmon)
(see Section 4.4.5).
Conversely, when zooplankton stocks collapse, generalists that rely heavily on
plankton must supplement their diets by feeding more on small fishes and squids, and
the ecosystem will reflect a more piscvorous status. These feeding mode shifts have
been observed and described (Willette et al., 1999). Finally, a warmer and wetterthan-average northern system probably favors greater freshwater survivals of early
life stages. Heavy snowfall tends to insulate salmon eggs and alevins from freezing
conditions, and periods of melting maintain stream flows necessary to provide sufficient oxygen for respiring embryos. Warm spring conditions promote rapid runoff and
the flushing of juveniles into shallow coastal waters in relatively high numbers. These
large outmigration events may create local predator swamping and enhanced overall
survival (Cooney et al., 1995).
At the same time, a warmer ocean climate in southern waters probably means
greater stratification and reduced coastal upwelling resulting in less plankton
production perhaps leading to an ecosystem adjustment toward piscivory and
greater losses to populations of small fishes, including juvenile salmon. Warmer
conditions in the south may also allow warm-water predators (such as Pacific hake)
to invade a region from more southerly locations. Hare et al. (1999) suggest that
conditions off Washington and Oregon over the last two decades (detrimental
to salmon production) may have in some measure been responsible for the
lackluster performance of hatchery stocks of coho salmon rearing in coastal
waters. If this was the case, a “return” to a higher production regime in southern
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waters – believed by some to be underway now – could improve the contribution of
southern hatchery stocks to local fisheries, a largely unrealized regional strategy
for many years.
The strength of wild salmon populations in the northern Gulf of Alaska has been
attributed in part to management activities designed to protect the reproductive potential of stocks. In an odd twist of fortune, the economic value of this immense and
healthy resource has recently been strongly and negatively impacted by globally
available farmed salmon. The devaluation of wild stocks and ocean-ranched salmon
is affecting the harvest sector and thus one of the major “tools” that managers use to
create effective spawning escapements each year. When the price per pound offered
to fishermen declines substantially, harvesters may decline to fish, or may demand
that the hatcheries produce more fish to increase the fishable stock size. Taken to
extremes, the result may be many more low value fish competing for forage resources
on the high sea, maturing at a later age and returning as smaller adults with compromised
reproductive potential (Cooney and Brodeur, 1998). Aggressive marketing programs are
presently underway to restore the economic value of non-armed salmon populations
in the Gulf of Alaska. Only time will tell whether these actions will succeed.

THE ROLE OF SPAWNING HABITAT
by Ted Cooney
Natural limitations are placed on the production of wild salmon stocks by the
distribution and amounts of spawning habitat available to adults each year.
Clear-water rivers and streams with suitably porous, gravelly sediments provide
substrates that can successfully incubate the eggs and host the developing larval
salmon. The strict dependence on these “spawning habitats” places upper bounds
on the numbers of spawning adults that can be successfully accommodated each
year. Fully utilized spawning habitats under ideal conditions will produce a
given number of juveniles whose survival to adulthood is determined primarily
(but perhaps not always) by losses to predation during the ocean feeding and
maturation phase of the life history. When the adult returns are particularly large,
natal habitats may be overrun by adults and the capacity of a region to produce
juveniles seriously degraded. Because of this, resource managers attempt to
regulate the harvest so that an optimal number of adults are allowed to “escape”
the fishery each year. The sustained productivity of wild salmon in the northern
Gulf of Alaska has been attributed, in large measure, to the success of this
management strategy.
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4.5. Pacific Herring
4.5.1. Resource Use and Management
Pacific herring (Clupea pallasi), as with salmon, have been an important human food
for thousands of years (Lethcoe and Lethcoe, 1994). Herring eggs were especially
important to Alaskan natives as they were easily collected on beaches after spring
spawning (Fig.17). Eggs provided an early boost of high fat and protein, a welcome
repast after depleted winter food supplies. Herring spawn on spruce boughs is a delicacy,
and boughs were left in spawning beds during low tide. The laden bows were dipped
briefly in boiling water and then in seal oil. To the native peoples in the region, the
arrival of vast schools of herring in the spring was a sign of an abundant harvest of
salmon and marine mammals during the season as these predators were known to
accompany the herring schools whereever they went. In this way, herring were harbingers of good fortune, plentitude, and a reason to celebrate.
Commercial fisheries for Pacific herring began in 1882 in Alaska (Reid, 1971),
expanded rapidly, and catches were in the thousands of tons by the early 1900s.
At first, they were dry-salted for oriental markets (1904–1934). From 1935 to 1967, herring were reduced for meal and oil, then sold domestically and overseas (Rousenfell
and Dahlgren, 1932; Skud et al., 1960; Reid, 1971). From 1971 to the present, roe and
spawn on kelp (both for oriental markets), food (mainly overseas), and bait (domestic)
(Hourston and Haegele, 1980) were the main uses. The history of GOA catches
and the estimated biomass of herring is shown in Fig.18. Herring fisheries in the Gulf
of Alaska were second only to salmon in tonnage. Catches during the early reduction

Figure 17: A thick layer of herring spawn on a beach in Prince William Sound
(photograph courtesy of Evelyn Brown, University of Alaska).
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fishery days were not controlled, and fishermen sometimes took a large percentage
of the population, likely severely reducing or eliminating some populations
(Rounsefell, 1929; Reid, 1971).
Alaska Department of Fish and Game (ADF&G) took over the stock assessment
programs from the Federal Department of the Interior (Bureau of Commercial
Fisheries) in 1960. This ongoing program consisted of estimating harvest by the three
main Gulf of Alaska (GOA) districts (Prince William Sound, Kodiak, and Southeast
Alaska; Fig.19), and sampling the catch for size and age from the mid-1920s on.
There were also tagging studies to assess migrations and vertebral counts as a way to
assess population discreteness (Rounsefell, 1929; Reid, 1971). Catch quotas were first
introduced in 1940 but later abandoned in 1952, a mixed result of integrity of biological assessment data, politics, and economics (Reid, 1971). By the late 1950s, aircraft
were regularly used to measure the extent of spawning and the size of the spawning
population. Aerial surveyors provided the first real indices of abundance for regional
populations (Grice and Wilimovsky, 1957) The aerial surveys, estimates of catch and
catch age–weight–length (awl) sampling were continued by ADF&G from the 1960s
on as the mainstays for herring stock assessment and fisheries management.

Figure 18: The two types of fishery data used in this analysis. The solid black
line is total annual Gulf of Alaska fishery catches (Skud et al., 1960; Reid, 1971;
Gretsch et al., 1989; Prokopowich, 1989; Schroeder and Morrison, 1989;
Brady et al., 1991; Larson and Minicucci, 1991; Funk and Harris, 1992;
unpublished catch records from Fritz Funk, ADF&G, Juneau, Alaska). The grey line
represents the annual biomass estimates for Prince William Sound in the northern
GOA (Funk and Harris, 1992; unpublished stock assessment records from
Fritz Funk, ADF&G, Juneau, Alaska).
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Figure 19: The Gulf of Alaska region covered in this chapter.

The demand for herring reduction fishery products was in decline during the 1960s,
the harvest declined as a result, and fishermen began to experiment with other herring
products and markets. The markets artificially controlled harvest levels until the early
1970s, when Japanese demand for herring roe products increased dramatically.
The rapid increase in herring roe price and fishery expansion led to a need for fishery
quotas and more accurate stock assessment tools. The ADF&G herring program
increased dramatically as a result and a quota of 20% of measured stock level was set
by 1973. In 1982, ADF&G initiated a hydroacoustics project to assess if that method
may provide better information than the aerial counts of miles of spawn (Gaudet, 1984).
Acoustics were used for about 5 years, and then discontinued as there were problems
interpreting and separating populations of adults and juvenile herring, which were
mixed at times and separate at other times. Modeled after a Canadian survey method,
ADF&G initiated egg deposition surveys with divers sampling egg density along
randomly placed transects (Willette et al., 1998). This method provided the most
accurate estimate of the herring spawning biomass and was used from 1985 on in
Southeast Alaska and from 1988 to 1998 in Prince William Sound. During that same
period, virtual population analysis was used to develop an age-structured assessment
(ASA) model to track survival of adult herring by age (Funk and Harris, 1992).
Population estimates from egg deposition and aerial surveys along with regional age
structure information were inputs for the ASA models. From the late 1980s on,
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ASA modeling has been the primary tool used by ADF&G for setting fishing quotas
and estimating population size (personal communications, Fritz Funk, Div. of Comm.
Fish. Manage., ADF&G, Juneau, Alaska; Funk and Harris, 1992).
Since the late 1990s, demand for herring roe products and bait has been in the decline.
Ground prices have fallen off and fishery participation has declined as a result. Herring
stock assessment programs have also suffered because commercial fish taxes and commercial test fisheries (that help fund the program) have been reduced. Herring research
and assessment programs around the GOA are operating on minimum budgets, and there
is no commercial or political pressure to initiate new or improved herring research
projects. Given the ecological importance of the species, this situation is unfortunate.

4.5.2. Effects of Climate on Gulf of Alaska Herring
All Pacific herring stocks respond to climate similarly to salmon but differently than other
forage fish species. A negative correlation exists between southern British Columbia (BC)
herring year-class strength and warm conditions; warm conditions appear to reduce
zooplankton food resources and increase predation by other fish on herring (Ware,
1992) (see also Sections 2.5 and 4.1). The same inverse relationship is reported by
Hollowed and Wooster (1995) with higher average recruitment for Vancouver Island
herring during cool years associated with a weakened winter Aleutian low
pressure. However, the opposite effect occurs in northern BC and the Gulf of Alaska
with increased herring production during warm years associated with an intensified
winter Aleutian low pressure (Hollowed and Wooster, 1995). Pacific herring appear
to have a similar north versus south opposing response to that observed in Pacific
salmon (Beamish, 1993). In Alaska, recruitment of Southeast Alaska Pacific herring
is positively associated to warm, wet climate conditions (Zebdi and Collie, 1995).
Furthermore, synchronicity in herring recruitment patterns corresponds to hydrographic domains in the northeast Pacific (Zebdi and Collie, 1995) as originally
hypothesized by Ware and McFarlane (1989). In the GOA, Pacific herring may be out
of phase with other forage species, including capelin (Mallotus villosus) and shrimp,
which appear to do better during the cool phases associated with a weakened Aleutian
low (Anderson and Piatt, 1999).
Periods of high herring population have generally been associated with the positive
phases of the significant climate indices (Brown, 2003). An index of Prince William
Sound spawning biomass was significantly correlated to four major climate indices,
the Pacific Decadal Oscillation (PDO; Mantua et al., 1997), the Aleutian Low Pressure
Index (ALPI; Beamish and Bouillon, 1993), the Pacific Inter-Decadal Oscillation
(PIDO; Enfield and Mestas-Nuñez 1999), and the Atmospheric Forcing Index (AFI;
MacFarlane et al., 2000) (Fig.20). An index representing all Gulf of Alaska
herring stocks (including Kodiak and Southeast Alaska) was also significantly
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Figure 20: A 4-year moving-average (ma) transformation of the PWS biomass
index compared to the AFI (lagged 4 years), the ALPI (lagged 4 years), and the
winter PDO (no lag) for the period of 1973 to 1993.
correlated with the same four variables (Fig.21) which all measure a similar phenomenon in different ways.
The relationship of GOA herring to climate indices is similar to the relationships
for salmon production and climate (Mantua et al., 1997; Hollowed et al., 1998) and
GOA zooplankton production (Brodeur and Ware, 1992; Brodeur et al., 1996). In the
subarctic, a strong Aleutian low causes above-average fall and winter water column
mixing, with a high influx of nutrients, followed by above-average spring to summer
stability creating conditions that optimize primary and secondary production. The
scenario is a direct application of the optimal environmental window theory (Cury
and Roy, 1989) where a domed shaped relationship exists between wind-induced
upwelling and recruitment due to nutrient limitation of primary production during
periods of low upwelling versus excess turbulence during intensified upwelling. This
may be the mechanism involved in the positive response of zooplankton and Alaskan
Pacific salmon stocks to a positive PDO signal (Gargett, 1997) (see Section 4.2 and
4.4). Because GOA herring react similarly to climate, the mechanism may be the
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Figure 21: A 5-year moving average (ma) of the Gulf of Alaska index of herring
abundance, created by combining catch and biomass, compared to a 5-year ma of the
Pacific Inter-Decadal Oscillation (a); Enfield and Mestas-Nuñez 1999) and 5-year ma of
the GOA index, AFI, ALPI, and winter PDO plotted for the period of 1902 to 1995 (b).
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same for herring. Enhanced zooplankton resources will likely result in higher growth
and possibly better survival for early life stages of herring.
Periods of high herring production in the GOA, during the 1930s and 1980s,
correspond with periods of positive PDO and AFI index values but not in the 1960s
(Fig. 20 and Fig.21). The two peaks in abundance in. However, This may be due to
poorly documented overall stock size information during the 1960s rather than a lack
of relationship. Fishery catches were low due to weak herring markets (Reid, 1971).
It is possible that herring were more abundant in the Gulf than indicated, as they were
abundant in the Bering Sea during this period (Wespestad, 1991). If so, the overall
correlation between population abundance and climate could have been even stronger.
Changes in climate also have a dramatic effect on herring body size at age. Within
the GOA region, PWS herring size-at-age trends oscillated with a maximum in spectral
density at a period of 13 years for all ages, but strongest in 3–5 year-old herring
(Brown, 2003) (Fig.22) Size-at-age trends were also significantly correlated with peak
zooplankton density lagged 1 year, corresponding to the food available to herring

Figure 22: Size-at-age by weight (g) of age 3–8 Pacific herring from PWS are
significantly correlated with peak zooplankton density anomalies (from
southwestern PWS) for the period of 1973 to 1999 of the size-at-age data plotted
with a 4-year moving- average transformation of peak zooplankton anomaly.
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juveniles at age-1 (Fig.22). Zooplankton biomass was, in turn, significantly correlated
to the winter PDO. Although size-at-age did not decrease with population size,
indicating a lack of density-dependence at the population level, the close relationship
with zooplankton and fish size indicates that food limitation may occur.
There are also climatic affects on the timing of events in herring life history, which
may in turn, affect organisms that rely on these large aggregations of energy rich fish.
In PWS, mean spawn dates were highly variable and spawning had been progressively
earlier since the 1980s but similar to spawn dates in the 1970s (Fig.23) (Brown, 2003).
The mean spawn date anomaly was weakly correlated to the September–October.
SST anomaly the fall prior to spawning but mean spawn date was not significantly
correlated to any other climate variable. The relationship between SST 6 months prior
to spawn and the mean spawn date agrees with other studies on Pacific herring. Spawn
timing is a function of the temperature exposure history of the adults (Hay, 1985;
Hay and Kronlund, 1987; Ware and Tanasichuk, 1989; Wespestad, 1991) as well as
the age composition since older, larger herring spawn earlier (Hay, 1985; Ware and
Tanasichuk, 1989). Because of the relationship between spawn timing and age
composition, spawn timing should be highly variable due to variations in SST and the

Figure 23: The smoothed series for the September–October (6 months prior to
spawning or cohort year) mean sea surface temperature (to 20 m) anomalies plotted
with the mean date of spawning anomaly for PWS for the period of 1973 to 1999.
The time series correlation is weak, but significant.
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Figure 24: The ln R/S index (lagged 1 yr) is also significantly correlated to the
proportion of spawning (by lineal coverage on the beach) occurring in eastern PWS for
the period of 1973 to 1995 (a). The natural log transformation of the recruit per spawner
(ln R/S) index for PWS is significantly correlated with with average zooplankton
density anomaly (a corresponding to age-1 herring around their first birthday (b).

arrival of a recruiting cohort every few years. Herring exhibit plasticity in maturation
rates and spawn timing as an adaptive process in response to changing ocean conditions
(Lasker, 1985; Winters and Wheeler, 1996; Sinclair, 1988). Therefore, spawn timing
should generally follow ocean conditions, especially temperature. Climate-induced
shifts in herring spawn timing could well have effects on migrating shorebirds and sea
ducks, which stopover and replenish their energy on herring spawn in Prince William
Sound. Sea lions and whales as well as numerous other predators also rely on herring
but how they are affected by an altered timing of herring spawning is not known.)
Fish production is often described in terms of an index of recruits surviving per
spawning individual or group of individuals and climatic impacts were also found on
this index for PWS herring. The log-transformed recruit per spawner (ln R/S) index
for age-4 herring was highly variable but exhibited a general downward over the last
26 years (Fig.24(a)) (Brown, 2003). During this period, spawning area use had also
shifted from mainly eastern to western PWS. The ln R/S was significantly correlated
to average zooplankton settled volume anomaly lagged 1 year (Fig.24(b)). As with the
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Figure 24—cont’d
correlation to size-at-age, this lag corresponds to secondary production during age 1 or
just prior to the second birthday of the cohort. This ln R/S was significantly correlated
to the proportion of eastern spawning (Fig.24(a)). During the 1980s, when the
population was at a peak, spawn was more evenly spread among eastern, western,
and northern spawning beaches than in the 1970s or 1990s. In PWS, the links between
the declining R/S trend, the east to west spawn area shift and climate-driven trends
in ocean conditions are not well understood. The shift in spawning region may simply
represent a random switch. Alternatively, the shift in spawning area could be a function
of climate-driven changes in ocean conditions favoring the choice of one area over
another. The actual cause of the decline deserves further examination.
In summary, GOA herring populations are responding to climate-driven changes
in ocean conditions. The implication for fishery management is that stock protection
or building measures can only operate up to stock levels dictated by climate. Because
herring play an important role in the northeast Pacific ecosystem, changes in population
levels could potentially impact apex predator or herring competitor population levels.
Ecosystem modeling of process-oriented responses of herring to ocean conditions
(e.g. the model proposed in Brown, 2003) could be a useful tool for interpreting the
climatic relationships described in this chapter.
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4.6. Groundfish
Wiebke Boeing, Michael H. Martin, and Janet T. Duffy-Anderson
4.6.1. Introduction
In this chapter, long-term changes are presented for several ecologically and economically important groundfish species in the Gulf of Alaska: walleye pollock (Theragra
chalcogramma), Pacific cod (Gadus macrocephalus), arrowtooth flounder
(Atheresthes stomias), and Pacific ocean perch (Sebastes alutus). Walleye pollock and
Pacific cod are in the family gadidae; arrowthooth flounder, pleuronectidae, and
Pacific ocean perch, scorpaenidae. Various factors that might have impacted each
of these populations and caused the observed changes are discussed. These species are
generally representative of major fish species complexes of the GOA, and historical
(20+ years) estimates of adult and larval abundances are used to examine population
changes.
Total biomass of each groundfish species over the last 42 years (25 years for Pacific
cod) has been estimated with species-specific age-based or length-based models
(A’mar et al., 2003). Briefly, for walleye pollock, data integrated by the model include
fishery catch and age composition, National Marine Fisheries Service (NMFS)
bottom trawl and Echo-Integration Trawl survey estimates of age composition and
biomass, and egg production estimates of spawning biomass (among other factors).
The model for Pacific cod utilizes a length-structured model and includes commercial
catch-data (biomass, size composition), NMFS survey data (size composition and
abundance), and length–weight relationships to estimate total biomass (among other
parameters). The model used for arrowtooth flounder includes survey estimates from
the International Pacific Halibut Commission in addition to the NMFS groundfish
trawl survey data, and size composition estimates for selected years. Fishery catch and
size data are also incorporated. Finally, for Pacific ocean perch, the model used is a
generic rockfish model that integrates information on age structure, size composition,
fishery catch data, and survey biomass estimates (when available) to estimate total
biomass. For all species, modeled results have been used instead of actual biomass
estimates, because annual estimates are limited to survey data and some applied
correction factors, whereas the models provide longer, more complete time series with
retrospective analyses to estimate population biomass. The NMFS survey, conducted
by the Resource Assessment and Conservation Engineering Division (RACE) of
the Alaska Fisheries Science Center (AFSC), has been collecting data on a triennial
basis since 1984 and biennially since 1999. The survey uses a high-opening
Poly-Nor’eastern bottom trawl (127 mm mesh) with rubber bobbin roller gear.
Surveys average 800 tows (range: 489–929 tows) and span the entire GOA (133–170°W).
The GOA is divided into the Eastern (133–147°W), Central (147–159°W),
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Figure 25: Three regions of the Gulf of Alaska sampled by the triennial NMFS
survey. The survey takes place on the continental shelf (light blue).

and Western (159–170°W) regions (Martin 1997; Fig.25). The modeled estimates of
population biomass often exceed the results from the surveys due to catch efficiencies
of the gear. Also, as new information on fish populations become available each year
from fisheries or scientific surveys, estimates of previous years may change retrospectively. Therefore, estimates are sensitive and subject to change due to potential immigration and emigration, as well as the possibility of ageing errors.
There are discrepancies in trends between the models and NMFS surveys (Fig.26)
and the small-mesh trawl surveys conducted by the Alaska Department of Fish and Game
(ADF&G) (Anderson and Piatt, 1999), especially for pollock and cod. For example, from
the 1980s to 1990s, gadid biomass fell according to the modeled estimates, while the
ADF&G small-mesh survey shows an increasing trend. These incongruities are best
explained by differences in sampling gear, region, and depths sampled. The smallmesh trawl surveys primarily sample some nearshore areas in the central and western
GOA (150–163°W) and the smaller mesh size (32 mm) and high opening is designed
to catch shrimp and juvenile fishes.
Since the 1970s, fish larvae (ichthyoplankton) dynamics have been monitored in the
GOA (145–165°W, Shelikof vicinity) by the Recruitment Processes Program of the
AFSC. Data are collected in oblique tows with a 60-cm bongo net (333 and 505-µm
mesh) (Matarese et al., 2003). Most of this sampling was conducted in May. Results
from these surveys document year-to-year changes in larval abundance.
The relationship between climate forcing factors and biological responses
(see Table 1) were investigated with linear and nonlinear methods. The climate forcing
factors were temperature and salinity data from the GAK 1 time series in Resurrection
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Figure 26: Biomass estimates of some groundfishes by model (columns) and survey
(triangles) compared to fisheries catches (red lines; on left vertical axis).
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Bay (http://www.ims.uaf.edu/gak1/), National Centers for Environmental Prediction
reanalysis of surface temperature and the Pacific Decadal Oscillation (ftp://ftp.atmos.
washington.edu/mantua/pnw_impacts/INDICES/PDO.latest). Wind-mixing data
were provided by Nick Bond (personal communication; http://www.pfeg.noaa.gov:
16080/products/las/docs/), and the retention index was estimated by Mick Spillane
(personal communication) from a semispectral primitive equation model (SPEM) of
Shelikof Strait (http://www.pmel.noaa.gov/foci/spem-ibm.html).

4.6.2. Walleye Pollock
Walleye pollock (Theragra chalcogramma) are widely distributed in the Pacific
Ocean north of California. Adult pollock form schools in the open ocean and are close
to the bottom over the continental ocean shelf. They reach maturity at around 4 years
and live up to 15 years. For the last two decades, it has been one of the most abundant
groundfish in the GOA and supported a large commercial fishery since the early
1970s (Megrey, 1989). The GOA biomass of adults (3+ years) was estimated to be
500,000 metric tons (t) during the 1960s and early 1970s, and the model shows a
steady, strong increase until the population peaked in 1982 at just below 4 million t
(Fig.26(A)). The rapid decrease following 1982 was interrupted in the early 1990s
before it continued downward to a minimum value of 570,000 t in 2000–2001. This
is comparable to the values recorded in the 1960s. Since 2001, the biomass has
increased again due to a strong recruitment in the 1999 year-class (Livingston, 2003),
and the current estimate is just below 1 million t. Although triennial survey data indicate that walleye pollock were fairly steady from 1984 to 1999 at around 750,000 t,
they exhibited a significant decrease over time (r2 = 0.54) due to the low estimates of
the last two surveys. Traditionally pollock were most abundant around Kodiak Island,
but survey catches in recent years have increased west of the Shumagin Islands along
the Alaska Peninsula (Fig.25).
In the GOA, pollock spawn in Shelikof Strait mainly in late March and early April,
with females producing up to 1.2 million eggs (Matarese et al., 2003), and their larvae
are more abundant than any other species in the spring (Matarese et al., 2003). Larval
abundance is highly variable from year to year, although average catches in May stayed
typically below 1000 larvae per 10 m2, except for the extremely high abundances
observed in 1981 (coinciding with maximum adult pollock biomass) and 1996 (Fig.27).

4.6.3. Pacific Cod
Pacific cod (Gadus macrocephalus) is a benthic gadid living along the continental shelf.
This species matures at 2–3 yrs and lives as long as 13 years. Cod show significant
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Figure 27: Larval abundance of selected groundfish species in the Gulf of Alaska.
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migration between the GOA and Bering Sea (Shimada and Kimura, 1994), and genetic
studies have been unable to separate them into distinct stocks (Grant et al., 1987).
According to model estimates, biomass of Pacific cod showed a slight increase
through the early 1990s (from 500,000 t in 1978 to 860,000 t), followed by a gradual
decline (540,000 t in 2003) (Fig.26(B)). Similar to walleye pollock, the survey biomass estimates have been consistently below the modeled estimates, but they also
show a decreasing trend since 1984 (r2 = 0.52). Between 1984 and 1996, biomass
values were above 400,000 t and below 300,000 t since 1999.
Pacific cod are winter–spring spawners, and their larvae are most abundant in April
and May. Females produce up to 3 million demersal eggs. Highest larval abundance is
found west of Kodiak Island along the Alaska Peninsula in spring (Matarese et al.,
2003). There was a stepwise increase of larval abundance from the 1980s (7 larvae
per 10 m2) to the values after 1989 (31 larvae per 10 m2) (Runs test, p = 0.001; Fig.27)
despite the decreasing trend of adult biomass.

4.6.4. Arrowtooth Flounder
Arrowtooth flounder (Atheresthes stomias) range from the Bering Sea to central
California. They are commonly found along the continental shelf and slope and prefer
soft muddy bottoms. They mature at approximately 3 to 5 years of age (Zimmermann
and Goddard, 1996; Zimmermann, 1997) and may live as long as 23 years (Eschmeyer
et al., 1983). Adult biomass was estimated to be around 335,000 t between 1961 and
1971. Subsequently, the population in the GOA steadily increased to 2,400,000 t in
2003 (Fig.26(c). It is currently the most abundant groundfish in the GOA. Survey estimates of arrowtooth flounder biomass show an increasing trend over time, which is
significant for the eastern (r2 = 0.70) and western (r2 = 0.51) but not the central GOA.
Spawning takes place after September in the GOA, and larvae are found from
January until June with highest abundance along the shelf edge (Matarese et al.,
2003). Larval abundance is also clearly higher in the 1990s as compared to the 1980s
(Fig.27), although recent years have shown a decrease.

4.6.5. Pacific Ocean Perch
Pacific ocean perch (Sebastes alutus) is the most abundant rockfish along the continental slope from California to the Bering Sea. They are very slow-growing, mature
at approximately 7 or 8 yrs of age, and may live more than 90 years (Leaman, 1991).
Biomass estimates were high in the early 1960s with a peak of 1,150,000 t in 1963.
Afterwards, biomass dramatically declined to about 70,000 t in the late 1970s and
early 1980s. Since the mid-1980s, the population biomass has slowly recovered and
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is currently estimated at around 290,000 t (Fig.26(D)). Estimates from the triennial
survey reflect the recovery since the mid-1980s (r2 = 0.52), and are above the modeled estimates. Unusually large survey catches, especially of the 1996–2001 surveys,
have made these estimates highly uncertain and may indicate that the annual biomass
estimates from the model are imprecise (Hanselman et al., 2003).
Spawning occurs in early winter, and species of the genus Sebastes are livebearers. Larvae are released in April–May, but can rarely be identified to species
except by molecular analysis (Gharrett et al., 2001), so species-specific larval abundance
estimates are not available.

4.6.6. Explaining Population Change
There have been three major shifts in population biomasses among key species in the
GOA: Pacific ocean perch reached their peak biomass in the mid-1960s and declined
rapidly thereafter; gadids (walleye pollock and Pacific cod) were the dominant
biomass in the GOA throughout most of the 1980s; and the biomass of arrowtooth
flounder, and to a lesser extent of other flatfishes has continually increased since the
mid-1970s, recently (early 1990s) surpassing walleye pollock as the dominant fish
biomass in the region. Changes in population biomass in the GOA may be due to
physical factors, such as climate forcing, biological factors (such as density-dependent competition and predation), fishing mortality, or, more likely, to some combination of these effects, influencing each species at particular life history stages.

Climate forcing
The North Pacific Ocean appears to oscillate between warm and cold regimes on a
multidecadal timescale (Hare and Mantua, 2000). The shift in 1976–1977 from a cold
to a warm regime is believed to be the cause for the extensive restructuring of the
marine community in the GOA, and in particular, to the rise of groundfish and flatfish
stocks over forage fishes and shrimps (Anderson and Piatt, 1999). Temperature could
directly affect adult or larval mortality. It is also possible that the dramatic changes in
the marine community of the northern GOA in the mid-1970s are caused by interaction of increased precipitation, stronger wind, and higher temperatures that are manifested through changes in the distribution and abundance of planktonic production
and mediated through the food web. The data presented here suggest little relation
between immediate shifts in adult groundfish biomass and climate indices. Such a
result was not entirely unexpected, and it seems unlikely that mortality of adult fishes
would be directly impacted by shifts in the abiotic environment, given that adult fish
are able to compensate for suboptimal climate conditions by altering their metabolism
and/or behavior (Bryan et al., 1990; and Thurston and Gehrke, 1993). Populations of
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long-lived organisms are buffered from or can lag dramatic climatic changes to the
extent their populations integrate over longer periods of time than short-lived animals.
Shifts in biomass of adult fishes may be more closely tied to shifts in distributional
abundance since adult fish are highly mobile and able to follow optimal clines in temperature, salinity, or food availability. Juvenile mortality is also less likely to be
directly impacted by abiotic stresses for many of the same reasons that adult mortality is largely unaffected. Larval stages, however, are far more responsive to shifts in
the physical environment and, in fact, increases in recruitment in several groundfishes
were observed after the regime shift (Hollowed et al., 2001). Larvae are underdeveloped at hatching; they are weak swimmers that depend on favorable water currents to
transport and retain them in suitable nursery areas. Furthermore, larvae have very high
energy needs for their size and no energy reserves (Brett and Groves, 1979), so they
are at increased risk of starvation compared to adult and juvenile stages, making their
survival particularly vulnerable to even subtle physical changes (i.e. water temperature; Houde and Zastrow, 1993), salinity (Ottesen and Bolla, 1998), turbulence
(Bailey and Macklin, 1994), or advection to unsuitable nursery areas (Bailey and
Picquelle, 2002). Therefore, larvae are probably the most vulnerable life stage to direct
impacts of climate variations, while mortality among juvenile and adult stages are probablly modulated more by indirect biotic effects (see the following text). However, there
are many climate factors (Table 1) that may confound discovering simple relationships
(see the section titled “Biological controls”). Of the examined species, walleye pollock larval abundance was positively correlated with higher retention (years of high
eddy occurrence on the continental shelf). Temperature and wind mixing negatively
affected abundance of Pacific cod larvae; however, recruitment had a positive relationship to temperature. Similarly, arrowtooth flounder had increased larvae abundances in years of high retention, although recruitment was negatively affected by that
relationship (Table 1). These examples demonstrate that total larval abundance is not

Table 1: Impact of environmental variables on larval abundance and recruitment.
Values represent significant correlation coefficients.
Walleye pollock

Pacific cod

Arrowtooth flounder

Larvae Recruitment Larvae Recruitment Larvae Recruitment
Temperature
Salinity
Wind mixing
Retention
index

n.s.
n.s.
n.s.
0.64

n.s.
0.62
n.s.
n.s.

−0.77
0.76
−0.67
n.s.

0.68
n.s.
n.s.
−0.70

−0.44
n.s.
n.s.
0.82

n.s.
−0.46
n.s.
−0.55
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connected to survival but that both, abundance and survival can be directly or indirectly
affected by climate variables.

Biological controls
There are can be three major categories of biological controls: parasites/disease, competition, and predation.
Parasites and diseases negatively affect fitness. Even closely related species, for example northern and southern rock sole in the GOA (Lepidopsetta polyxystra, and L. bilineata,
respectively), can have very different parasite infection rates, and parasites may
significantly reduce fish weight (Zimmermann et al., 2001). Often, parasite abundance
and richness correlates positively with temperature (Poulin and Rohde, 1997) and, thus,
should have a larger impact on some fish species within the community during warmer
regimes.
Density-dependent mortality, potentially induced by changes in physical factors,
probably contributes to most of the fluctuation in population size among juveniles and
adults (Bailey, 2000). For example, food limitation produced by climate shifts may
lead to heightened inter- and intra-specific competition among juveniles and adults.
Such a mechanism is suggested by the lower-than-average weight of pollock during
strong year-classes, indicating competition for food and/or space at advanced stages
(Fig.28). In exceptional cases, it has been shown that larval mortality can also be
locally enhanced due to food competition (Duffy-Anderson et al., 2002).
Predation on older fish is another important cause of population change. Juvenile
and adult fishes are eaten by other adult groundfish, marine birds, and mammals

Figure 28: Mean weight of age-4 pollock in the Shelikof Strait echo
integration–trawl survey. Strong year-classes are indicated by the large red symbols.
Adapted from Dorn et al. (2003).
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(Brodeur and Wilson, 1996). The control of pollock recruitment to the adult population
changed from the larval to the juvenile stage after the 1976–1977 regime change
(Bailey, 2000), an excellent example of the effects of predation. This shift in control
of recruitment from the larval to the juvenile stage is presumably due to increased
predation by large numbers of predatory fishes on juvenile pollock (see section VI. for
a discussion of top-down controls of fish recruitment). Predators also eat large numbers of eggs (Brodeur et al., 1996) and larvae (Fancett and Jenkins, 1988; and Bailey
and Houde, 1989), though it is generally believed that survival among larvae is primarily controlled by density-independent factors (Bailey et al., 1996).
According to the oscillating control hypothesis (OCH) (Hunt et al., 2002), a close
connection between climate and biological controls exists in the North Pacific.
A warm regime is believed to favor high zooplankton production, providing a plentiful food source for larvae and juvenile fishes. Such a scenario would support strong
recruitment to the adult population of predatory fishes (e.g. walleye pollock and
arrowtooth flounder), which in turn exerts a strong top-down regulation (predation)
on smaller fish (e.g. forage species and their own juveniles). Further, the OCH
predicts that a cold regime will lead to bottom-up regulation. Low temperatures
will limit zooplankton production, enhancing competition and reducing larval and
juvenile fish survival. The hypothesis predicts that the adult piscivorous fish community would decline, releasing small fish species from predation pressure. Adult piscivorous fish are also hypothesized to more susceptible to fishing pressure during cold
climate regimes. (Also see the discussion on OCH in Chapter 6).

Fisheries effects
Climate shifts and their indirect repercussions in the food web certainly have contributed to observed changes in fish biomass in the GOA due to shifts in recruitment
(Hollowed et al., 2001), but the effects of fishing should not be overlooked. In contrast to climate forcing, fisheries have little or no direct effect on larvae or juvenile mortality. Also species of low commercial value such as arrowtooth flounder (Greene and
Babbitt, 1990; and Porter et al., 1993) are only minimally impacted by fishing efforts
(i.e. bycatch). However, fisheries can significantly contribute to mortality of adult fish
populations, especially species with low growth rates and an advanced age at maturity (sexual reproduction). The fishery for Pacific ocean perch provides a prime example. In the 1960s, up to 35% of the Pacific ocean perch biomass was caught on an
annual basis, and it is largely believed that this overfishing was responsible for the
precipitous crash of the Pacific ocean perch population in the GOA in the late 1960s
and early 1970s (Kramer and O’Connell, 1995; and Hanselman et al., 2003). Quotas
regulating fisheries activity started in 1986, and management efforts seem to be successful in aiding species recovery (Fig.26(D)). It is interesting to speculate that the
rise in gadid populations in the 1980s may have been precipitated not by climate
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shifts alone, but also by a release from competition for food due to the diminished
numbers of Pacific ocean perch. We caution, however, that the effects of fisheries on
population biomass in general are somewhat obscure due to the confounding effects
of directed fishing effort, and to the superimposed effects of climate variation.

Summary
Modeled long-term dynamics and sampling data of several groundfish species in the
Gulf of Alaska were analyzed. Pacific ocean perch (Sebastes alutus) dominated in the
1960s, the gadid walleye pollock (Theragra chalcogramma) in the 1980s, and arrowtooth flounder (Atheresthes stomias) is presently the most abundant species in the fish
community.
Although inter-decadal changes in the groundfish community in the Gulf of Alaska
are well documented, the exact causes remain elusive. Simultaneously varying forcing factors obscure the relationship between forces of change (climate, competition,
predation, fishery, and parasites or disease) and groundfish population dynamics.
Most likely, the major driving force for fish larvae and its food supply are climatic
factors; for juvenile fishes, biological factors, and for the adult populations; biological factors and fishing pressure.
Climate change, indirect biological controls, and fishing mortality exert considerable influence. Disease and parasities can also contribute to population fluctuation.
It seems most likely that these and other factors act in concert over all life history
stages to affect population abundance of groundfishes in the GOA. We found evidence
that fishing in the 1960s and 1970s caused the decline of Pacific ocean perch.
Biological and climate forcings combined with a high population doubling time
probably delayed the recovery of the population. The population dynamics of gadids
are complex, and top-down and bottom-up factors seem to alternate as the driving
force. Favorable climate possibly contributed to the increase in biomass of walleye
pollock in the 1980s, and biological top-down factors may have led to the decline.
Arrowtooth flounder is only minimally impacted by fisheries, and we expect that
biological forcings – such as release from competition and predation by gadids- and
climate forcings dominate population dynamics. The GOA is an enormously complex
and dynamic ecosystem, and continued effort directed toward long-term monitoring
is essential to credibly forecast future population trends.
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4.7. Sea birds in the Gulf of Alaska
Alan M. Springer
4.7.1. Introduction
Approximately 8 million seabirds of 26 species nest at some 800 colonies around the
rim of the GOA, and an additional 10 million birds and 2 species nest in the Aleutian
Islands (Table 2 and Fig.29). Clearly, it is not possible to monitor population trends
of all species or of any individual species at all locations where they are found. Many
nest underground, are nocturnal, or both, and are especially difficult to study. Others
nest away from the coast or in forests and are similarly inaccessible.
Species about which we know the most in the GOA are those that are abundant,
widespread, and conspicuous. These are common murres (Uria aalge) and blacklegged kittiwakes (Rissa tridactyla), and, to a lesser extent, tufted puffins (Fratercula
cirrhata). (Fig.30). On the order of 600,000 murres and 700,000 kittiwakes are found
in the northern Gulf of Alaska, with nesting colonies located on exposed cliff faces and
bluffs in numerous locations. As a result, more is known about these two species,
and their closely related congeners, thick-billed murres (Uria lomvia) and red-legged
kittiwakes (Rissa brevirostris), in the Aleutians and elsewhere than about any other
species of seabirds in Alaska. Tufted puffins score highly on the first two criteria –
about 1,000,000 birds are widely distributed among many colonies in the GOA, but
they nest in burrows and crevices and thus are more difficult to study than murres and
kittiwakes. Still, some things are known about them, and because their strategies for
survival differ from murres and kittiwakes in several important ways, they are included
here as focal species for what they may tell us about ecosystem change in the GOA.
Although less is known overall about most other species, we can learn from
then about the nature of change in the GOA. Among these other species are Leach’s
and fork-tailed storm petrels (Oceanodroma furcata and O. leucorhoa), marbled and
Kittlitz’s murrelets (Brachyramphus marmoratus and B. brevirostris), and pelagic and
red-faced cormorants (Phalacrocorax pelagicus and P. urile) (Fig.31).
Murres and kittiwakes are conspicuous and comparatively easy to count, yet care
must be taken to count in ways that allow comparisons between years and locations
(Hatch and Hatch, 1988, 1989; Byrd, 1989). This is especially important for murres,
which have attendance patterns at colonies that vary throughout the day, between
days, and between stages of the nesting cycle, and which often nest in such huge
aggregations that counting all of them is not feasible. Therefore, monitoring protocols
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Table 2: Estimated abundances (in 1000s) of nesting seabirds in the Gulf of Alaska
and Aleutian Islands. Data from U.S. Fish and Wildlife Service, seabird colony database: marbled murrelet in Gulf of Alaska from Piatt and Ford (1993).

English name

Scientific name

Northern fulmar
Fork-tailed storm petrel
Leach’s storm petrel
Double-crested cormorant
Brandt’s cormorant
Pelagic cormorant
Red-faced cormorant
Unidentified cormorant
Mew gull
Herring gull
Glaucous-winged gull
Black-legged kittiwake
Red-legged kittiwake
Arctic tern
Aleutian tern
Unidentified tern
Common murre*
Thick-billed murre
Unidentified murre1
Pigeon guillemot
Marbled murrelet
Kittlitz’s murrelet
Ancient murrelet
Cassin’s auklet
Parakeet auklet
Least auklet
Whiskered auklet
Crested auklet
Rhinoceros auklet
Tufted puffin
Horned puffin
TOTAL

Fulmarus glacialis
Oceanodroma furcata
Oceanodroma leucorhoa
Phalacrocorax auritus
Phalacrocorax penicillatus
Phalacrocorax pelagicus
Phalacrocorax urile
Phalacrocorax spp.
Larus canus
Larus argentatus
Larus glauscescens
Rissa tridactyla
Rissa brevirostris
Sterna paradisaea
Sterna aleutica
Sterna spp.
Uria aalge
Uria lomvia
Uria spp.
Cepphus columba
Brachyramphus marmoratus
Brachyramphus brevirostris
Synthliboramphus antiquum
Ptychoramphus aleuticus
Cerorhinca monocerata
Aethia pusilla
Aethia pygmaea
Aethia cristatella
Cyclorrhynchus psittacula
Lunda cirrhata
Fratercula corniculata

*Essentially all common murres.

Gulf of
Alaska

Aleutian
Islands

440
640
1067
3.3
0.086
21
20
15
15
1
185
675
—
8.9
9.4
1.7
589
55
1197
24
200
+
164
355
58
0.02
—
46
170
1093
773
7826

510
2354
2483
1.2
—
6
26
9.1
—
—
57
60
13
0.28
0.41
0.05
43
109
66
15
+
+
54
118
86
2278
6.5
873
0.03
1267
91
10,527
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Figure 29: Locations of seabird colonies in the GOA and elsewhere in Alaska that
are discussed in the text.
were developed that improved the accuracy and precision of census data. These protocols specify time in the nesting season and time of day and involve replicate counts of
individuals on well-defined census plots within colonies over several days. However, in
the formative years of seabird studies in Alaska, such protocols were not in place and
censuses were often conducted in ways and at times that rendered them unreliable for
comparison to later counts. For example, murres on cliffs, in the air, and on the water
were sometimes counted and added together as the estimate of abundance for a colony.
Many of those counts were adjusted (commonly doubled) to include estimated numbers
of birds at sea. Counts were sometimes done early in the nesting season when attendance at colonies is particularly erratic from day to day. As a result, we have very little
reliable historic data on the abundance of murres and kittiwakes with which to evaluate
longer-term trends in populations. In this chapter, we have not used early information
unless it is known to be comparable to standardized counts of later years. However, in
the following chapter (4.8), Piatt et al. place more reliance on these early counts and
present a somewhat contrasting view of sea bird populations in the GOA.

4.7.2. Long-term Changes in Common Murres
Although most murres in the GOA are common murres, thick-billed murres also nest
there in small numbers at several colonies, and the two species are not differentiated
in most colony counts. Therefore, in the following accounts, unless noted otherwise,

Ch04-N52960

308

8/22/06

11:14 AM

Page 308

Long-Term Ecological Change in the Northern Gulf of Alaska

Figure 30: Black-legged kittiwakes (top, photograph courtesy of J. Schoen),
common murres (middle, photograph courtesy of J. Schoen), and tufted puffins
(bottom, photograph courtesy of A. Kettle, USFWS).
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Figure 31: Leach’s storm petrel (upper left, photograph courtesy of N. Konyukhov),
forked-tail storm petrel (upper right, photograph courtesy of G. Konyukhov),
marbled murrelet (middle left, photograph courtesy of the Exxon Valdez Trustee
Council), Kittlitz’s murrelet (photograph courtesy of Exxon Valdez Trustee
Council), common commorant (lower left, photograph courtesy of N. Konyukhov),
and red-faced comorant (lower right, photograph courtesy of N. Konyukhov).
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Figure 32: Population trends of murres at colonies in the GOA.
Data from U.S. Fish and Wildlife Service (unpublished data),
Dragoo et al. (2004), and Hatch (2003).

the term murre is generic and refers to mixtures of mainly common murres with some
thick-billed murres.
The histories of some murre populations are known in general where counts have
been made for comparatively long intervals, but none is known in great detail, particularly in the earlier portions of the records when gaps of many years typically separate successive counts. Histories of several other populations are known in detail but
over short, recent intervals. The longest time series comes from Middleton I. (Fig.32),
where the first estimate of numbers was made in 1956 (Rausch, 1958). This history was
recounted earlier in Section 3.3, but briefly, the population grew about fifteen-fold from
1956 to the early 1970s, beginning presumably after the Good Friday earthquake of
1964 created extensive new nesting habitat. Numbers fluctuated considerably for
about 20 years from the early 1970s to the early 1990s, then declined abruptly
between 1991 and 1992 and have remained relatively stable since at about a third to
half the peak abundance (Table 3).
The next longest time series began in the early to mid-1970s at five colonies in a
variety of oceanographic settings. In lower Cook Inlet, murres at Chisik I. have
undergone a long, steady decline of about 90%, while increasing by at least eight-fold
just across the inlet at Gull I. in Kachemak Bay. Murres declined by 75% at Puale Bay
on the mainland coast of the Alaska Peninsula beginning perhaps as early as the mid1970s or before. However, given the high interannual variability that can occur in
murre abundance at any given colony and the long intervals between the first three
counts (1976, 1981, 1989), the exact time when the decline began cannot be determined. Abundance during the 1990s at Puale Bay was stable. As we will see, getting
the correct timing of the start of long population trends is crucial to an understanding

Aleutian Is.
Buldir I.c
Aiktak I.
Bogoslof I.d

GOA
Chisik I.a
Middleton I.b
Puale Bay
Chowiet I.
Gull I.
Chiniak Bay
PWS
Barren Is.
Chiswell Is.
St. Lazaria I.

Colony

0

−
+

0

−
+

Murres Puffins Kittiwakes

+
−

−
+
−
+
+

+

+

+

−
−
+
0
+
+
+

Murres Puffins Kittiwakes

1977 to 1989

+
0

+
−
−

−
−
0
+
+

+
+
+

0

0
0

Continued

+

0

−
−
−
−
0
0
+
0

Murres Puffins Kittiwakes

1989 to 1998

11:14 AM

1956, 1960, 1972, 1973,
1974 to 1977

8/22/06

Interval

Table 3: Population trajectories of kittiwakes, murres, and puffins at colonies in the Gulf of Alaska and Bering Sea.
Data from Dragoo et al. (2003) and USFWS seabird colony database.
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b

1972.
1956.
c
1974.
d
1973.
e
1960.

a

−
+

−

Chukchi Sea
Cape Thompsone
Cape Lisburne
−

0

0
−
−
−

Bering Sea
St. George I. (COMU)
St. George I. (TBMU)
St. Paul I. (COMU)
St. Paul I. (TBMU)
Cape Peirce
Bluff
+
0

+

−

−

Murres Puffins Kittiwakes

+
+

0
+
−
−
−
0

−
+

−
−

−

+

Murres Puffins Kittiwakes

1989 to 1998

11:14 AM

Murres Puffins Kittiwakes

1977 to 1989

8/22/06

Colony

1956, 1960, 1972, 1973,
1974 to 1977

Interval
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of cause and effect. At Chowiet I., in the Semidi Is. group, the number of murres was
variable but mostly stable in the mid-1970s to early 1980s but increased by about 40%
from then through the late 1990s.
Over more recent intervals, murre numbers at the Barren Is. (east. Amatuli I.,
Nord I., and Light Rock) increased during the 1990s. Numbers at the Chiswell Is. near
the mouth of Resurrection Bay were stable in 1989–1992 and declined sometime
between then and the next count in 1998. At St. Lazaria I. in southeast Alaska, murres
declined somewhat from 1995 through at least 2000.
Thus, no overall, broadscale trends in murre abundance in the GOA can be identified from the reliable information at hand. No regional patterns are apparent either,
although the sample size is small and not sufficient for a rigorous analysis. Rather,
murres have increased, decreased, and remained stable over various intervals at the
colonies that have been monitored.
With this said, it must be pointed out that a previous analysis of change in murre
abundance in the GOA reached a different conclusion by using counts at these and
many additional colonies over the years, regardless of when and how systematically
the counts were made (Piatt and Anderson, 1996). In their analysis, Piatt and
Anderson found evidence of decline at 15 of 16 colonies counted at least twice from
before the Exxon Valdez oil spill and at least once afterward through 1994. The overall decline was greater at colonies outside the spill path than in the path, suggesting
that factors other than the oil spill were responsible for the apparent declines.
Elsewhere to the west in the Aleutian Islands and Bering Sea, there are similar
mixed trends. In the Aleutians, murres have increased conspicuously at Buldir I. in the
western Aleutians since the early 1970s, and they increased by a factor of about four
at Koniuji I. in the central Aleutians since the early 1990s (Dragoo et al., 2004).
At nearby Kasatochi I., there was no trend from 1980 to 1997, although numbers
varied by a factor of up to two between years. However, murres disappeared from
Kasatochi I. in a matter of just 4 years, falling from over 2000 in 1997 to 50 in 1998
and 0 in 2001. At a third nearby colony, Ulak I., numbers were variable between years
but without trend from 1997–2004. In the eastern Aleutians at Aiktak I., abundance
has been extremely variable since 1980, but also without a convincing long-term
trend. Numbers have apparently declined since the mid-1990s.
On the Pribilof Islands, both species of murres declined steadily on St. Paul I. after the
mid-1970s, whereas only thick-billed murres declined on St. George I., only until the
mid-1980s, after which time they returned to their former abundance. Numbers of
common murres at St. George I. have not changed and have exhibited little interannual
variability as well. At coastal colonies in the eastern Bering Sea, murres at Bluff declined
during the late 1970s (the first count was in 1975) but increased slightly since then, and
have fluctuated and declined somewhat in Bristol Bay since 1990, when the first count
was made there. Even to the north in the Chukchi Sea there is no overall trend, with
murres at Cape Thompson declining from the mid-1970s through the mid-1980s and then
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increasing in the following decade, whereas just 100 km north at Cape Lisburne they
increased steadily over this interval, approximately doubling in abundance. At Cape
Thompson, the abundance of murres in 1976 was approximately 40% lower than when
they were first systematically counted in 1960–1961 (Murphy et al., 1980).

4.7.3. Long-term Changes in Tufted Puffins
Because of the habit of puffins to nest underground, censuses are typically conducted
along transect lines in areas of nesting habitat and numbers of burrows are recorded
during painstaking searches in usually thick vegetation, or they are counted at sea.
As a result, systematically collected data on trends are available for only three
locations in the GOA, and a fourth at Aiktak I. in the far eastern Aleutians (Fig.33,
Table 3). At St. Lazaria I. in southeast Alaska, six counts between 1994–2001 were
variable but without trend; in PWS, a pelagic count in 1972 was nearly twice as
high as any of the six counts between 1989 and 1998, which apparently increased
each year between 1989 and 1991 but have been variable and without trend since; at
east Amatuli I. (Barren Is.), eight counts between 1995 and 2002 were stable or slightly
decreasing; and at Aiktak I., 11 counts between 1989 and 2002 showed a slight
increase (Dragoo et al., 2004). Thus, based on this information, in the past 10–15 years,
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Figure 33: Population trends of tufted puffins at colonies in the GOA. Data from
U.S. Fish and Wildlife Service (unpublished data) and Dragoo et al. (2004).
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numbers of tufted puffins in the GOA have been essentially stable or slightly increasing. The significance of the higher count in PWS in 1972 is difficult to evaluate, as
the survey methodology employed that year differed from the standardized protocol
used after 1989 (Klosiewski and Lang, 1994).
Tufted puffins in the Aleutian Is. have been increasing notably throughout the
archipelago (Dragoo et al., 2004). In contrast, puffins from British Columbia to central California have in general declined over intervals spanning the past two to three
decades (Piatt and Kitaysky, 2002). Thus, for tufted puffins there are conspicuous,
broad patterns of population change, with abundance increasing notably throughout
the Aleutian Islands, perhaps slightly increasing in the GOA in the past 15 years, and
decreasing at colonies in British Columbia and southward through California.

4.7.4. Long-term Changes in Black-legged Kittiwakes
As with murres, there are no compelling broadscale trends in the abundance of kittiwakes at colonies in the GOA.
●

●

●

●

●

●

At Middleton I., kittiwake abundance paralleled that of murres in the early years,
where they both increased dramatically after 1956 (Fig.34, Table 3). By the early
1970s, Middleton I. had become the largest kittiwake colony in the GOA, with
some 70,000 nesting pairs. It grew even further during the next 10 years to over
80,000 pairs, but then began a steep, steady decline in the early 1980s to its current
size of about 10,000 pairs (see also Box 1, Chapter 3).
In lower Cook Inlet, kittiwakes, as with murres, have experienced a sustained
decline since the early 1970s at Chisik I., but increased considerably between the
mid-1970s and mid-1980s nearby at Gull I. Systematic counts of kittiwakes at
the Barren Is. began in 1993 and reveal no apparent change in abundance through
the last count in 1999.
Kittiwakes might have declined in the late 1990s at Puale Bay on the Alaska
Peninsula, but counts have been infrequent and are difficult to interpret.
At Chowiet I., where murres increased steadily over the past 25 years, the kittiwake
population declined abruptly between 1990 and 1991 – the nesting population was
stable before then and has been since.
Total kittiwake abundance at the 23 distinct colonies in Chiniak Bay on Kodiak I. has
been variable between years since 1975, but exhibits no compelling long-term trend.
The total number of kittiwakes in PWS in the early 1980s was similar to a single
count in 1972, but has increased overall since then despite major variability at the
many individual colonies, e.g. some have been founded and grown dramatically,
some have declined and disappeared, etc.
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Figure 34: Population trends of black-legged kittiwakes at colonies in
the GOA. Data from U.S. Fish and Wildlife Service (unpublished data),
Dragoo et al. (2004), and Hatch et al. (1993).
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Black-legged kittiwakes in the Aleutian Is. have increased notably since the early
1970s at the two colonies with the longest-term records, Bogoslof I. and Buldir I. at
either end of the chain (Dragoo et al., 2004). The increase was dramatic at Buldir I.
between the mid-1970s and late 1980s and has been stable since. At Koniuji I., kittiwakes were stable from the early 1980s through the late 1990s and then might have
declined sometime between 1998 and 2001: however, with only one count indicating
a decline (2001) this is not certain.
Trends in numbers of kittiwakes generally parallel those of murres on the Pribilofs
also, with a large, steady decline at St. Paul from the mid-1970s through the late 1990s,
and a similar decline through the late 1980s followed by recovery at St. George.
Patterns of change in abundance of red-legged kittiwakes in the Aleutians and
Pribilofs have mirrored those of black-legged kittiwakes. Red-legged kittiwakes nest
only in the Aleutians and Pribilofs.
Black-legged kittiwake abundances at coastal colonies in the eastern Bering Sea
have been similar to those of murres – slight increase in Norton Sound in the 1980s
and significant decline during the 1990s at Cape Peirce in Bristol Bay. In the Chukchi
Sea, they increased at both Cape Thompson and Cape Lisburne since the mid-1970s.
Thus, in terms of larger-scale pattern, the Aleutian Islands stand out as the only
region where all three species, murres, puffins, and kittiwakes, show generally consistent change.

4.7.5. Long-term Changes in Other Species
Trends in abundance of several other species have been monitored in the GOA and
elsewhere over various intervals and together further inform us about the nature of
change in seabird populations and in the ecosystem.

Storm Petrels
Storm petrels are difficult to count because they nest underground and are nocturnal.
They have been monitored at just four colonies in Alaska, and the two species
(Leach’s and fork-tailed) have generally not been differentiated in the counts. Storm
petrels have been increasing sharply at Aiktak I. (extreme eastern Aleutians) since
1990, St. Lazaria I. (southeast Alaska) since 1994, and east Amatuli I. (Barren Is.)
since 1998, the years they were first counted at those sites. There has been no trend
since 1975 at Buldir I. in the western Aleutians (Dragoo et al., 2004).
Cormorants
Cormorants also are difficult to monitor because they commonly move nesting sites
within colonies, such that numbers on specific census plots can vary without real
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change in the colony as a whole. And, as is the case for the other species, interannual
variability can be high and there are occasional long gaps between successive population counts. With this in mind, there still appears to have been a pervasive decline
in the abundance of both pelagic and red-faced cormorants (Dragoo et al., 2004). The
pattern and timing of declines vary substantially from one colony to another, however.
For example, at Middleton I. pelagic cormorants increased from the early 1970s
through 1990, but then collapsed by about 80% by 1992: they have recovered somewhat since. At Chowiet I., pelagic cormorants apparently collapsed by 90% between
1979 and 1986 and have remained low since.

Murrelets
Marbled and Kittlitz’s murrelets do not aggregate in conspicuous colonies in summer
but nest solitarily or in loose associations and in situations that make counting nesting
pairs impossible. Marbled murrelets typically nest high in the boughs of mature conifers
in old growth forests, although, in parts of their range where there are no trees, they will
also nest on the ground. Kittlitz’s murrelets nest on the ground, typically in scree fields
in high alpine areas. Both species often nest many kilometers from the coast, and population trends are thus based on counts of birds on the water where they forage.
Numbers of both species have been monitored in three locations in the GOA over
various intervals. The longest time series exists for PWS, where murrelets and other
marine birds were first censused by pelagic surveys spring and summer of 1972 and
spring of 1973 (Haddock et al., unpublished data, Agler et al., 1999; Stephensen et al.,
2001; Kuletz, 2005). Those counts were not repeated until 1989, but have been undertaken in 8 years since. Although survey designs differed between the 1970s and later
surveys, modeling exercises indicated that numbers of marbled murrelets declined
62% since 1989, when surveys were standardized, and 85% since 1972. Kittlitz’s murrelets have declined even more drastically – by 92% since 1989 and 99% since 1972.
The trend for Kittlitz’s murrelets in PWS characterizes trends elsewhere – they
have declined by over 80% since 1976 in the Kenai Fjords area and by over 60% in
Glacier Bay between 1991 and 2000 (Robards et al., 2003; Van Pelt and Piatt, 2003).
Gulfwide trends for marbled murrelets are not so uniform – they declined by about
75% in Glacier Bay in the 1990s, but increased dramatically in that decade in the
Kenai Fjords after declining during the previous 15 years. It should be noted, however, that the total abundance of marbled murrelets in Kenai Fjords is an order of
magnitude smaller than in either PWS or Glacier Bay.

Miscellaneous Species: PWS
In addition to counting tufted puffins and murrelets at sea in PWS during the pelagic
surveys mentioned above, all other species of seabirds and marine birds (e.g. sea ducks,
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mergansers, loons, and grebes) were also counted. Several species, notably piscivores
(species that prey primarily on fishes), such as red-throated and Pacific loons (Gavia
stellata and G. pacifica), cormorants, Bonaparte’s and glaucous-winged gulls (Larus
philadelphia and L. glaucescens), black-legged kittiwakes, arctic terns (Sterna
paradesaea), pigeon guillemots (Cepphus columba), parakeet auklets (Cyclorhynchus
psittacula), and horned puffins (Fratercula corniculata), were apparently less numerous, in some cases much less numerous, in 1989 than they were when first counted in
1972 (Agler et al., 1999; Stephensen et al., 2001). Overall, of the 17 taxa classified as
piscivorous by Agler et al., 14 declined between 1972 and 1989. Moreover, some
species continued to decline through the 1990s. In contrast, several species that feed
primarily on benthic invertebrates, such as harlequin ducks (Histrionicus histrionicus)
and Barrow’s goldeneyes (Bucephala islandica), did not decline or increased. Overall,
five out of eight species classified as nonpiscivores increased. The declines of piscivores between 1972 and 1989 have been cited as additional evidence of the effect of
the mid-1970s regime shift on forage fishes and their predators. The continuing
declines through the 1990s have been explained as effects of the oil spill, as well as
possible continuing food limitation caused by climate change.
Interpreting the significance of these pelagic data is not easy. One confounding
factor is that the survey methods in 1972 differed substantially from those in subsequent years. Also, of particular note is that for kittiwakes, the decline in abundance
estimated from the surveys of birds at sea is opposite to the increase determined from
the much more precise counts of birds at the nesting colonies. The pelagic data suggest
that kittiwakes declined from nearly 107,000 in 1972 to about 60,000 in 1989–1993
(−45%), and from there they continued to fall to about 28,000 by 2000 (−53%), for an
overall change of –76%. In contrast, the colony counts indicate that kittiwake abundance changed little from 1972 to the early 1990s (~16,000 in 1972 and 1989–1993)
and increased during the ensuing decade to about 23,000 in the early 2000s (+44%).

4.7.6. Causes of Long-term Change in SeaBirds
Clearly, seabirds are sensitive to food supply, as demonstrated through aspects of their
breeding biology and natural histories, and summer observations at their nesting
colonies (see Section 2.5.3). The various species have a range of survival strategies to
accommodate fluctuations in prey and maintain robust populations. These strategies
are not always up to the challenges of life in the northern Gulf of Alaska, however, as
in the case of murres and kittiwakes at Chisik I. in western Cook Inlet, where both
species have declined steadily and considerably in the past three decades in association with food limitation (Piatt and Harding, Section 4.8).
Food limitation is not the only factor causing population change in seabirds, as
predation can be a strong influence on population size. Seabirds have adaptations to
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thwart predators, but they are not always successful, as in the case at Middleton I. and
elsewhere, as we shall see.
In order to correctly identify causes of change in ecosystems, one must carefully
consider matters of scale in time and space. That is, we must be mindful of when
change began and where it is occurring. In the GOA and elsewhere in Alaska, we have
very little information on seabird biology prior to 1976 and the beginning of the Outer
Continental Shelf Environmental Assessment Program (OSCEAP). OCSEAP funded
numerous studies of marine ecosystems in Alaska, including seabirds. Thus, substantial long-term records of seabird population abundance and productivity began at
most colonies in the mid-1970s. It is sometimes easy to forget that trends in seabird
populations may have begun even before then.
As it happened, a potent change in climate also occurred in the mid-1970s that had
large effects on the physical environment and the biota across the North Pacific
(Ebbesmeyer et al., 1991; Francis and Hare, 1994; Mantua et al., 1997; Francis et al.,
1998). Subsequent events occurred in 1989 and 1998 that also led to conspicuous
changes in the ocean (Springer, 1998; Hare and Mantua, 2000; Bond et al., 2003).
By extension, these “regime shifts” have often been invoked to explain much, or most,
of the significant change at high trophic levels in marine ecosystems of the GOA and
elsewhere in the North Pacific (Agler et al., 1999; Anderson and Piatt, 1999; Trites
and Donnelly, 2003). In the majority of cases, a particular emphasis has been placed
on perceived Gulf-wide declines of pelagic forage fishes, and of species that prey
upon them, that were precipitated by the regime shift of the mid-1970s. Moreover, the
Exxon Valdez oil spill, which occurred in 1989 as well, killed an estimated 250,000
seabirds, primarily murres.
But do these regime shifts and the oil spill really explain all change, or just some
change? And if just some, which? And what changes really occurred? In the case of
seabirds, the roles of climate regime shifts, oil, and predation in causing change in
populations must be carefully considered.

Changing Abundance
As noted earlier, getting the timing right of just when change began is critical to an
understanding of why it began. For seabirds, there are only two colonies in the GOA
where we have reliable information on abundance from well before the regime shift
of the mid-1970s. At Middleton I., the nesting murre population grew by nearly
15-fold between 1956 and 1974, and an additional 30% between 1974 and 1988.
Kittiwakes increased by five- to six-fold in the first interval and by an additional 13%
by the early 1980s. The initial increases, at least, occurred apparently in response
to new nesting habitat created by the earthquake in 1964 (see Section 3.3). At
Chisik I., both species were in rather steep decline through the early to mid-1970s,
apparently in response to food shortage that reduced productivity and recruitment and
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increased emigration (see Piatt and Harding, Section 4.8). We do not know when the
declines at Chisik I. actually began – all we know with reasonable certainty is that they
were well underway prior to the mid-1970s regime shift. By way of comparison, in the
Chukchi Sea, murres at Cape Thompson declined some 40% from 1960 to 1976.
At colonies where counts did not begin until the mid-1970s, at about the time of
the regime shift, and continued through the duration of that regime (officially
1977–1989), the following changes were seen:
●
●
●
●
●

Puale Bay kittiwakes increased, but murres declined;
Chowiet I. kittiwakes did not change, but murres increased slightly;
Gull I. kittiwakes and murres both increased;
Chiniak Bay kittiwakes increased; murres are not present;
Prince William Sound kittiwake abundance in 1984 was similar to a single earlier
count in 1972 and numbers increased through the remainder of the regime; murres
are not present.

Thus, if there was an effect of the mid-1970s regime shift on abundance of seabirds
at these colonies with reliable census data from the mid-1970s and before, the effect
was generally positive, opposite to the prevailing paradigm. But, still we do not know
when the trends began, and it seems ill advised to assume that they began with the
first counts.
The next regime shift occurred in 1989, and evidence for a possible effect on
seabird abundance comes from:
●

●

Middleton I., where murres declined abruptly, although kittiwakes continued a long
steady decline from the early 1980s;
Chowiet I., where kittiwakes declined abruptly, but murres continued to increase
from the early 1980s.
At two additional colonies with much less resolution:

●

●

Puale Bay kittiwakes, but not murres, were fewer in the late 1990s than in the late
1980s and early 1990s; murre abundance was stable after 1989;
Chiswell Is. murres were fewer in the late 1990s than in the late 1980s and early 1990s.

In both these cases, however, long stretches between successive counts in this
interval (1991–1999 at Puale Bay and 1992 to 1997 at the Chiswell Is.) complicate
interpretations of change. Elsewhere:
●

Gull I. kittiwakes did not change, owing to saturated nesting habitat for them, and
murres continued to increase from the early 1980s;
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Chiniak Bay kittiwakes continued to increase from the earlier period;
Barren Is. kittiwakes did not change between the first count in 1994 and the last
count in 1999, whereas murres increased markedly after counts began in 1989;
Prince William Sound (PWS) kittiwakes continued to increase from the earlier
period (1972–1989).

Thus, there is some evidence that the 1989 shift might have had an effect on abundance (two abrupt declines, two other declines that might have been associated with
the shift, and one possible inflection point). There has not been sufficient time since
1998 to know if this most recent event was consequential. Contrasting trends in populations of kittiwakes and murres at some colonies, e.g. Puale Bay and Chowiet I.,
further confuse simple explanations.
Although Puale Bay and the Chiswell Is. were in the path of spilled oil, Piatt and
Anderson (1996) concluded that data were insufficient to separate possible effects of
climate change and oil mortality on murre abundance. Whatever effects oil might have
had on murres were localized and ephemeral. Trends prior to the oil spill and other
changes in the GOA ecosystem in general, however, supported climate change as the
more important factor. Effects of oiling on the abundance of other species were much
less, including kittiwakes, which were hardly affected at all. Moreover, there is no
evidence that oil had broadscale negative effects on the abundance of forage fishes.
Local, temporary effects in PWS might have occurred, especially in the case of sand
lance, and these might have been of significance to seabirds (Golet et al., 2002).
Tufted puffins have been monitored only since the early to mid-1990s. In that time,
there have been no substantial changes. Increases of tufted puffins in the Aleutian Is.
are attributable to the reduction of introduced foxes on many of the islands, a ban on
salmon driftnets in the North Pacific, and possibly other reasons such as climate
change (Byrd et al., 1992). At one of the best-known colonies in the Pacific
Northwest, Tatoosh I., Washington, the decline of tufted puffins is thought to have
been caused by the loss of nesting habitat rather than a change in prey abundance
(R. Paine, pers. comm.).
Trends in abundance of other species in the GOA are mixed, further confusing our
understanding about population change relative to climate change or other causes.
Storm petrels have been increasing dramatically in the past 15 years at three widely
spaced colonies from Southeast Alaska to the Aleutians. Cormorants declined precipitously in the late 1970s and 1980s at several colonies, but increased at Middleton I.
from the early 1970s through the 1980s before collapsing by approximately 80%
between 1990 and 1992. Marbled murrelets have declined steadily since the early
1970s in PWS and during the 1990s in Glacier Bay, but apparently increased dramatically in the Kenai Fjords in the 1990s after declining in the previous 15 years.
Kittlitz’s murrelets have collapsed by 60%–99% in Glacier Bay, PWS, and the Kenai
Fjords. The trends in marine birds in PWS, based on pelagic surveys that indicate
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declining numbers of most piscivorous species, are imprecise and equally confusing
for three reasons – the very long interval between the first count in 1972 and the
second count in 1989, the fact that survey methods differed in the 1972 count from all
subsequent counts, and the apparent decline in kittiwake abundance indicated by the
pelagic counts is opposite to the increases revealed by the much more precise counts
at colonies.
Despite the paucity of evidence that regime shifts have precipitated widespread
trends in abundance of kittiwakes, murres, or other species in the GOA, change has certainly occurred on smaller scales. And, changes in prey abundance appear to have been
involved in some of it. For example, overall kittiwake abundance in PWS has gradually increased since the early 1980s, and there has been a conspicuous change in distribution within the sound, with colonies in the northern, more inner regions increasing
at the expense of colonies in more southern, outer regions (Suryan and Irons, 2001).
This redistribution is attributed primarily to movements of birds from poorer to better
foraging areas – kittiwakes at the better colonies feed mainly on juvenile herring that
have increased, whereas kittiwakes at the poorer colonies feed mainly on sand lance
and capelin, which may have declined there as did capelin in the Kodiak I. area and
Alaska Peninsula in the late 1970s to 1980s (Anderson and Piatt, 1999). Likewise, the
long-term decline of kittiwakes and murres at Chisik I. and corresponding increases
across Cook Inlet at Gull I. appear to have been driven in large measure by movements
of birds in response to contrasting foraging conditions in the two regions, as well as to
differential productivity and recruitment (Piatt and Harding, Section 4.8).
But not all movements of seabirds and changes in abundance are driven by changes
in prey. We have already examined the case of Middleton I. and the major effect terrestrial habitat quality and gull predation appear to have had on numbers of kittiwakes
and murres. At Kodiak I., kittiwakes in Chiniak Bay have been relocating from older
colonies generally on larger, more exposed cliffs to smaller, more secure sites as the
abundance of bald eagles (Haliaeetus leucocephalus) is an important detriment to
productivity of kittiwakes and pigeon guillemots in PWS that might have colony-scale
effects (Oakley and Kuletz, 1996; D. Irons, pers. comm.)
And, declines of Kittlitz’s murrelets have been attributed to the recession of tide
water glaciers in the GOA (Kuletz et al., 2003). In this case, the mechanism is not certain, although it is suspected that a major factor is the loss of critical foraging habitat,
rather than a loss of prey per se, as glaciers shrink with continued global warming.

4.7.7. Changing Productivity
As we have seen, productivity of kittiwakes is particularly sensitive to food supply,
and variability in productivity can reveal variability in prey at numerous spatial scales.
At a regional scale, such as PWS, productivity at colonies that have increased in
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abundance in the past 20 years has been markedly higher than at colonies that have
declined: 0.24 chicks per nest (SE = 0.018, n = 152 colony-years) versus 0.054 chicks
per nest (SE = 0.0075, n = 279 colony-years). The difference, as noted above when
explaining changes in abundance, is likely due primarily to prey availability, although
predation can be a major factor as well (Suryan and Irons, 2001; D. Irons, pers. comm.).
On a broader scale, the data can be pooled in ways which indicate that productivity of kittiwakes in the GOA, and an even larger region of the North Pacific, has
changed in the last three decades. Hatch et al. (1993) lumped all productivity data for
kittiwakes from Alaska for all years through 1989 (162 estimates of productivity from
28 colonies). They found that productivity declined steadily during the 1970s and
1980s, from about 0.5 chicks fledged per nesting attempt in the early 1970s to fewer
than 0.2 chicks per nest in the late 1980s. At the same time, total nesting failures
increased. Piatt and Harding (Section 4.8, Fig.44) found similar broad, decadal-scale
changes in kittiwake productivity in the GOA and Bering Sea through the 1990s.
When the data are pooled somewhat differently, by colony and regime (the duration
of the mean state of each regime, except the most recent one that is apparently ongoing), a contrasting picture emerges (Fig.35). Although differences between interval
means are not generally significant, there is a common pattern of higher productivity
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Figure 35: Productivity (chicks/nest) of black-legged kittiwakes at colonies in the
GOA. Productivity averaged by decade, approximately the duration of climate
regimes as indexed by the PDO. Data from Dragoo et al. (2004), D. Irons
(unpublished data), and D. Kildaw (unpublished data).
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in the mid-1970s through the 1980s, lower productivity in the 1990s, and higher
productivity again in the 2000s. The exception is at Chiniak Bay, where productivity
in the 1990s was higher than it was before or after.
But is it so simple? Not really. At kittiwake colonies where annual resolution is
high (including colonies in the GOA and Bering Sea), we can see that productivity
goes through cycles at each one, but the cycles are not in phase, have different periods,
and the periods are sometimes irregular at individual colonies (Fig.36). For example,
in PWS, as exemplified by the Shoup Bay colony (the largest colony in PWS; it has
grown steadily since 1972), productivity has risen and fallen in a period of about
8 years during the past 20 years. So too at Chiniak Bay, but there the period of the
first 1.5 cycles was about 13 years, whereas the most recent one is apparently just
about half that. Moreover, it is roughly 180 degrees out of phase with Shoup Bay.
Chiniak Bay more closely resembles St. George I. (Pribilof Is., Bering Sea), which
has a similar period but slightly different phase. Other colonies with evidence of
cyclic productivity are Middleton I., although productivity there is so strongly influenced by predation that it is likely that it is not entirely reflective of whatever factors
are driving the cycles; and Bluff, a coastal colony in the northeastern Bering Sea.)
In none of these examples are the waves of productivity consistently organized
around regimes, as indexed by the PDO, or possible shift triggers, such as El Niños
or La Niñas. A strong La Niña in 1975–1976 followed by El Niño in 1976–1977
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Figure 36: Annual trend (smoothed) in productivity (chicks/nest) of black-legged
kittiwakes at two colonies in the GOA and at St. George I. in the Bering Sea.
Data from Dragoo et al. (2004), D. Irons (unpublished data), and D. Kildaw
(unpublished data).
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marked the mid-1970s regime shift; an El Niño in 1986–1987 followed by a strong
La Niña in 1988–1989 marked the next shift; and a La Niña in 1995 followed by a
strong El Niño in 1997–1998 marked the most recent shift. The strong El Niño in
1982–1983 without a corresponding La Niña was not associated with a regime shift.
Rather, the beats in the various data sets appear to be independent of climate events
or regimes.

4.7.8. Conclusions
There is little compelling evidence that the mid-1970s regime shift was of great
importance to seabird populations in the GOA, certainly not as an agent of widespread
decline or reproductive failure. Despite changes in the structure of fish communities,
the ability of murres, puffins, and kittiwakes to buffer themselves against such
changes through their natural history and survival strategies seems to have prevailed.
Or, alternatively, there may not have been significant change in the prey assemblage
important to seabirds.
The notion that the regime shift of 1977 and community reorganization led to a collapse of the assemblage of forage fishes essential to seabirds, i.e. especially those with
a high lipid content, hinges on just a single species. Although shrimp and a few
species of fishes commonly referred to as forage fish declined in abundance at various times from the early to mid-1970s through the mid-1980s in the western and central GOA (Bechtol, 1997; Piatt and Anderson, 1996; Anderson and Piatt, 1999;
Mueter and Norcross, 2000), capelin is the only one that was of particular importance
to seabirds (DeGange and Sanger, 1986; Piatt and Anderson, 1996). Sand lance was
thought to have declined in PWS (Kuletz et al., 1997), but evidence from elsewhere
in the GOA does not support a conclusion of widespread change (Golet et al., 2002).
Despite the high nutritional value of capelin and the fact that it is usually consumed
by seabirds when it is present, its decline, as revealed by changes in seabird diets and
fishery survey results, is itself not evidence that seabirds were food limited – that is,
limited to the extent that their populations fell. They still had available to them gadids,
particularly walleye pollock and sand lance (a comparatively lipid-rich species), and
elsewhere murres and kittiwakes subsist quite well, at least during the nesting season,
on diets dominated by gadids and sand lance (Springer et al., 1984, 1987). Thus, in
this case the lack of capelin in seabird diets simply demonstrates that a decline in
abundance of a common forage species can be seen at higher trophic levels.
Moreover, increases, rather than decreases, in abundance of murres, puffins, and kittiwakes at many colonies in the GOA during the 1970s and 1980s indicate that food
shortage was not a universal characteristic in the environment at that time.
The abundance of murres and kittiwakes did change at several colonies during the
years following the first counts in the mid-1970s, and if the changes began then it
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might be fair to assume that the mid-1970s regime shift was an important factor. But
we do not know whether changes really did begin in the mid-1970s rather than earlier, as they did at Chisik I. in the GOA and at Cape Thompson in the Chukchi Sea.
Nor do we know whether changes in abundance, whenever they began, were necessarily driven by changes in prey. Many likely were, but predation and habitat quality
also can have major effects on seabird populations, as in the cases of murres and kittiwakes at Middleton I. and Chiniak Bay, Kittlitz’s murrelets in glacially influenced
fjords, and kittiwakes and guillemots in PWS.
This is not to say that seabirds are insensitive to prey availability, or that there have
not been broadscale responses in seabird populations to regime shifts or other climate
change events such as El Nino that most likely involved food. They are sensitive to
prey, and they have recorded signals of the effect climate has on ocean food webs –
for example, changes in breeding parameter values described above by Piatt et al. that
were associated with the regime shifts of 1977 and 1989; large episodic die offs of
seabirds in the GOA and Bering Sea apparently caused by food shortage and sometimes, though not always, following El Nino and La Nina events (Nysewander and
Trapp, 1984; Hatch, 1987; Piatt and Van Pelt, 1993); and adjustments kittiwakes have
made to short-term fluctuations in prey availability in PWS (Suryan et al., 2002).
Moreover, patterns of colony size and distribution of the many kittiwake colonies in
PWS has likely been shaped to a large degree by prey distribution and abundance
(Ainley et al., 2003).
And, if abundance data of murres used by Piatt and Anderson (1996), and discussed
in the subsequent chapter, are more or less accurate, then there may well have been a
broadscale decline in murres beginning in the early 1970s, or before, and continuing
into the late 1980s. Furthermore, if pooling kittiwake productivity data across all
colonies, different as they are (in terms of the oceanographic settings in which they
are found), is informative, then those data can also be used in support of the idea of
broadscale patterns in seabird biology in the GOA and Bering Sea. Finally, if capelin
really is the crucial forage species for seabirds in the GOA, and if its overall decline
was caused by the regime shift but lagged it by five or so years, i.e. did not really
begin to decline until the early 1980s, and the timing of decline and other changes in
fish and shellfish assemblages varied substantially from place to place in the GOA
(Mueter and Norcross, 2000), then this too might support the scenario that the regime
shift was important in some cases.
But El Niños, La Niñas, and regime shifts do not align well with much of the variability in seabird abundance in the GOA or elsewhere in Alaska. For example, in
colonies with the longest histories, the abundances of murres in most of them have
exhibited directional change over extended intervals that crossed one or more regime
boundaries. Such long-period fluctuations may be driven by climate change, and if so
the time frame is greater than the decadal-scale PDO-type oscillation and may reflect
other modes of variability in marine ecosystems, as described by Minobe (1997).
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Likewise, variability in kittiwake productivity, which is thought to be particularly
sensitive to prey availability and quality, does not match the PDO regime pattern.
Productivity in many colonies shows wave patterns, although the waves are commonly out of phase (even at nearby colonies) and the periods vary. There is no consistent relationship to major climate signals, but instead they seem to be driven by
intrinsic properties of each population or of local environments, food webs, or prey
populations supporting them. The phase shifts and variable periods could lead to perceptions that pooled inter-regime means have significance relative to those regimes,
when in reality they may not.
Effects of physical forcing on marine production patterns and processes are conspicuous at low trophic levels; however, they are attenuated more and more at higher
and higher trophic levels due to the survival strategies of individual species. The survival strategies of murres, kittiwakes, and puffins, varied as they are, appear to have
succeeded in buffering most populations against adverse changes in prey, if they did
in fact occur. For others, notably Chisik I., they were not successful in saving kittiwakes and murres from apparent changes in prey, beginning in the early 1970s or
before. Nor were survival strategies entirely successful in buffering some populations
against the effects of predators.
For seabirds, therefore, an alternative conclusion to the one most commonly pronounced could be that there is rather weak support for the notion that the regime shift
of the mid-1970s and the restructuring of the fish and shellfish communities in the GOA
had broadscale, negative effects on abundance. Rather, if changes in prey of significance
to seabird populations did occur, they were more at local scales and were both positive
and negative. The lack of organization of kittiwake productivity at many individual
colonies around regimes and regime shifts further argues against a pervasive, broadscale, adverse effect of climate change on seabirds at those timescales in the GOA.
At the local and even regional scale, chaos may be a more apt description of seabird population biology in the North Pacific, and this may reflect complex interactions between
microscale oceanographic conditions, local responses of individual species to physical
forcing, and predator–prey relationships. This contrasts in many important ways from
patterns in marine mammal biology, which will be described in Section 4.9.

4.7.9. Summary
Unfortunately, very little is known about seabird abundance or numerical trends in the
GOA prior to the mid-1970s. In the two cases we have, both murres and kittiwakes at
Chisik I. in Lower Cook Inlet were in decline in the early 1970s, while both species
were increasing at Middleton I. We do not know when the declines began at Chisik I.,
but the increases at Middleton I. likely began following the 1964 earthquake that
increased nesting habitat.
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After the mid-1970s and through the 1980s, there are examples of increasing and
declining populations, but for most of those that changed following the first counts, it
is again not known when they began to change. The same holds true for the 1990s.
This is not to say we know nothing about the timing of change. One exception is
Gull I., where murres apparently began to increase in the mid-1980s. And, there are
examples of abrupt changes in the early to mid-1990s.
Overall, there are just two apparent broadscale patterns in seabird abundance in the
GOA – that of tufted puffins, which have been stable or increased slightly, and
Kittlitz’s murrelets, which have declined dramatically at all locations where they have
been counted. For other species, there are examples of increases, decreases, and no
change over intervals spanning one to three decades. Moreover, for murres and kittiwakes, about which we know the most, trends at individual colonies where both
species nest were not always in the same direction. This lack of pervasive pattern
suggests that a variety of factors affecting populations have been at play, or that if
there is only a single factor, its expression has differed markedly in the spatially
heterogeneous environment of the GOA.

4.8. Populations of Seabirds in Cook Inlet
John F. Piatt and Ann M.A. Harding
4.8.1. Introduction
Many seabird colony populations in the Gulf of Alaska have fluctuated in recent
decades, and they have declined markedly at a few sites (Hatch and Piatt, 1995;
Dragoo et al., 2000). The Exxon Valdez oil spill of 1989 had an immediate impact on
some seabirds (Piatt et al., 1990; Piatt and Ford 1996), adding to other anthropogenic
factors influencing seabird populations in Alaska (e.g. gill-net mortality, introduced
predators, etc.; Hatch and Piatt, 1995). However, evidence accumulated during the
1990s that background variability in the marine environment had an even greater
effect on seabird populations over annual and decadal timescales. Most notably, a
“regime shift” occurred in the Gulf of Alaska during the late 1970s, apparently causing marked changes in seabird diets, lower reproductive success, occasional wrecks
(large-scale die-offs), and long-term declines in some marine bird and mammal populations (Piatt and Van Pelt, 1997; Piatt and Anderson, 1996; Francis et al., 1998).
Fish communities on the continental shelf of the Gulf of Alaska also changed dramatically during that time period (Anderson and Piatt, 1999). Coincident with cyclical
fluctuations in seawater temperatures, the abundance of small forage fish species such
as capelin (Mallotus villosus) declined precipitously in the late 1970s, while populations of large predatory fish such as walleye pollock (Theragra chalcogramma) and
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cod (Gadus macrocephalus) increased dramatically. Correspondingly, capelin virtually disappeared from seabird diets in the late 1970s, and were replaced by juvenile
pollock and other species in the 1980s (Piatt and Anderson, 1996). Seabirds and
marine mammals exhibited several signs of food stress (population declines, reduced
productivity, and die-offs) throughout the 1980s and early 1990s (Merrick et al., 1987;
Piatt and Anderson, 1996).
In part because of these observations, the Exxon Valdez Oil Spill Trustee Council
initiated the Apex Predator Ecosystem Experiment (APEX) in 1994 to assess whether
post-spill environmental conditions could influence the recovery of seabirds from the
oil spill. Initially focused on Prince William Sound, APEX studies expanded in 1995
to include Cook Inlet, where it was possible to conduct seabird and forage fish studies around three seabird colonies (Chisik, Gull, and Barren Islands) (Fig.37).
Oceanography, plankton, forage fish ecology, and seabird distribution at sea were
studied in waters around each colony (Drew, 2002; Drew and Piatt, 2002; Piatt,
2002a; Robards et al., 1999a,b,c; Robards, 2000; Robards et al., 2002; Abookire et al.,
2000; Abookire and Piatt, 2004; Litzow et al., 2000; 2004 a,b, Speckman, 2004;

Figure 37: The location of the three study colonies in lower Cook Inlet.
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Speckman et al., 2005). Seabird foraging behavior, diets, time budgets, chick growth
rates, physiological condition, reproductive success, population trend, and adult survival were studied concurrently at each of the three colonies (Roseneau et al., 1997,
2000; Zador et al., 1997; Kitaysky et al., 1998, 1999, 2001, 2005; Piatt et al., 1999;
Zador and Piatt, 1999; Litzow, 2000; Litzow et al., 2000; Romano, 2000; Van Pelt,
2000; Harding, 2001; Harding et al., 2002, 2003; Litzow and Piatt, 2003; Piatt, 2004).
Most data were collected on common murres (Uria aalge; Van Pelt et al., 2002) and
black-legged kittiwakes (Rissa tridactyla; Shultz et al., 2002), which breed at all three
study sites in lower Cook Inlet.
Results of APEX work are still being published, but here we summarize some of
the main findings of studies in lower Cook Inlet. After a brief review of the Cook Inlet
ecosystem, we consider some of the similarities and differences in the way murres and
kittiwakes respond to fluctuations in food supply. We then consider murre and kittiwake population dynamics in Cook Inlet and elsewhere in Alaska and what this may
reveal about long-term changes in the marine environment of the Gulf of Alaska and
Bering Sea.

4.8.2. The Cook Inlet Ecosystem
We set out from the beginning to study seabirds and prey resources at colonies known
from historical work to be chronically failing (Chisik Island), thriving (Gull Island),
and possibly stable or recovering from the oil spill (Barren Islands). Our hope was
that historic differences in bird biology were indeed the result of regional differences
in food supplies and that, by studying all three colonies for five years, we would
obtain enough data to characterize favorable and unfavorable environmental settings
for seabirds (Piatt, 2002b).
The engine that drives productivity in lower Cook Inlet is the persistent upwelling
of cold, nutrient-rich water at the entrance to Cook Inlet (Fig.38). A plume of cold
Gulf of Alaska water that extends from the Barrens to Kachemak Bay (large bay on
the east side of lower Cook Inlet) persists throughout summer in all years (Drew and
Piatt, 2002; Speckman et al., 2005) and provides nutrients that fuel extraordinary
primary production (Drew, 2002). Waters on the west side of lower Cook Inlet are
oceanographically distinct (warmer, less saline, weakly stratified, turbid, and outflowing), and much less productive. The east–west difference in oceanography and primary
production is reflected at all higher trophic levels. The abundance of zooplankton
(Drew, 2002; Speckman et al., 2005), forage fish offshore (Abookire and Piatt, 2004;
Speckman, 2004) and nearshore (Robards et al., 1999), and seabirds (Speckman,
2004) is in all cases 1–2 orders of magnitude greater on the east side of lower
Cook Inlet. The growth rate of resident forage fish such as sand lance (Ammodytes
hexapterus) is significantly lower in Chisik waters than in Kachemak Bay
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Figure 38: Sea surface temperature in the northern Gulf of Alaska on July 3, 1999.
Note the colder (blue) surface water that results from upwelling in lower Cook
Inlet and east of Kodiak Island in contrast to the warmer (red–orange–yellow),
stratified waters in Prince William Sound and shelf waters south of the Kenai
Peninsula. Data is from NOAA AVHRR satellite.

(Robards et al., 2002). Thus, all evidence suggests that lower Cook Inlet is segregated
into distinct oceanographic domains, with striking differences in productivity and
biology among them (Speckman et al., 2005).
In all years, the well-mixed, cold waters in the lower inlet – particularly offshore –
were dominated by juvenile pollock and capelin (Abookire and Piatt, 2004), important prey for murres (Van Pelt et al., 2002). Sand lance and herring (Clupea pallasi)
were the most common prey for kittiwakes (Shultz et al., 2002), and were most abundant in stratified coastal waters of the Kenai Peninsula and Kachemak Bay (Robards
et al., 1999; Abookire and Piatt, 2004). Fish were markedly variable in the vertical
dimension as well. Most acoustic biomass was concentrated in the upper 30 m in all
areas, but in Chisik and Barren island waters, schools were also concentrated at depths
of 60–100 m (Speckman, 2004). There was also a clear segregation of species by water
depth; sand lance and herring dominated above depths of 40 m, whereas pollock and
capelin dominated below 60 m.
Diets of adult murres and kittiwakes reflected food supplies around each colony.
Whereas more than 90 species of fish were caught near shore and 40 species were
caught in offshore trawls, communities were overwhelmingly dominated (>95%) by
four species: sand lance, herring, Pollock, and capelin (Robards et al., 1999, 2002;
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Abookire and Piatt, 2004). Diets of adult murres and kittiwakes were dominated by
the same species in similar proportions to local abundance except that herring were
generally eaten less and capelin eaten more in proportion to their relative abundances
(Van Pelt et al., 2002; Shultz et al., 2002). Sand lance dominated murre and kittiwake
diets at both Chisik and Gull, while pollock comprised a much larger proportion in
diets of birds from the Barrens. The size classes of prey eaten by adults was similar
to the size classes caught in trawls and seines. Taken together, the evidence suggests
that adult murres and kittiwakes generally eat what is most available to them within
foraging range of their colonies. In contrast to adult diets, however, chick diets were
poor indicators of relative prey availability because adults choose to feed their chicks
prey that are oily and rich in calories, a behavior with obvious adaptive value.
The breeding biology of seabirds differed markedly among colonies owing to the
persistent geographic differences in forage fish availability described earlier. Birds at
Chisik Island struggled to reproduce, while those at Gull and Barren islands usually
had few problems rearing young (Kitaysky et al., 1998, 1999; Zador and Piatt, 1999;
Shultz et al., 2002; Van Pelt et al., 2002). Within each colony, breeding and behavioral
parameters varied among years to a lesser degree than among sites. Breeding success
in all species was lower in 1998 than in other years; presumably a lingering effect of
the previous winters’ El Niño event (Piatt et al., 1999). Population censuses revealed
that seabirds at Chisik Island continued in a long-term decline, whereas populations
at Gull and Barren islands were increasing (Zador et al., 1997; Roseneau et al., 1997,
2000; and Piatt, 2002). Behavioral studies revealed that seabirds worked harder
(longer foraging trips, less discretionary time) at colonies where nearby fish densities
were lower (Zador and Piatt, 1999; Piatt, 2002).
Overall, the studies show that seabird parameters (breeding success, foraging
effort, population trend, etc.) varied most between islands and to a much lesser degree
between years. We attribute this regional variability and temporal stability in seabird
biology to distinct, persistent oceanographic regimes around each colony that determined the availability of fish to birds within those areas (Abookire and Piatt, 2004;
Speckman et al., 2005).

4.8.3. Response of Seabirds to Variability in Prey
Form of Response
We predicted that – just like other vertebrates (Holling, 1959; Murdoch and Oaten,
1975; Piatt, 1990) – murres and kittiwakes would exhibit nonlinear functional relationships with food supply (Piatt, 2002b). Of the 25 relationships that we examined
between parameters of seabird biology, behavior or physiology (e.g., clutch size, body
condition, chick growth, hatching success, feeding rate, etc.) and prey density, more
than half (14) were nonlinear, only one was linear, and the rest were not described by
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Figure 39: Behavioral and reproductive responses of common murre and blacklegged kittiwake to variation in their food supply.

any significant model (Piatt, 2002). For example, the attraction of foraging murres
and kittiwakes to prey schools at sea (the “aggregative response”) was sigmoidal for
both species (Speckman, 2004) (Fig.39).
In recent years, breeding success in several seabird species has been shown to be a
curvilinear function of food density (Arctic skua, Philips et al., 1996; Atlantic puffin,
Anker-Nilssen et al., 1997; Arctic tern, Suddaby and Ratcliffe, 1997), and we demonstrated a similar relationship for black-legged kittiwakes (Fig.39). Common murres
did not exhibit such a relationship because breeding success was usually buffered by
the ability to increase time spent foraging in the face of declining food supply.
Instead, we observed a curvilinear relationship between discretionary time spent at
the colony and food density in murres (Fig.39). These and other functional response
curves in murres and kittiwakes (Piatt, 2002) suggests that food supplies at Gull
and Barren islands – but not at Chisik – are above threshold limits and adequate to
support recovery of losses from the Exxon Valdez oil spill.

Variability in Response
We found that neither hatching, fledging, nor breeding success in common murres
was correlated with food supply (Shultz et al., 2002; Piatt, 2002a). Murres appeared
to have trouble fledging chicks in only 2 of 14 colony-years of study (Fig.39). On
these two occasions, murres exhibited unusually low hatching success (52% vs.
70–90%), fledging success (<45% vs. 64–92%), and consequently low overall breeding success (<30% vs. 53–81%). In other years, however, murres were never limited
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by food supplies. It appears that they were able to compensate for low food abundance
by reducing time spent attending their nest site (Fig.39) and devoting that time to foraging (Burger and Piatt, 1990; Zador and Piatt, 1999). Because of this buffering
capacity, murre fledging success (CV = 28%), and breeding success (CV = 29%) were
about three times less variable than kittiwake fledging success (CV = 81%) and breeding success (CV = 87%) during 14 colony-years of study in Cook Inlet (Piatt, 2002a).
Despite a robust capacity to deal with variation in prey abundance, however, murre
breeding success cannot be completely independent of food supply. Functional
response curves for aggregation and discretionary time spent at the colony (Fig.39)
indicate that murres – as with kittiwakes – have a foraging threshold at about 0.013 g/m3
of fish biomass. Perhaps we failed to characterize a functional reproductive response
curve because food supplies were never so low that they could not be behaviorally
buffered to prevent breeding failure. Consequently, while we frequently observed kittiwake breeding failures in Cook Inlet, we never observed total breeding failure in
murres. One explanation for the difference may by that when they are faced with the
same prey fields around a colony, murres can fly further and search nearly twice as
much surface area than kittiwakes in the same time, dive far below the surface in
search of prey, and they have more discretionary time to divert to foraging (Piatt,
2002a).
How representative are these data from Cook Inlet for murres and kittiwakes elsewhere? We can examine variability in breeding success of murres and kittiwakes from
long-term (1975–1999) data collected throughout Alaska (Gulf of Alaska, Aleutians,
Bering, and Chukchi Seas) in a variety of monitoring and research programs (Hatch
et al., 1993; Dragoo et al., 2000). From these data (Fig.40, Table 4), which include an
extreme – but natural – range of environmental conditions for breeding (Hatch et al.,
1993), we find that common murres (n = 14 colonies, n = 99 colony-years) have rarely
exhibited complete breeding failure (0 chicks/pair on only 4% of occasions), and on
only 26% of the occasions was breeding success indicative of a limiting food supply
(i.e. below 0.40 chicks/pair; see earlier text). Remarkably, common murres were successful (>0.40 chicks/pair) about three-quarters of the time (Fig.40) and variability in
breeding success was quite low (CV = 40%) and similar to that observed in Cook Inlet
(CV = 28%). In contrast, kittiwakes (n = 17 colonies, n = 235 colony-years) had complete failures (0 chicks/pair) 18% percent of the time, and showed signs of food limitation (breeding success <0.46 chicks/pair) 77% of the time. On only 23% of
occasions did kittiwakes appear to be unrestricted by food supply. Kittiwakes showed
high levels of variability in breeding success in Cook Inlet (CV = 87%) and Alaska
(CV = 110%).
A similar contrast in murre and kittiwake breeding success has been noted elsewhere (Table 4). Common murres observed during 54 colony-years at a variety of
colonies in the North Atlantic (Birkhead, 1976; Hedgren, 1980; Birkhead and
Nettleship, 1987; Harris and Wanless, 1988, unpublished data; Burger and Piatt, 1990;
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Figure 40: Frequency of different levels of breeding success for common murres
and black-legged kittiwakes in Alaska (data from Hatch et al., 1993;
Dragoo et al., 2000; Roseneau et al., 2000; Piatt, 2002). Values are the upper end of
the range, i.e., 0.2 is the frequency of breeding success between 0 and 0.2 chicks
per pair. The murre graph includes 96 colony-years of data, and the kittiwake
graph includes 232 colony-years, where a colony-year comprises data collected
at any one colony in 1 year.
Bryant et al., 1999) averaged 0.75 ± 0.09 S.D. chicks/pair. Despite the span of years
(1963–2001) and colonies (n = 11), variability in breeding success was low (CV =
12%), with only one occasion where breeding success was less than 0.4 chicks/pair
(0.26 chicks/pair, remaining values ranged from 0.52–0.88 chicks/pair). At the Isle
of May, murres never failed in 21 years of study (range 0.63 to 0.81 chicks/pair;
M. Harris and S. Wanless, unpublished data). Likewise, in 29 years of study at the
Farallon Islands, California, common murres failed (<0.4 chicks/pair) only three
times, all in association with strong El Niño (ENSO) events (Sydeman et al., 2001).
Otherwise, breeding success ranged between 0.61 and 0.91 chicks/pair.
Kittiwake breeding success measured in the Atlantic during 143 colony-years
(42 colonies, 1973–2001; Birkhead and Nettleship, 1988; Harris and Wanless,
1990, unpublished data; Hamer et al., 1993; Erikstad et al., 1995; Barrett, 1996,
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Table 4: Variability in breeding success of black-legged kittiwakes and common
murres in different geographic areas
Breeding Success
Species

Location

Kittiwakes

Cook Inlet
Gulf of Alaska
Aleutians
Bering Sea
Chukchi Sea
Alaska
Newfoundland
Vedoy I., Norway
Hornoya I., Norway
Isle of May, UK
North Sea 1986
North Sea 1987
North Sea 1988
West Coast UK
Atlantic Ocean
Cook Inlet
Gulf of Alaska
Aleutians
Bering Sea
Alaska
California
Newfoundland
Isle of May, UK
Europe
Atlantic Ocean

Murres

N (years)

mean

15
113
20
84
18
235
7
20
17
17
15
20
21
31
148
14
34
13
52
99
29
14
21
19
54

0.31
0.24
0.27
0.24
0.82
0.29
0.86
0.69
0.93
0.59
1.09
0.96
0.61
0.62
0.77
0.61
0.54
0.41
0.50
0.50
0.74
0.76
0.78
0.70
0.75

CV (%)
87
110
84
94
65
110
65
41
27
69
29
49
85
56
53
29
34
76
35
41
29
9
7
20
12

S.D.
0.27
0.26
0.22
0.24
0.54
0.32
0.56
0.28
0.25
0.41
0.32
0.47
0.52
0.35
0.39
0.18
0.18
0.31
0.17
0.20
0.22
0.07
0.06
0.14
0.09

(See text for sources of data).

unpublished data; Anker-Nilssen et al., 1997) averaged 0.77 ± 0.39 chicks/pair and
variability (CV = 53%) was more than four times greater than that observed in
Atlantic murres (12%, Table 4). Indeed, it appears that under a wide range of conditions, kittiwake productivity is always more variable than murre productivity (Fig.41).
Furthermore, for both species, variability is high when productivity (and presumably
food density) is low. This suggests that factors controlling seabird populations operate over moderate to large regional scales such as those arbitrarily selected in Table 4.
It appears that in “good times,” high-density prey aggregations are available to most

Ch04-N52960

338

8/22/06

11:14 AM

Page 338

Long-Term Ecological Change in the Northern Gulf of Alaska

Figure 41: Coefficient of variation (CV) in breeding success versus average
breeding success in Common Murres (y = −134x + 114; r2 = 0.79) and black-legged
kittiwakes (y = −80.3x + 118; r2 = 0.77) among different colony-years within
various regions and subregions around the world (see Table 4).

colonies in a region, most colonies do well, and variability is therefore low. In “bad
times,” prey aggregations are more patchy and available to fewer colonies, more
colonies fail, and variability is therefore high.

4.8.4. Population Dynamics of Seabirds in Cook Inlet
Our study was designed to provide contrasting data from a “food-poor” colony
(Chisik), where murre and kittiwake populations were known to have been declining
at rates of 4-9% per annum for the past 30 years (Fig.42), and a “food-rich” colony
(Gull), where murre and kittiwake populations grew at rates of 9% per annum at some
point during the past 25 years (Zador et al., 1997; Piatt, 2002a). Kittiwakes increased
rapidly on Gull Island during the 1980s, but populations leveled off in the 1990s and
remained at the same level throughout the course of our study. Evidence suggests that
this was due to saturation of nesting habitat on the island; otherwise, kittiwakes would
still be increasing at the rate observed prior to the plateau, and at a rate similar to that
observed for murres (which were not limited by nesting habitat). Trends at the Barren
Islands were unknown prior to the Exxon Valdez oil spill, but both murres and kittiwakes exhibited modest increasing trends (Fig.42) during the 1990s (Roseneau et al.,
1997, 2000).
Historical measures of productivity in kittiwakes (Fig.43) are parallel to population
trends. Kittiwakes have failed chronically at Chisik for more than 30 years, averaging
0.05 chicks/pair during that time and only 0.02 chicks/pair during our study in
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Figure 42: Populaton trends for populations of common murres and black-legged
kittiwakes at Chisik, Gull, and Barren islands, with average annual percentage
changes. Data for Gull and Chisik from Piatt 2002, and Zador et al., 1997. Data for
Barrens from Roseneau et al., 1997, and Roseneau et al., 2000.

1995–1999 (Zador et al., 1999; Shultz et al., 2002). Kittiwakes averaged 0.44 chicks/
pair at Gull Island since 1984 and 0.48 chicks/pair during our study. This is higher
average productivity than has been observed at any other colony in Alaska except
Cape Lisburne, where populations have been increasing during the past couple of
decades (Dragoo et al., 2000). Productivity was more variable at the Barrens, averaging 0.29 chicks/pair during the past decade and 0.43 chicks/pair during 1995–1999
(Dragoo et al., 2000; Roseneau et al., 2000).
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Figure 43: Historical productivity of black-legged kittiwakes at Chisik, Gull, and
Barren islands, 1979–1999. Data from Piatt, 2002; Zador et al., 1997; Roseneau
et al., 2000; Dragoo et al., 2000. Years when surveys were conducted but
productivity was zero are indicated with a “0” above the bar.

In contrast, murre productivity does not correlate with population trends. Despite
having markedly different population trends at the three colonies (Fig.42), breeding
success was high on Chisik (average of 0.56 chicks/pair), Gull (0.54 chicks/pair), and
the Barren Islands (0.73 chicks/pair) during five years of study in 1995–1999
(Roseneau et al., 2000; Van Pelt et al., 2002). There are no prior historical reproductive data for murres except from the Barrens in 1989–1993 (Nysewander et al., 1993;
Roseneau et al., 1997; Boersma et al., 1995). When included, these data suggest an
average productivity of 0.54 chicks/pair at the Barrens during the past 12 years.
Results from Chisik beg the question: Why is the murre population there declining
by 9% per annum (pa) when reproductive success appears normal? A similar question
has been asked about murres in the Shetlands, which continued to have high breeding
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success even as numbers at colonies declined in apparent response to a crash in food
stocks (Furness and Camphuysen, 1997). Preliminary results of a survival study on
Gull and Chisik islands (Piatt, 2004) may help answer this question. This study suggested that there are marked differences in population parameters of murres on Gull
and Chisik islands. On Chisik, annual adult mortality (9.2% pa) exceeds slightly the
rate of population decline (−8.9% pa), suggesting a small balancing rate of 0.3% pa
increase due to recruitment (or possibly immigration). This indicates that survival of
murre chicks to breeding at Chisik is neglible. Indeed, survival of chicks is likely to
be much lower if fledgling chicks are underweight (Hatch, 1983; Sagar and Horning,
1998) – as they frequently are at Chisik (Van Pelt et al., 2002). Furthermore, recruitment at a declining murre colony is likely to be less than 20% (Hudson, 1985) and
possibly less than 5% (Hatchwell and Birkhead, 1991). This would explain how
Chisik murres can maintain such high breeding success and yet experience serious
population declines. In contrast, the high rate (9.1% pa) of murre population increase
at Gull Island can be explained by a low rate (6% pa) of adult mortality that is more
than offset by high rates of recruitment and/or immigration.
Kittiwake population parameters are more straightforward (Piatt, 2004). At Chisik,
recruitment has to be virtually zero because productivity is negligible. Thus, the population decline (−4.3% pa) is explained entirely by adult mortality (6.7% pa), offset
slightly by immigration. At Gull Island, a much higher adult mortality rate (14.5% pa)
is balanced by much higher levels of productivity, recruitment, and immigration.
The differences in survival and productivity between Gull and Chisik seem to support
the hypothesis that long-lived seabirds trade off the costs of reproduction with adult
survival (Erikstad et al., 1998; Golet et al., 1998, 2004).

Population Parameter Indices
The question posed by the Exxon Valdez Oil Spill Trustee Council was whether or not
recovery of seabirds was limited by environmental conditions in the Gulf of Alaska –
particularly at the Barren Islands, whose murre populations were hard hit by the spill
(Piatt et al., 1990; Roseneau et al., 1997). But how do we compare the robustness of
seabird populations among colonies in Cook Inlet, or among regions in Alaska? As
illustrated in the preceeding text, any one parameter we choose to examine may be
biased depending on the form of its relationship to food supply and whether it is
highly variable or relatively constant in the face of environmental change. Similarly,
any one species may be more sensitive to different aspects of environmental change
than another species.
One way to assess and compare the performance of seabirds among colonies in
Cook Inlet is to compare the deviation of parameter values at any one colony with the
average of all three colonies combined (Fig.44). For example, the average breeding
success of kittiwakes in 15 colony-years (three colonies in 1995–1999) of study was
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Figure 44: Normalized deviations from average of seabird breeding and behavioral
parameters at Chisik, Gull, and Barren islands, 1995–1999. Deviations have been
arbitrarily ranked by magnitude from most positive (left) to most negative (right).
Data from Piatt, 2002a, and Roseneau et al., 2000.

0.312 chicks/pair (Shultz et al., 2002). Success of kittiwakes at the Barrens was lower
than this in 2 years of study and higher in 3 years. Success was higher than this average in all 5 years at Gull Island, and much lower than this average in all 5 years at
Chisik. Similarly, we calculated deviations from average in many different behavioural, reproductive and physiological parameters (e.g. attendance, feeding rate,
growth rate, fledging success, etc., for both murres and kittiwakes; from tables in
Shultz et al., 2002; Van Pelt et al., 2002), standardized the deviations, and arbitrarily
ranked them from largest to smallest at each colony so that we could examine them
all together (Fig.44). In total, we can compare 266 parameter deviations (about 20
species parameters by year, colony, with some missing values). This provides an integrated assessment of how well seabirds were doing at each colony during the 5 years
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of study. Analysis reveals (Fig.44) that seabirds at Gull Island do better than average
most of the time (mean deviation = +0.24), while those at Chisik do poorly most of
the time (mean deviation = −0.37). At the Barrens, measured parameters were above
average slightly more often than they were below average (mean deviation = +0.09).
Judging from the range of parameter values we observed at Chisik and Gull islands,
and in comparing these with values obtained in similar studies on murres and kittiwakes conducted elsewhere under a wide range of conditions (e.g. Hamer et al., 1993;
Uttley et al., 1994; Monaghan et al., 1994; Dragoo et al., 2000; Gill, 1999; etc.), it is
clear that Chisik and Gull exemplify the extremes of failing and thriving colonies,
respectively, in the North Pacific and Atlantic oceans. Therefore, this analysis provides a calibration for seabird performance at the Barren Islands and suggests that
murres and kittiwakes there are doing modestly well. This conclusion is corroborated
by data on population trends (Fig.42), and once again suggests that murre populations
at the Barren Islands should not be limited by food in their recovery from the oil spill.
Indeed, there is a strong correlation between our indices of population health and
observed population trends (Fig.45). This relationship seems intuitively obvious. Our
parameter indices integrate a suite of values that include behavioral, physiological and
biological measurements. The combination of these parameters – and many more
unmeasured parameters – is ultimately what determines whether a population will
increase or decrease. Similarly, population trend represents an integration of all factors influencing population biology.
The parameter index also offers an instantaneous measure of the health of seabird
populations, whereas population trend data, by definition, needs to be collected over
many years to establish a trend. One year’s sampling may be all that is needed to

Figure 45: Average parameter index (from Fig.44) versus population trend
(from Figure 42) for common murres and black-legged kittiwakes at Chisik,
Gull, and Barren islands.
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assess the status of populations (e.g. parameter indices for any one year in 1995–1999
at Chisik were always negative, ranging from −0.24 to −0.62; whereas at Gull they
were always positive, ranging from +0.19 to +0.29). In contrast, census data can be
highly variable among consecutive years, and may need to be collected for a decade
or longer to establish trends (Dragoo et al., 2000). Finally, census information will be
misleading if study plots used for census purposes become saturated with breeding
birds, or breeding habitat on a colony is saturated (as we observed on Gull Island, see
“Population Dynamics” above).

4.8.5. Long-term Changes in the Gulf of Alaska Marine Environment
Are environmental conditions in lower Cook Inlet typical of those found elsewhere in
the Gulf of Alaska or Bering Sea? In the absence of quantitative long-term data on
food supplies, one way to answer that question is to compare seabird parameter
indices from Cook Inlet to those gathered in other areas of Alaska. Unfortunately, the
full suite of parameters measured in our studies has rarely been surveyed at other
colonies. However, one parameter that has been widely reported is breeding success
of black-legged kittiwakes (Table 4). We have established that kittiwake breeding
success exhibits a strong, sigmoidal response to prey density (Fig.39) and from
that quantitative relationship we also know that kittiwake breeding success above
0.46 chicks/pair represents asymptotic reproduction unlimited by food supply, while
breeding success below 0.015 chicks/pair represents asymptotic failure to reproduce
under conditions of severe food deprivation (Piatt, 2002a). Breeding success that
ranges between 0.015 and 0.46 chicks/pair represents reproduction that is limited to
some degree by food supplies that hover around the threshold (Piatt, 2002a).
Using these criteria, we can indirectly assess the historical status of food supplies
for seabirds in Alaska by examining the breeding success of kittiwakes in past years
(Fig.46, data from Hatch et al., 1993; Dragoo et al., 2000). Prior to the regime shift
that occurred in the late 1970’s (Francis et al., 1998), kittiwake productivity in both
the Gulf of Alaska and Bering Sea was very similar: only a small proportion (5–6%)
of colony-years were food-deprived failures, slightly more than half (55–56%) were
limited to some degree by food supply, and a large proportion (38–40%) were
unlimited by food. After the regime shift, but mostly prior to the Exxon Valdez oil
spill in 1989, there was a marked change in kittiwake productivity (Fig.46). The
frequency of food-deprived failures in the 1980s increased six-fold (to 37%) in the
Gulf of Alaska, while the frequency of unlimited production declined by half
(to 17%). A similar, but less pronounced, shift occurred in the Bering Sea. In the
1990s, there was a significant improvement in feeding conditions in the Gulf of
Alaska; whereas the frequency of unlimited production remained the same (at
17%), food-deprived failures decreased from 37 to 30% while production that was
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Figure 46: Historical breeding success (brs) of black-legged kittiwakes in the
Gulf of Alaska (GOA) and Bering Sea (BS), categorized by functional relationships
with food supply as “Deprived” (brs < 0.015 chicks/pair), "Limited" (0.015 brs
< 0.46 chicks/pair), and "Unlimited" (brs > 0.46 chicks/pair). Data from Hatch
et al., 1993, Zador et al., 1997; Dragoo et al., 2000, and Roseneau et al., 2000.
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food-limited to some degree increased from 46 to 54%. By comparison, however,
conditions in Cook Inlet had improved substantially more than the Gulf as a whole
(in which Cook Inlet data are included). Of 24 colony-years of production in the
1990s, only 21% were food-deprived failures, 50% were limited to some degree, and
29% were unlimited by food. Conditions in the Bering Sea improved even more
than in the Gulf of Alaska.
In summary, this analysis supports the hypothesis that a regime shift in the late
1970s reduced food availability to seabirds in the 1980s and 1990s, resulting in
widespread population declines, lower breeding success, and mass mortality events
(Piatt and Anderson, 1996; Francis et al., 1998). The evidence further suggests that
there was a slight improvement in feeding conditions in the 1990s and that conditions in Cook Inlet are better than those in the Gulf as a whole. In general, however,
current conditions continue to be depressed compared to the 1970s. While seabirds
in Cook Inlet colonies may have already recovered numerically to levels observed
prior to the Exxon Valdez oil spill, it is still not clear whether conditions elsewhere
in the Gulf of Alaska would have supported similar rates of recovery during
the 1990s.

Table 5. Estimate of population parameters for seabirds at Chisik and Gull islands.
Type

Parameter

Measured

Population change
(proportion per
annum, ppa)
Annual adult
survival (ppa)
Mean productivity
(chicks/pair)
Juvenile survival
to breeding
Maximum
recruitment (ppa)
Maximum
(immigration/
emigration (ppa)

Measured
Measured
Literature
Estimated
Estimated

Black-legged Kittiwake

Common Murre

Chisik
−0.043

Gull
0.088

Chisik
−0.089

Gull
0.091

0.933

0.855

0.908

0.940

0.016

0.482

0.560

0.540

0.400

0.400

0.400

0.400

0.003

0.096

0.112

0.108

−0.109

0.043

0.021

0.137

Note: Recruitment and immigration must balance. For example, if no murre chicks at Chisik survived to breed,
then recruitment would be zero, and emigration would have to be 0.000 to account for population trends
(i.e. in this case, population decline would be equal to adult mortality).
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4.9. Marine Mammal Populations
Alan M. Springer Sara J. Iverson, and James L. Bodkin
4.9.1. Harbor Seals
Harbor seals are the most widely distributed pinniped in the world, occurring in both
the North Pacific and North Atlantic oceans. Their range is nearly continuous around
the rim of the North Pacific from San Ignatio Lagoon, Mexico (27°N) to Hokkaido,
Japan (43°N), and extends into the eastern Bering Sea as far north as Kuskokwim Bay
(60°N) (Fig.47). Today, there are some 36,000 harbor seals in the northern GOA
between Kayak I. and the Copper River Delta in the east to False Pass at the end of
the Alaska Peninsula in the west (Boveng et al., 2003). This total is much lower than
in the middle of the past century because of the eradication programs and commercial
harvests described in Section 3.5, and unexplained losses since the early 1970s
(Fig.48).
These more recent declines are best documented at Tugidak I., a small island southwest of Kodiak I. (in the Kodiak Archipelago), which was formerly the largest harbor
seal rookery in the Gulf of Alaska, perhaps the largest in the world. The abundance of
seals there prior to 1964 and the inception of the commercial harvest was estimated
to have been approximately 20,500 (Pitcher, 1990). A population simulation model
indicated that the commercial harvests of some 16,000 pups in 1964–1972 should
have caused a 30% decline to about 15,000 animals. Following protection, numbers
should have stabilized and then begun to grow during the mid to late 1970s. Yet, the
abundance of harbor seals at Tugidak I. in 1976, when systematic counts were

Figure 47: Harbor seal distribution (in yellow) in the North Pacific Ocean.
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Figure 48: Trends in harbor seal populations on Tugidak Is. and
in Prince William Sound. Data from Pitcher (1990), Frost et al., (1999),
and Jemison et al., (2006).
initiated, was only about 9300, or just 60% of the modeled estimate. The population
continued to collapse at a precipitous rate of 19% per year through the end of the
decade, before slowing to about 7 % per year in the 1980s and early 1990s (Pitcher,
1990; Jemison et al., 2006). By 1993, there were fewer than 800 seals left at Tugidak I.
Between 1993 and 1998, the population recovered somewhat (about 10% per year)
before leveling off at about 1400 animals (Fig.48).
The collapse of harbor seals at Tugidak I., at least the unexplained portion from the
early 1970s onward, and subsequent partial recovery appears to fairly represent trends at
nearby rookeries on Kodiak I., where seals declined by an average of 66% between the
mid-1970s and early 1990s, and have since then increased by nearly 40% (Lewis et al.,
1996; Small et al., 2003). The status of seals on Kodiak I. prior to 1975 is not known
because systematic counts were not made. Yet, despite increases at several sites in recent
years, the overall abundance of harbor seals in the Kodiak Archipelago remains at just
15 to 35% of that in the mid-1970s. And, compared to 50 to 60 years ago, today’s abundance is certainly a much smaller percentage. Some sense of the magnitude of this difference can be gained from the fact that the current abundance of harbor seals at Tugidak
I. is still less than 10% of that prior to exploitation and the ensuing unexplained declines.
Likewise, the decline of harbor seals in the northwestern GOA typifies trends farther west. On Otter I. (Pribilof Is., east Bering Sea), they declined by about 40%
between 1974 (first count) and 1978 and by an additional 70% between 1978 and 1996
(Jemison et al., 2006); seals declined at a rate of about 3.5% per year along the north side
of Alaska Peninsula between 1975 (first count) and 1995 (Withrow and Loughlin, 1996);
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and despite an annual increase in Nanvak Bay (Bristol Bay, east Bering Sea) of about
2.1% per year from 1990 to 2000, the maximum count in 2000 was just 20% of the
highest count in 1975 (first count) (L. Jemison in Small et al., 2003). Systematic
counts of harbor seals have not been made in the Aleutian Islands, but conspicuous
declines have been observed by scientists working there during the past 30 years
(J. Estes, unpublished obs.).
Harbor seals in eastern and central PWS declined also – by 63% between 1984 and
1997 and by about 3% per year since then (Frost et al., 1999; Ver Hoef and Frost, 2003).
The lack of systematic counts prior to 1984 makes it impossible to know whether the
decline began before then, perhaps concurrent with declines in the Kodiak I. region.
Notably, the decline in PWS was underway by the time of the 1989 oil spill, and the
magnitude of the decline from 1984 to 1990 (50%) was similar to that in the same
time period at Tugidak I. (60%). Numbers in PWS continued to decline after 1990,
but increased at Tugidak I.
Scientists believed initially that about 320 harbor seals were killed in PWS by oil
from the spill (Frost et al., 1994). That estimate was based on changes in numbers at 25
haul-out sites along a standard trend-count route established in the early 1980s.
Subsequent monitoring of seals at those sites led to the further conclusion that the
population in the sound continued to decline through the 1990s (Frost et al., 1999).
However, this interpretation was challenged based on more widespread surveys
that included additional areas of PWS, particularly the western sound and glacial
haul-out sites (Hoover-Miller et al., 2001). These scientists contend that there is no
evidence of significant direct mortality of seals by oil in 1989, and that surveys in
1989 and since then along the original trend-count route failed to account for the
mobility of seals – they suggest that many seals likely moved to other parts of the
sound to avoid oiled habitats. In support of their belief, they point out the large interannual variability in numbers of seals at individual haul-outs, suggesting short-term
local movements, and that since 1991 numbers of seals at glacial sites have tended to
increase while numbers at land sites have tended to decrease. However, studies of
radio-tagged seals in the spill area did not show adult movements into the northern
fjord areas of Prince William Sound where counts have been increasing. Also, dead
harbor seal often sink, as may have happened following the spill.
In contrast to the widespread declines of harbor seals throughout the northern and
western GOA, Aleutian Is., and Bering Sea since the 1970s, trends in abundance in
southeastern Alaska and British Columbia have been variable but generally opposite.
In Glacier Bay in northern southeastern Alaska, a dramatic increase occurred between
the mid-1970s and mid-1980s, followed by declines beginning in the early 1990s
(Mathews and Pendleton, 1997, 2000). Harbor seals near Ketchikan in southern
southeastern Alaska increased rapidly from the early 1980s through the mid-1990s,
then slowed through the end of the decade, whereas seals near Sitka increased little if any
over this same period (Small et al., 2003). In British Columbia, harbor seals had been
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reduced to about 9000 to 10,500 by 1970 because of irresponsible bounty programs and
heavy commercial harvests, particularly in the 1950s and 1960s. Following protection in
1970, harbor seals increased at the rate of about 12% per year (approximately the maximum intrinsic growth rate), and they numbered 75,000 to 88,000 by 1988 (Olesiuk
et al., 1990; Olesiuk, 1999). The growth rate then slowed in the early 1990s, and the
population numbered about 108,000 by the end of the decade (Olesiuk, 1999).

4.9.2. Steller Sea Lions
Steller sea lions also are found around the entire rim of the North Pacific Ocean, from
central California to Japan. They have recently been separated into three genetically
distinct stocks: the Eastern Stock along the west coast of North America from
California to southeastern Alaska; the Central Stock from Kayak Island west to the
Commander Islands at the western end of the Aleutian Archipelago; and the Western
Stock from the Commander Islands and western Bering Sea south to Japan (Bickham
et al., 1996; Baker et al., 2005) (Fig.49). Official recognition of the distinction between
the Central and Western Stocks has not yet occurred, and they are still grouped together
as the “Western Stock” under the Endangered Species Act. In the following discussion,
“Western Stock” refers to animals of the Western Stock in Alaska.
The direct and incidental killing of sea lions in the 1950s through the first half of
the 1980s (described in Section 3.5) likely had effects on local abundances, but in the
mid-1970s the Western Stock was considered to be at or near the pre-exploitation
level of abundance (Interagency Task Group, 1978). Since then, however, it has collapsed. Although the Western Stock was formerly the largest stock by far, with about

Figure 49: Steller sea lion distribution (in yellow)in the North Pacific Ocean.
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170,000 individuals in the mid-1970s, it is just 30,000 to 40,000 today and was listed
as “Endangered” under the Endangered Species Act in 1997. The overall rate of
decline of the Western Stock from the late 1970s to the mid-1980s was about 6% per
year. It accelerated rapidly to nearly 16% per year during the second half of the 1980s,
when as many as 8000 to 25,000 animals disappeared from the population each year,
before dropping to just over 5% per year throughout the 1990s (Paine et al., 2003).
Beginning in the late 1990s, numbers may even have increased slightly at some rookeries in the GOA.
Within the range of the Western Stock, which in Alaska spans some 2000 km from
Kayak I. to the Near Islands, the pattern of population decline from the 1980s on has
varied, although precise details for most locations are lacking. One problem is that
numbers of sea lions at rookeries change considerably from month to month, and
unless counts are made on similar dates between years, the results may not be comparable. This is a particular issue with counts from early years that were not always
made at the optimal time. The other, larger problem is that counts at all rookeries were
infrequent in the 1960s through the middle of the 1980s, so the time when declines
began is uncertain for some regions.
It is reasonably certain that in the GOA, from the Kenai Peninsula to Unimak Pass,
sea lion abundance was stable from the 1950s through the 1970s and collapsed in the
1980s (Fig.50(a)). The picture is less clear for the eastern GOA, but it can be safely
said that sea lions at the only two rookeries in that region did not decline until about
10 years later. However, whereas non-pup abundance fell, the number of pups produced each year did not, suggesting that perhaps the “resident” population remained
stable while numbers of visiting sub-adults from other regions of the GOA declined
(K. Pitcher, personal communication). This interpretation is supported by counts at
two prominent haul outs, The Needle in Montague Strait (PWS) and Cape St. Elias
on Kayak I., where numbers plummeted by an average of at least 80% in the interval
1989–1990 to 1996 (Fig.50(a)).
The population decline in the Aleutian Is. apparently followed a pattern similar to
that in the central and western GOA, except that in the eastern Aleutians it may have
begun somewhat earlier, perhaps by the early to mid-1970s. However, the perception
that the unexplained portion of the decline of the Western Stock began in the eastern
Aleutians may be colored somewhat by changes that likely resulted from the massive
harvests of pups (the entire annual production for three straight years) and associated
disturbance of adults at the largest of the rookeries in that region in 1970–1972.
In contrast to these trends in the Western Stock, the Eastern Stock in southeast Alaska,
although historically much smaller than elsewhere, has been increasing at 1 to 2%
per year over the past 40 years and now numbers about 20,000, the highest in
recorded history (Fig.50(b)). Likewise, sea lions of the Eastern Stock in British
Columbia have also increased considerably in the past three decades, recovering from
effects of control programs there in the 1950s and 1960s that reduced their number
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Figure 50: (a) Trends in Steller sea lion populations in the central and western
GOA (blue) and the northeastern GOA (red). (b) Trends in sea lion pup counts in
southeastern Alaska. Values for the central and western GOA are proportional
annual means (±SE) of counts made during late June to July at the rookeries
Clubbing Rock, Pinnacle Rock, Chernabura Is., Atkins Is., Chowiet Is., Chirikof Is.,
Marmot Is., Sugarloaf Is., Outer Pye Is., and Chiswell Is.; and for the northeastern
GOA at the rookeries Wooded Is. and Seal Rocks. Data from the National Marine
Mammal Laboratory, Seattle, WA. Data for southeastern Alaska from Bigg (1985),
Calkins et al. (1999), D. Calkins and K. Pitcher (unpublished data).

Ch04-N52960

8/22/06

11:14 AM

Page 353

Long-term Change

353

from about 14,000 when the first survey was conducted in 1913 to about 3400 by the
early 1970s (Bigg, 1985; Olesiuk, 2003). Since being protected in 1970, the Steller sea
lion population in British Columbia has increased at a rate of about 3% per year and
by 2002 numbers on rookeries had grown to about 8700 (DFO, 2003; Olesiuk, 2003).

4.9.3. Sea Otters
The historic distribution of sea otters included shallow-water, ice-free habitats around
the North Pacific Rim between northern Japan and central Baja California, Mexico
(Fig.51). Factors that govern sea otter populations in the absence of human influence
are not well known. Evidence from human midden sites in the Aleutian Islands indicates that sea otter populations fluctuated markedly over a period of 2500 years,
presumably in response to human exploitation (Simenstad et al., 1978) or other predators, as appears to have been the case most recently (see below).
By the time sea otters were protected from the commercial fur harvest by the
International Fur Treaty in 1911, only 11 geographically isolated populations persisted
between California and the Kuril Islands in Russia, from which the species recovered
during the following century (see Section 3.5). After protection, sea otters expanded
their range and abundance throughout Alaska during much of the 20th century.
Although relatively few surveys were conducted during the early phases of recovery,
estimated rates of growth among remnant populations range from about 9 to 13% in
the GOA and Aleutian Is. (Bodkin et al., 1999). The population at Amchitka I. was

Figure 51: Sea otter distribution (in yellow) in the North Pacific Ocean.
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likely the first to attain full recovery, reaching an initial equilibrium density by 1945
(Estes et al., 1989). Probably the best information on the process of recovery of a population in the GOA is from PWS, where a small number of animals, probably fewer
than 50 in the early 1900s, survived the fur harvest (Lensink, 1960). By 1959, the population had grown to about 1000 animals, although it may have been reduced to about
half that number by the Good Friday earthquake in 1964 (Kenyon, 1969). Throughout
most of the 20th century, the population demonstrated a fairly uniform growth trajectory, with an average annual increase of about 10% (Bodkin et al., 1999), resulting in
an estimated population size of 9284 animals in 2003.
Three stocks of sea otters are now recognized in Alaska (Gorbics and Bodkin, 2001).
The Southwest Stock includes the Aleutian Archipelago and the Alaska Peninsula east
to Kamishak Bay in lower Cook Inlet; the Southcentral Stock includes the Kenai
Peninsula, PWS, and south to Cape Yakataga; and the Southeastern Stock ranges
south from Cape Yakataga. Information on population sizes and trends indicates a
severely declining Southwest Stock, a stable Southcentral Stock, and an increasing
Southeast Stock (Table 5).
●

●

●

Southwest Stock: Despite a long period of steady expansion and population growth
through the 1980s, dramatic declines began by the end of the decade, averaging about
17 to 25% per year throughout the Aleutian Is. (Estes et al., 1998; Doroff et al., 2003).
Declines of similar magnitudes appear to have extended eastward into the GOA, from
the Alaska Peninsula to near Kodiak I. (USFWS stock assessment reports).
Southcentral Stock: While sea otter mortality in PWS was extensive as a result of
the 1989 Exxon Valdez oil spill, population recovery was evident by increases in
abundance in the spill area (Bodkin et al., 2002), although increases in some heavily
oiled areas were not evident. Four sound-wide surveys conducted from 1994 to 2003
indicated that the population has been stable at about 8500 individuals. Such stability appears to be characteristic throughout the range of this stock (Fig.52).
Southeast Stock: The southeast Alaska population resulted from translocation of
412 sea otters from Amchitka I. in the Aleutians and PWS between 1965 and 1969
(Jameson et al., 1982). Subsequent surveys indicated an average annual growth rate

Table 5: The status of Alaskan sea otter populations.
Stock

Status

Southwest
Southcentral
Southeast

Declining
Stable
Increasing

Estimated number
41,500
16,500
10,000
68,000

Sources
USFWS, USGS
USGS, USFWS
USGS, USFWS
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Figure 52: Estimated size of the Prince William Sound sea otter populations from
four aerial surveys, 1994–2003. Data from J. Bodkin (USGS, unpublished data).

of about 18% through 1995. A survey of southeast Alaska completed in 2003 indicated reduced growth since 1995 (J.L. Bodkin, unpublished data), except in Glacier
Bay where the population increased from zero in 1995 to more than 1200 in 2002,
undoubtedly a consequence of immigration from nearby occupied habitats in Icy
Strait and Cross Sound.

4.9.4. Potential causes of marine mammal population change
The unexplained collapse of the Western Stock of Steller sea lions in the northern
North Pacific Ocean beginning in the late 1970s has caused a great deal of legal,
scientific, and conservation activity in recent years because of three things: (1) the
magnitude of the decline, about 80%, that led to classification of the stock as
“Endangered” under the “Endangered” Species Act in 1997; (2) the widely held belief
that the decline was caused by food shortage; and (3) the perception that sea lions and
commercial fisheries compete for common prey, particularly walleye pollock. One of
the most startling outcomes was the appropriation of $120,000,000 of public money
to study the problem between 1999 and 2003.
But sea lions are not the only species of marine mammal of concern in the North
Pacific – harbor seals and sea otters have also collapsed by 80 to 90% over a similar
geographic scale in the GOA, Aleutian Islands, and Bering Sea. In addition, the fur
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seal herd on the Pribilof Is. has declined by over two-thirds since the 1960s and is
continuing to fall more than 6% per year since 1998 (York and Hartley, 1981; Trites
and Larkin, 1989; Towell, 2004). Among the many species of marine mammals in the
North Pacific, including great whales, dolphins, porpoises, and other pinnipeds, these
four species stand out because of the magnitudes and rates of their declines. None of
the other species are known to have undergone such changes, and some, such as certain whales, increased in number during this time.
Disease, contamination, redistribution, subsistence use, and commercial harvests have been discounted as important causes of any of the major declines of pinnipeds or sea otters in the North Pacific since the 1970s (Estes et al., 1998; Loughlin
and York, 2000; DeMaster and Atkinson, 2002; Paine et al., 2003), except in the
particular case of sea otters in PWS. As noted above, direct and incidental killing were
significant causes of mortality for harbor seals and sea lions in the 1950s and 1960s.
This likely had broadscale effects on the abundance of harbor seals and sea lions
in the GOA, particularly in southeast Alaska and British Columbia, and local
effects at several rookeries in the Kodiak Archipelago and eastern Aleutian Is.
Also, a misguided experimental harvest of fur seals on the Pribilof Is. in
1958–1965 caused much of the initial decline throughout the 1960s and the first
half of 1970s, and entanglement in marine debris in the 1970s and 1980s may have
further contributed to early declines (Fowler, 1987; Swartzman et al., 1990). Since
the early to mid-1970s, however, intentional and accidental killing probably have
not had effects on populations of any of these species locally or rangewide that
were large enough to explain the magnitude and rate of decline they all suffered
since then.
Nutritional limitation, because of general lack of prey or because of the lack of prey
of high nutritional quality, has been the leading hypothesis for the unexplained portions of the pinniped declines that began with harbor seals in the early 1970s (Alverson,
1992; Anonymous, 1993; Trites and Donnelly, 2003). Initially, it was thought that food
shortage had two effects that combined to cause the declines – starvation and reduced
productivity. Although there is some evidence for lowered productivity of sea lions, population models indicate that this was not sufficient to explain the collapse without greatly
elevated mortality of juveniles and adults (Pascual and Adkison, 1994; York, 1994;
Pitcher et al., 1998; Paine et al., 2003). Yet, despite the huge annual toll of sea lions
during the period of greatest decline in the mid to late 1980s, when as many as 25,000
animals disappeared from the population each year, a lack of reports of distressed
or emaciated sea lions (or of harbor seals or fur seals), on rookeries or haulouts in
summer, of thin animals taken by subsistence hunters in fall, winter, and spring, or
unusual numbers of dead sea lions or seals on beaches in any season, argued against
starvation or disease as a cause of high mortality (Hoover, 1988). Mortality from
nutritional limitation, disease, and pollution typically results in large numbers of
stranded carcasses, such as occurred during the morbillivirus outbreak in pinnipeds in
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the North Sea (see Section 3.5) and during El Niño events in the North Pacific when
many animals starve. Still, little is known about what happens to pinnipeds at sea at
many times of the year, especially in the juvenile age class, which is likely to be hit
hardest by food shortage. Yet, juvenile mortality alone could not account for the magnitude and rate of decline that was observed in harbor seal, sea lion, or sea otter populations in the 1970s, 1980s, and 1990s.
Lack of support for the starvation idea led to an important modification of the
nutritional stress hypothesis, applied to the particular case of sea lions. The modified
explanation was that nutrition was not so poor as to cause sea lions to die outright,
but was sufficiently poor to lower productivity and individual fitness and make them
much more susceptible to other sources of mortality such as disease and predation
(Trites and Donnelly, 2003). Trites and Donnelly further modified the hypothesis to
say that sea lions were physiologically compromised not because of an overall lack
of prey, but because of a lack of prey with high fat content. Because disease apparently was not important, that leaves predation as the most plausible “other source,”
or at least a dominant source among a suite of possible factors. The recent review by
the National Research Council (Paine et al., 2003) also failed to support the notion
that food shortage or disease was to blame for patterns of decline in the 1990s, but
instead implicated top-down processes such as predation. Paine et al. did not elaborate on the particular mechanisms of the sea lion collapse in the 1980s, beyond
saying it likely involved multiple agents. Their review also failed to support the idea
that commercial fisheries were responsible for perceived food shortages during the
decline.
More recently still, predation by killer whales has been proposed as a competing,
unified hypothesis to nutritional stress to explain much of the decline of all three
species of pinnipeds (Springer et al., 2003; Estes et al., 2004; Williams et al., 2004).
It follows from compelling arguments and the weight of evidence that killer whale
predation was responsible for the collapse of the sea otter population in the Aleutian
Is. (Estes et al., 1998). In that case, thorough studies were made of disease, redistribution, direct mortality, food availability, and other factors that might have been important to the otter population, but they were rejected as contributing in any important
way to the decline. According to the hypothesis, elevated killer whale predation was
not caused by lowered individual fitness of pinnipeds and otters, and thus increased
susceptibility to predation, but by a decline in the abundance of other prey of killer
whales, the great whales, that was brought on by industrial whaling following the end
of World War II.
So, what is the evidence for these two ideas – lack of food or predation, or both?
Are there similarities between observations of the various species? And, what are the
timelines? As we shall see, getting the timing right of when and where events
occurred and trends began is crucial to an understanding of the cause of the collapse
of these species of megafauna in the northern North Pacific.
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4.9.5. Harbor Seal Decline
The commercial and bounty harvests of harbor seals in the GOA in the 1950s and
1960s varied geographically in important ways. Very little seal killing occurred on the
south side of the Alaska Peninsula or in the Aleutian Is. Pups were targeted in summer
in the eastern Bering Sea (primarily Port Moller and Port Heiden on the north side of
the Alaska Peninsula); on Tugidak I., where 90% of the seals killed were pups; and
elsewhere in the northern GOA, including Yakutat, PWS, and Kodiak I. (K. Pitcher,
personal communication). In southeast Alaska, however, most seal hunting was done
by fishermen in winter, the off-season for fishing, and older seals including adults
were taken. Likewise, all age classes were killed in British Columbia.
Although juvenile mortality accounts for most mortality in populations, harbor seal
populations, like those of other pinnipeds and sea otters, are particularly sensitive to
adult mortality. Therefore, effects of killing pups versus adults on population demographics and stability must be born in mind when trying to understand the highly variable patterns in abundance of seals from British Columbia to the Bering Sea in the
past 3 to 4 decades. In British Columbia, and perhaps throughout the broader region
including southeast Alaska, reduction programs and commercial and bounty harvests
decimated seals in the 1950s and 1960s, and abundances were very low by the beginning of the 1970s. In contrast, harbor seal populations in the northern GOA were not
affected as greatly, even though substantial numbers of seals were killed. Harvests
were localized at particular rookeries and targeted newly born pups, many of which
would not have survived their first year of independence anyway, let alone survived
to adulthood. The Tugidak Is. case discussed above illustrates this difference nicely –
the capture of some 16,000 pups over a period of 9 years should have resulted in a
population decline of less than 30%.
At Tugidak Is., this initial portion of the harbor seal decline is therefore considered
to be “explained” by the pup harvest. However, the continuation and acceleration
of the decline after 1972 and the cessation of the harvest remains “unexplained.” Of
particular note is that this portion of the overall decline began well in advance of the
climate regime shift in the second half of the 1970s. Elsewhere in the GOA and
Bering Sea, harbor seals were clearly in decline from at least 1975–1976 onward, the
period when counts at most rookeries were first made. The idea that unexplained
declines began earlier than the mid-1970s is further supported by counts at Otter I.
(Pribilof Is.), which registered a 40% drop in abundance between 1974 and 1978.
Information on other aspects of harbor seal biology over time in the GOA is
limited to pupping dates at Tugidak I. Pupping dates there, as indexed by the date of
maximum pup numbers in the pupping period, were about 10 days later in 1976–1979
than in either 1964 or 1994–1998 (~22–25 June compared to 11–13 June; Jemison
and Kelly, 2001). The authors suggested two possible explanations – differences in
timing of when food was available to pregnant females and overall differences in the
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quantity or quality of prey. A third factor that can influence pupping dates, age structure of the population (older females tend to pup earlier than younger ones), was discounted: Jemison and Kelly argued that the large commercial pup harvests at Tugidak Is.
in the 1960s and early 1970s should have skewed the population towards older
females by the mid-1970s and, all other things being equal, they should have given
birth earlier on average than a younger population. Unfortunately, there is no information on the actual age structure of the population at any time during this interval.
The conclusion Jemison and Kelly reached in their study at Tugidak Is. was that
nutritional stress explained the later pupping dates in the mid to late 1970s. So, what
is the likelihood, based on information on harbor seals from Alaska and elsewhere,
as well as on their survival strategies, that (1) differences as great as this in pupping
dates would be owing to differences in food availability, (2) such differences in pupping dates would have demographic relevance because of related differences in the fitness of pups, and (3) the later pupping dates in the 1970s reflected decreased fitness
of adult females, and indeed the population in general (adults, juveniles, and young
of year) at other times of the year so severely that individuals would have been more
likely to not reproduce, to die of starvation, or to succumb to disease or predators?
In aggregate, could these possible effects explain the population collapse?
These questions are not easily answered, given the limited information available from
the GOA. Indeed, we know practically nothing about many aspects of harbor seal biology during difficult and critical times of the year outside the breeding season, for example, during winter for all age classes and during the first few months of independence for
pups when they must learn to forage for themselves and learn other survival skills necessary to live in an extreme and uncertain environment. However, we can look at data on
harbor seals from another population that is well studied as an example. On Sable Is.,
Nova Scotia, the harbor seal population has been declining for 15 years, plummeting
from about 625 animals in 1989 to fewer than 32 by 1997 and about 10 today (Lucas and
Stobo, 2000; Bowen et al., 2003; W. D. Bowen and S. Iverson, unpublished data).
The decline is similar in relative magnitude and duration to that at Tugidak Is., except that
the population at Sable Is., now at an all-time low, shows no sign of recovery.
Over this time at Sable I., there were no indications that food shortage during the
breeding season (or in the few months prior) contributed to the population decline.
For example, no interannual or long-term trends were seen in maternal postpartum
mass, pup birth mass, the rate of mass gain by pups during the lactation period, or
the mass of pups at weaning (Bowen et al., 2003). But, as with Tugidak I., there were
differences in pupping dates, which increased by 7 days over the course of the 1990s,
suggesting that implantation in females became progressively later, perhaps due to
nutritional stress (Bowen et al., 2003).
Support for nutritional stress of harbor seals at Sable Is. is found in information on
dietary overlap and competition. Harbor seals on Sable consume primarily sand lance,
flatfishes, cods, and herring, the same suite of prey consumed by the coexisting,
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larger grey seals (Halichoerus grypus) there (Bowen and Harrison, 1994, 1996).
The Sable Is. grey seal population has been growing exponentially for the past
40 years, and, whereas grey seals outnumbered harbor seals by about 20:1 in the late
1980s, they outnumbered them in the late 1990s by more than 500:1 (Bowen et al.,
2003). Thus, grey seals may have limited prey available to harbor seals, at least during
the fall, when females are beginning to implant and gestate.
The observations from Sable Is. suggest that the answer to question 1 above is that
nutritional status of female harbor seals likely is the explanation for variability in
pupping dates on Tugidak Is. However, the answers to questions 2 and 3 are that the
likelihood is low that later pupping dates led to reduced fitness of pups at weaning or
was related to debilitating physiological condition of females in the months prior to
or during the lactation period.
Although harbor seals are buffered by their economical, largely capital-based energetic strategy during the breeding season, nutritional stress at other times of the year
might have affected not only implantation date on Sable Is., but also female fecundity
and, thus, may have contributed to the population decline (Bowen et al., 2003). However,
even the complete cessation of pupping at Sable Is. would not have explained the coincident collapse of the population. In the GOA, reduced fecundity was apparently not
the cause of the population collapse on Tugidak I., as the pregnancy rate of mature
females in the GOA in the mid-1970s was 92%, similar to rates observed in healthy
populations elsewhere (Pitcher, 1990).
Another change in the population at Sable Is. was a decline in recruitment, indicating a decline in juvenile survival. This too might have been caused by nutritional
stress, but in this case it was more likely caused by predation. Indeed, the bulk of the
decline in harbor seals on Sable Is. has been attributed to predation by sharks, which
take animals of both sexes and all age classes, including adult females, which are
killed in disproportionate numbers (Lucas and Stobo, 2000; Bowen et al., 2003).
There was an obvious decline in recruitment at Tugidak Is. as well, and it too might
have been caused by reduced fitness of pups and juveniles that was caused by nutritional stress. The transition to independence by pups is a critical time, and mortality
of young-of-year and juvenile harbor seals and other pinnipeds in general is high.
There is no indication of fitness being so low that young harbor seals in the GOA died
outright, but there are few observations of seals in winter that would permit an evaluation of physiological condition. The only indication of the health of seals during
winter is the lack of reports of weak or thin animals taken by subsistence hunters or
of distressed or dead seals at haul outs or elsewhere. If fitness of juvenile harbor seals
in the GOA was compromised by a shortage of prey, it perhaps made them more susceptible to predation. Although there is the possibility of an interaction between the
two, the example at Sable Is. suggests that lowered fitness is not a prerequisite for
increased predation on juveniles, as sharks regularly take healthy adult females that
should be less vulnerable than even the fittest juveniles.
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Evidence of nutritional stress of harbor seals in the GOA based on diet information
is speculative. In general, harbor seals eat the usual forage species available in the
North Pacific, primarily including pollock, Pacific herring, capelin, eulachon, sand
lance, Pacific cod, salmon, octopus, and squid, as well as numerous miscellaneous
species (Pitcher, 1980; Iverson et al., 2003). But as noted above, the importance of the
various species to harbor seals changes considerably from place to place and from
season to season. For example, in both the Kodiak Is. region and in PWS in the
mid-1970s, salmon were important in summer, but were absent at all other times of
the year; Pacific herring were important in all seasons in PWS but never around
Kodiak; and octopus were important in all seasons in both places. Likewise in PWS
in the 1990s, Pacific herring and pollock were important to harbor seals in all locations sampled, but the seals were taking large individuals in the southern sound and
small individuals in the northern and eastern sound. Thus, harbor seals are clearly
generalist feeders, selecting from a diversity of prey and apparently choosing among
them those that are most abundant or energetically profitable at any time and place.
The diets and body condition of juvenile harbor seals in PWS were documented in
the late 1990s (1997 through 2000) and demonstrated the degree to which they make
use of diverse prey species (Iverson et al., 2003). Across all 4 years, newly weaned
pups were consistently heavy with very high body fat contents (42%) compared to any
other harbor seal populations studied, indicating that lactating females were not food
limited. Yearlings and 2–3-year-old juveniles also had comparatively and consistently
high body fat contents across years, suggesting no food limitation, at least in spring
and early summer. Diets of these yearlings and juveniles were dominated by mediumfat herring, low-fat pollock, and flatfish; however, they also included eulachon, sandlance, shrimp, and cephalopods. In other words, their diets were quite diverse.
Additionally, yearlings and juveniles with more diverse diets were in better condition
independent of prey species eaten, provided that some high-quality prey (such as
herring or very-high-fat eulachon) were obtained to balance the low-energy prey
consumed (Iverson et al., 2003).
Information on diets of harbor seals over longer intervals of time, such as decades,
is not available for most of the GOA. This is unfortunate as there is no way to evaluate the food limitation hypothesis for them based on possible change in diet. The only
information on long-term variability in harbor seal diets comes from PWS, where
herring and pollock were overall the most common prey in both the 1970s and 1990s.
It has been hypothesized that the change in composition of fish communities in the
GOA following the mid-1970s regime shift reduced the availability of nutritionally
high-quality prey to the point that harbor seals and sea lions were physiologically
compromised to such a degree that their populations collapsed for one reason or
another. However, flexible diets and flexible digestive physiology should buffer
harbor seals against variability in prey abundance, and, as we have seen, the decline
of harbor seals predated the regime shift by several years.
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Thus, the evidence that nutritional limitation of harbor seals caused their populations to collapse in the northern GOA and Bering Sea is weak. This is not to say that
there is no evidence that harbor seals responded to a change in prey quantity or
quality – later pupping dates in the 1970s demonstrated a sensitivity of seals to environmental conditions. If delayed pupping dates indicated nutritional limitations at
certain times of the year that translated into large negative impacts on juvenile foraging success, or were accompanied by changes in individual fitness and population
productivity, and if these persisted for several years, a decline in abundance would
hardly be surprising. For example, despite the capital-based energy strategy of harbor
seals, whereby most energy needed during lactation is acquired in the months prior to
parturition and stored as blubber, females still exhibit effects of variable prey abundance, or in their abilities to obtain it. On Sable Is., heavier females give birth to larger
pups that grow more rapidly and have higher survival than pups born of lighter
females (Bowen et al., 2001). Over time, populations of seals, like other species in the
sea, surely wax and wane as environmental conditions vary. But the buffers seals have
in their life history characteristics generally keep populations from undergoing radical fluctuations in abundance of the kind witnessed in Alaska, except in exceptional
circumstances such as outbreaks of disease, e.g. the morbilovirus outbreak in the
northeast Atlantic (see Section 3.5); starvation, as occurs during El Niño; and
predation, as occurred on Sable Is.
Harbor seals are known to be preyed upon by killer whales, but unfortunately little
is known about the distribution and food habits of killer whales at many times of the
year or how this may have influenced the collapse of harbor seals in the northern
GOA, Aleutian Is., and Bering Sea. Evidence from other regions has demonstrated
that killer whales can significantly affect the distribution and behavior of harbor
seals and that in one case in British Columbia, transient killer whale pods foraged for
much of their time near harbor seal haulouts and were almost 100% successful in 138
capture attempts (Baird and Dill, 1995). Of all transient killer whale attacks observed
since the mid-1970s in British Columbia and Washington, about 62% were on harbor
seals, and harbor seals are known to be one of the most common pinnipeds taken by
killer whales around the world (Weller, 2002). Clearly, killer whale predation could
have resulted in substantial mortality in some areas or populations in the North
Pacific.

4.9.6. Steller sea lion decline
Sea lions have been the subject of disproportionately more research in the past three
decades than harbor seals. Studies in the field and laboratory have been especially
intense in the years since the Western Stock was listed as endangered. Concerns that
sea lions might be in conflict with commercial fisheries led to restrictions on fishing
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activities around rookeries and haulouts, economic hardships for commercial fisheries, and huge Federal appropriations for sea lion – fisheries research.
Despite the attention and major advances in understanding of sea lion biology and
ecology that have come from all of those studies, little more is known about them in
terms of population change than is known about harbor seals. As with harbor seals,
sea lions were subjected to control programs in the 1950s and 1960s, and there was a
commercial harvest of pups. These efforts apparently caused less change in sea lion
abundance than they did for harbor seals. Still, it is possible that direct killing and
incidental killing in commercial fishing gear contributed to small localized and possibly broader declines by the 1970s (Paine et al., 2003). However, the beginning of the
collapse of the Western Stock in the northern and western GOA apparently did not
begin until about 1980, several years after the beginning of the harbor seal collapse.
The notion that a lack of food caused the collapse was based originally on three reports
from field studies suggesting that (1) sea lion diets changed from prey with high fat content to prey with low fat content after the 1970s, the so called “junk food hypothesis”;
(2) sea lions grew more slowly in the 1980s than in the 1970s; and (3) fewer female sea
lions carried their pregnancies full term in the 1980s (Alverson, 1992; Merrick and
Calkins, 1996; Calkins et al., 1998; Pitcher et al., 1998). All of these changes, as well
as the decline in general, are considered by many people to have resulted from the
regime shift of the mid-1970s and the effect it had on the structure of the fish community in the GOA (Francis et al., 1996; Trites and Donnelly, 2003). Laboratory studies of captive sea lions in the 1990s confirmed that they are sensitive to diet quantity
and quality (see Trites and Donnelly, 2003); however, these studies tested individuals
fed on only a single low-fat prey species, a situation likely not faced by sea lions in
the wild with a diverse assemblage of prey.
Several thorough reviews of the evidence of food limitation and other factors
(DeMaster and Atkinson, 2002; Paine et al., 2003; Trites and Donnelly, 2003) failed
to discover a sound explanation for the abrupt and rapid decline, and a recent review
of the junk food hypothesis as applied to the case of sea lions rejected the notion (Fritz
and Hinckley, 2005). Full accounts of those reviews will not be repeated here – we
will, however, examine several main issues in the context of sea lion life histories and
strategies for survival and the likelihood that nutritional stress could have caused the
precipitous collapse of the Western Stock of Steller sea lions.
The fundamental underpinning of the junk food hypothesis is diet. Diets of sea lions
in the GOA have been estimated in several periods since the 1940s from analyses of
stomach contents and scats. A small sample of sea lions was collected from a broad
region of the GOA in the summers of 1945 and 1946 (Imler and Sarber, 1947); large
samples were collected from southeast Alaska and the western GOA over four summers
from 1958 to 1962 (Mathisen et al., 1962; Thorsteinson and Lensink, 1962; Fiscus and
Bain, 1966); and large samples were collected from a broad region of the northern GOA
in all four seasons in the mid-1970s and in spring–fall in the mid-1980s (Pitcher, 1981;
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Calkins and Goodwin, 1988). In all of these studies, diets were determined by examining stomach contents. Lethally collecting animals for biological studies was discontinued
in the 1990s, and instead of using stomach contents, diets were estimated by identifying
prey remains in feces or scats (Merrick et al., 1997; Sinclair and Zeppelin, 2002). This
method is superior to the analysis of stomach contents in that very large numbers of
samples can be obtained, but otherwise is greatly inferior since the digestive tract of
sea lions is highly efficient, owing in large part to its unusual length (as described in a
preceding section), and few prey remains are passed in scats.
Recognizing that there are biases in estimates from these methods, it nevertheless
appears that diets of the sea lions collected in the mid-1940s in southeast Alaska and
the northern GOA (Chiswell Is., Barren Is., and Kodiak Is.) were dominated by pollock, with important amounts of flatfishes, particularly arrowtooth flounder, and
lesser amounts of salmon, Pacific cod, and other species. Sea lions collected from
southeast Alaska to Unimak Pass in the late 1950s and early 1960s had consumed few
pollock or flatfishes, but instead had been feeding primarily on capelin, sandlance,
and rockfish, and on lesser amounts of sculpins, octopus, and various other species.
Pollock was once again the predominant prey overall by the mid-1970s, a position it
continued to hold in the mid-1980s and throughout the 1990s. By the mid-1980s and
through the 1990s, flatfishes, again particularly arrowtooth flounder, also were
common prey. Throughout this span of over half a century in the GOA, diets in the
late 1950s to early 1960s stand out as anomalous.
This suite of prey overlaps broadly with prey eaten by harbor seals in the GOA.
Another characteristic sea lions share with harbor seals is dietary flexibility – within
years, sea lion diets vary considerably between regions and seasons. For example, in
common with harbor seals, sea lions appear to consume many more salmon and
capelin in summer than winter, and they consume more herring and squids in PWS
than elsewhere (Pitcher, 1981). And, as with harbor seals, this flexibility complicates
efforts to ascribe importance to particular prey.
The conspicuous difference between diets in 1958 to 1962 and later years, as well
as a small increase in the proportions of pollock and flatfishes in diets in the 1980s
and 1990s compared to the 1970s, have been proposed as evidence that a change in
prey quantity or quality was the cause of the sea lion decline. The argument hinges on
the fact that forage species such as capelin have a higher fat content than pollock and
flatfish, and thus their reduced abundance in diets led to lowered fitness, reduced productivity, and population decline (Merrick et al., 1997; Calkins et al., 1998; Pitcher
et al., 2000; Trites and Donnelly, 2003). The principal evidence for food limitation
and reduced individual fitness is that sea lions appeared to grow more slowly in the
late 1970s and early 1980s than they did prior to the 1970s regime shift, and the proportion of adult females that carried pregnancies to full term declined in the 1980s.
While it does appear that growth was slower in the 1980s than the 1970s, growth
in the 1970s was actually slower still than in the late 1950s. Calkins et al. (1998)
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measured age 9+ female sea lions and found that animals were significantly larger
(standard length and axillary girth) in the 1970s compared to the 1980s. Since body
size is influenced most during the first 8 years of life, Calkins et al. (1998) backdated
8 years from the mid-1980s to determine the break point for the reduction in size –
the late 1970s – and concluded that these data supported the nutritional stress hypothesis. This conclusion has been generally interpreted to support the hypothesis that
the sea lion decline resulted from the mid-1970s regime shift in the North Pacific and
the detrimental effect it had on critical forage species; despite the caution, the authors
noted that evidence of a direct link between suboptimal nutrition and the decline
was lacking. Calkins et al. (1998) further reviewed similar growth rate data obtained
from a sample of sea lions collected in 1958 from within the range of the 1970s and
1980s collections (Fiscus, 1961; Mathisen et al., 1962). Age 9+ female sea lions
(age range 9 to 22 years) in 1958 were significantly larger than in the 1970s, and
the authors raised the possibility that growth rates had been in decline since well
before the 1970s (Fig.53). Backdating 9 to 22 years from 1958, to see when growth
was important in setting the size of the older females collected then, yields 8-year
intervals of 1936–1944 as the critical years for the oldest females and 1949–1957 for
the youngest. Thus, female sea lions collected in 1958 grew to large sizes during a
period when diets, for at least a portion of the interval, apparently consisted primarily
of gadids and flounders. Applying the same procedure to the size data from the mid1970s yields 8-year growth intervals of approximately 1959–1967 for the oldest
(16 years) and 1968–1976 for the youngest. Thus, the oldest animals from the 1970s
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Figure 53: Historic changes in sea lion growth rates. Data from
Calkins et al. (1998).
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underwent their 8 critical growth years during a period of what is thought by some to
have been prey nirvana, yet they were conspicuously smaller than animals from the
preceding “junk food” era of the 1940s.
Two conclusions emerge from this analysis. The first one is that since growth rate
likely is an indication of nutritional state, then sea lions in the GOA experienced suboptimal nutrition during a large portion of the 20th century. The second conclusion is that
the significance of the 1977 regime shift on growth rates of sea lions in the GOA is lost.
The other evidence from field studies that sea lions in the Western Stock were nutritionally compromised is the decline in the ratio of females that conceived to those that
gave birth in the 1980s compared to the 1970s (Pitcher et al., 1998). Although this too
is compelling and a likely indicator of suboptimal nutrition, the difference in productivity that would result from the change is far too small to account for the collapse of
the population that occurred over the short interval of about a decade. Furthermore,
as the complete record of declining growth rates tells us, there is no reason to suppose
that declining productivity did not begin prior to the 1970s as well.
Diets of sea lions throughout the northern GOA and Aleutian Is. in the 1990s were
much the same as in the 1980s (Sinclair and Zeppelin, 2002). They were dominated by
pollock and flatfishes in the northern GOA and by Atka mackerel in the Aleutians.
In contrast, sea lions in southeast Alaska enjoy a greater diversity of prey and higherquality diet than animals in the Western Stock (Winship and Trites, 2003), and this has
been offered as a reason for the opposite population trends. Nevertheless, the physical
condition in the past decade of adult females and pups in the Western Stock has been
excellent and equal to or superior to that of females and pups in the Eastern Stock in
southeast Alaska (Merrick et al., 1995; Davis et al., 1996, 2002; Adams, 2000, Rea
et al., 1998, 2003). Likewise, Western Stock maternal attendance patterns and foraging
trip durations in summer and attendance patterns at haul outs in winter are similar to
those in southeast Alaska (Brandon, 2000; Milette and Trites, 2003). Therefore, it
appears that despite an expensive, income-based energey budget, the suite of sea lion
survival strategies has effectively buffered animals of the Western Stock from theoretically adverse effects on individual fitness of existing in an environment replete with
“junk food.” Given their large body size and proportionately even larger digestive tract,
it is probable that, as with other large mammals such as bears, sea lions can compensate for a lack of food quality by consuming poorer-quality foods in abundant quantity
(e.g. Schaller et al., 1985; Stirling and Derocher, 1990; Welch et al., 1997)
Despite demonstrations that captive sea lions can be put into negative energy balance when fed single-species diets of low nutritional quality and will lose weight
steadily until switched to high-quality diets (Rosen and Trites, 2000), there is no evidence of such radical effects on sea lions in the wild in Alaska, nor of any individuals consuming diets comprising single prey species. The small declines in growth
rates from the 1950s to the 1970s to the 1980s and in full-term pregnancy rates from
the1970s to the 1980s were subtle by comparison, and are of the kind that might help
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maintain a population in dynamic equilibrium with prey resources such that abundance fluctuates somewhat about a long-term mean. The nature of sea lion life history
characteristics, as described above, supports this view. None of this supports the idea
that nutritional limitation precipitated the collapse of sea lions in the 1980s any more
than evidence of a subtle response of harbor seals to suboptimal prey availability supports nutritional limitation as the cause of their population collapse.
Yet, something did cause the collapse of the Western Stock of sea lions, just as
something caused the collapse of harbor seals several years earlier. The conclusion of
the National Research Council was that at least since the 1990s the decline bears characteristics of top-down forcing, or predation (Paine et al., 2003). And, if predation is
the cause of declining numbers in recent years, why should it not be considered a
factor in the collapse?
Indeed, sea lions in the GOA are preyed upon in substantial numbers by killer
whales (Heise et al., 2003). In one famous case, flipper tags (identification markers
applied to the flippers of sea lion pups) from 14 sea lions were found in the stomach
of one killer whale that beached in PWS in 1992. Those animals had been marked at
Marmot Is. (near Kodiak Is.) 2 to 5 years earlier. Killer whales are known to prey on
sea lions throughout the GOA as, for example, at the Chiswell Islands, where one was
recorded on remote video link circling a haul out (Fig.54). Plausibility analyses
using energetics models of killer whales, demographic models of sea lions, and estimates of the abundance of transient killer whales in the GOA indicate that killer
whales would have been capable of causing the collapse of sea lions in the 1980s

Figure 54: A transient killer whale stalking a group of Steller sea lions in the
Chiswell Islands. Photo taken from video monitor (photograph courtesy of
J. Maniscalo, Alaska SeaLife Center).
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(Springer et al., 2003; Williams et al., 2004). The lack of evidence of severe food shortage during the period of rapid decline in the 1980s, and the ability of sea lions in recent
times to easily cope with prey considered by some to be nutritionally poor further
argue that predation could have been a major factor in sea lion population dynamics.

4.9.7. Sea Otter Population Changes
Our view of coastal marine communities and the role of sea otters in those communities has been shaped to a large degree by what we have observed during the 20th century, as sea otter numbers grew from a few hundred animals distributed over
thousands of miles of shoreline to many tens of thousands of individuals occupying
more than half of their historic range. Suitable, unoccupied habitat remains primarily
in southeast Alaska, and it would appear likely that in the absence of increased mortality sea otter populations there will continue to recover.
Annual adult female sea otter reproductive rates are nearly invariant (85 to 90%)
among those populations studied, with most females producing a single offspring
annually (Monson et al., 2000). In contrast to generally high and constant reproductive
output, survival appears to be the life history character resulting in variation in population size (Estes and Bodkin, 2002). Young sea otters are subjected to two periods of
elevated mortality during their first year of life. The first immediately follows birth and
is likely highest among first-time mothers. The second follows weaning at about
6 months of age. Survival of young sea otters is likely influenced by the age and experience of the mother and the availability of food resources (Bodkin, 2003). Where food
and space are abundant (e.g. recently recolonized areas), females will be in better condition (greater mass per unit length) and their offspring will benefit through increased
survival. Conversely, in long-established populations, where food may be a limiting
resource, females will weigh less per unit length on average and their offspring may
suffer elevated mortality. If a juvenile survives through its second year of life, survival
probability remains high until about the age of 10 (Monson et al., 2000). As with
harbor seals and sea lions, sea otter population sizes usually appear to be regulated primarily by mortality (principally starvation) of young during the first year of life (Estes
and Bodkin, 2002). In California and the Aleutian Islands, while at or near equilibrium
densities, only about half of the pups reach weaning age, and fewer than half of those
survive to their first birthday. At Kodiak Is. during early recolonization, when females
were in relatively good condition, post-weaning survival was nearly 90% (Monson
et al., 2000), demonstrating the importance of food resources in population regulation.
We know little about how sea otter prey populations respond to variability in primary production in the Gulf of Alaska. Diets of sea otters in the soft sediment habitats of the GOA (PWS and Kodiak Island) consist predominantly of clams (>70%)
(Dean et al., 2002), although in PWS dungeness crabs were important prey until
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depleted by otters (Garshelis et al., 1986). On Kodiak Is., mussels become more abundant in otter diets in areas where clams have been depleted by otters (Doroff and
DeGange, 1994). Among rocky reef habitats throughout their range, urchins, crabs,
snails, and mussels are common prey (Estes and Bodkin, 2002). However, the nature
of community structure, survival strategies of invertebrate prey species, and the relatively small magnitude of interannual variability in macrophyte production in the benthic food web tend to dampen fluctuations in productivity compared to pelagic food
webs. Over longer intervals, increases in prey available to sea otters should eventually
have positive effects on population sizes. Conversely, as prey becomes less available,
there is evidence that individuals respond through declining mean weights and
reduced survival (Bodkin et al., 2000).
As local population densities reach equilibrium with food and space resources,
large, abrupt declines in those populations might occur under stressful conditions,
such as during a harsh winter. For example, recently at Bering Is. (Commander Is.,
Russia), sea otters experienced a major winter die-off and the population declined
from about 5000 animals to 3000 in a single year (Bodkin et al., 2000). Nearly 80%
of the recovered carcasses were male, leaving the surviving population with a higher
proportion of females. Similar phenomena might be expected as recovery continues
in regions where sea otters have not recently declined, particularly on individual
islands where emigration might be limited, or in local mainland areas where the distance to unoccupied habitat exceeds the dispersal distance of sea otters. For example,
in southeast Alaska, as unoccupied habitat shrinks and growing populations come into
equilibrium with their food resources, it seems unlikely that we will continue to see
the high growth rates we observed in the 20th century.
However, the catastrophic, widespread declines of sea otters of the magnitude witnessed in the Aleutian Is. and Alaska Peninsula in the past decade were unexpected
and appear to have been unrelated to food resources, traditionally considered to be a
primary factor regulating sea otter populations. Nowhere were there observations of
unusual numbers of stranded carcasses as there were recently during the decline in the
Commander Is. Nor is there evidence that direct or indirect human removals in
modern times affected sea otter populations. There is strong evidence, at least for the
Aleutian Is., that predation by killer whales was the principal cause of the collapse
(Estes et al., 1998), which began about 10 years after the start of the sea lion collapse.
Similar information is not available from the Alaska Peninsula, but predation is
certainly a contributing factor to sea otter mortality throughout the species range.

4.9.8. Conclusions
Harbor seal, sea lion, and sea otter populations in Alaska have all been reduced at
times by irresponsible killing by people. In the case of sea otters, they were nearly
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exterminated 200 years ago. More recently, in the 1950s and 1960s, bounty programs,
commercial hunting, and other control efforts had local and regional effects on the
abundance of harbor seals and sea lions, with the greatest depletions in southeast Alaska
and British Columbia but much less effect in the northern GOA and Aleutian Is. By the
early 1970s, the abundance of all three species was relatively high in the northern and
western GOA and low in the eastern and southern GOA.
Since the 1970s, we have witnessed a series of unexplained population collapses
throughout the region of former abundance. The first species to go from much of its
range were harbor seals, beginning in the early 1970s. Their collapse was followed by
that of sea lions, and in another 10 years, of sea otters. The leading, long-standing
explanation for the collapses of harbor seals and sea lions has been nutritional limitation. It was based on observations that pupping dates of harbor seals were delayed and
that sea lions grew more slowly and females achieved fewer successful pregnancies
during the periods of decline in the 1970s and 1980s.
Furthermore, it was thought the regime shift of the mid-1970s was to blame for
these changes because of the negative effect it had on the structure of forage fish communities in the GOA. But, the problem with the nutritional limitation hypothesis is
that the apparent changes in individual fitness were not of a magnitude sufficient to
cause starvation, and there is no other evidence that starvation did occur. The more
subtle effects on fitness that were observed in adults were not sufficient to cause a
population collapse otherwise. Still, we must remember that there is much we do not
know about harbor seals or sea lions in winter and during the first 1 to 2 years of independence when most juvenile mortality occurs, likely at sea.
The problem with the regime shift hypothesis for these collapses in the northern
North Pacific marine mammal populations is that the unexplained portion of the harbor
seal collapse on Tugidak Is., as well as the beginning of the unexplained portion of the
recent decline of fur seals in the Bering Sea, began well in advance of the regime shift.
Had food limitation caused a reduction in juvenile survival, and thus recruitment, that
precipitated the collapse of the whole population, it would have had to begin many
years prior to the onset of the collapse, such that the adult population would have had
time for senescence and begin dying en masse by the early 1970s. There is no evidence
for this scenario either. A reduction in juvenile recruitment certainly could have
occurred, and while it is a significant regulator of populations, there is no evidence that
it could have been so severe as to cause such a precipitous population collapse.
Furthermore, the collapse of sea lions in the eastern GOA and of sea otters in the
Aleutian Is. and western GOA occurred in the 1990s, long after the mid-1970s regime
shift. In neither case is there evidence that food limited those populations.
The mid-1970s regime shift has also been invoked to explain the increases in abundance of harbor seals and sea lions in southeast Alaska and British Columbia for a
related reason – the positive effect it had in that region on forage fish species and
communities. This notion is based on observations of inverse production regimes in the
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broad region of the northern GOA and Bering Sea compared to the region from southeast Alaska to the Pacific Northwest. That is, when conditions are good in the north and
west, they are poor in the east and south, and visa versa, because of the ways ocean
physics in these regions are, or may be, differentially influenced by variable meteorological forcing over the North Pacific (Wickett, 1966; Chelton and Davis, 1982;
Hollowed and Wooster, 1992; Gargett, 1997; Francis et al., 1998; Hare et al., 1999).
While evidence for broadscale, east–west physical asymmetry in the GOA is compelling, as is evidence that it affects biology at lower and intermediate trophic levels,
such a complex regime shift–phase shift mechanism is hardly needed to explain the
increasing pinniped populations in southeast Alaska and British Columbia. A more
likely explanation is simply that protections enacted in Canada and the US in 1970
and 1972, respectively, against the irresponsible commercial and bounty programs of
the 1950s and 1960s reversed the fortunes of pinnipeds and set the severely depleted
populations on courses of recovery. The only question is why recovery has been so
slow? Could it be poor nutrition and/or predation?
The ability of pinniped life history strategies to successfully buffer populations
against apparent effects of food limitation was recently demonstrated for elephant
seals, the largest phocid seal, and relative of harbor seals, in the North Pacific.
Elephant seals breed on islands off the coast of California, but feed in the central and
northern GOA. Beginning in the mid-1970s (or earlier – the record does not begin
until 1975), weaning weights of pups declined in association with increased foraging
trip durations of adult females and a decline in the mass females gained during their
post-breeding foraging trip, both indications of reduced foraging success, i.e. reduced
prey availability (Le Boeuf and Crocker, 2005). All trajectories changed sign in the
late 1990s, at about the time of the 1998 regime shift, indicating improved prey availability. Yet, despite the negative effects on individuals of apparently suboptimal nutrition from the mid-1970s through the mid-1990s, the population nevertheless grew
substantially during that era, increasing at the Año Nuevo colony from 605 pups born
in 1975 to 2500 in 2004.
None of this is to say that regime shifts and climate change that alter the nature of
physical forcing are not important in structuring marine ecosystems. They clearly are,
particularly at lower trophic levels, and this provides a mechanism for bottom-up regulation of populations at higher trophic levels. Nor is it to say that marine mammals
are immune to the possible effects of fluctuations in prey – its abundance, quality, or
spatial distribution – and nutritional limitation in the northern North Pacific in the past
half century. On the contrary, they are sensitive as indicated by changing pupping
dates of harbor seals and changing growth rates and rates of fetal abortion in sea lions.
But, radical effects of environmental change on population dynamics of species at
lower trophic levels is attenuated at higher and higher levels in the food chain because
of the buffers provided by strategies for survival of progressively longer-lived,
more k-selected species. The comparatively mild individual responses to suboptimal
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nutrition of pinnipeds are of the kind that would reasonably be expected to adjust
long-term population dynamics and maintain abundances in equilibrium with prey,
not of the magnitude to explain population collapses. Nutritional limitation was never
offered as an explanation for the sea otter collapse, which has been blamed instead on
predation by killer whales.
Population dynamics of harbor seals, sea lions, and sea otters are believed to be
driven generally by recruitment success, i.e. by juvenile mortality. However, there are
few empirical data on juvenile survival for most species. In turn, juvenile mortality may
be due to poor nutrition and starvation, or disease and predation, both of which could be
exacerbated by poor nutrition. However, population dynamics of all three species during
their respective crashes also had to necessarily include high adult mortality, for which
there was no evidence of starvation or disease. The most parsimonious explanation is
that, while there could have been a suite of factors affecting individuals, the strategies
for survival that these species have evolved to cope with uncertain environments, different as they are, were successful in buffering populations against the most common kind
of variability, that of prey abundance, but may have been inadequate to save them from
effects of a highly unusual change in predation pressure. Similarities and patterns in the
magnitude (~89 to 90%), timing (7 to 10 years between events), and spatial extent
(western GOA, Aleutian Is., southeast Bering Sea) of harbor seal, sea lion, and sea otter
declines, in addition to weak support for nutritional limitation as causing their collapse,
further imply that top-down forcing effects, not previously considered as important in
the dynamics of marine mammal populations, must be considered. Whichever is the
case, nutritional limitation or predation, these are unprecedented events in the recorded
history of pinniped populations of the North Pacific.

4.10. Crabs and Shrimps
Gordon Kruse
4.10.1. Introduction
Some of the species with the most widely fluctuating populations in the Gulf of
Alaska are invertebrates. Invertebrates are an extremely large and diverse group of
organisms that include copepods, clams, sea urchins, squid, abalone, and many others.
As with many groundfishes and unlike many marine birds and mammals, invertebrates typically offer little to no parental care for their young. However, some
(e.g. crabs) carry a clutch of developing embryos for nearly one year until hatching,
when larvae become free swimming. It is generally believed that invertebrate population fluctuations are largely driven by factors affecting larval and juvenile survival,
including advection by ocean currents, food availability, and predation.
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In this chapter, long-term changes in populations of red king crab (Paralithodes
camtschaticus), tanner crab (Chionoecetes bairdi), and northern (sometimes locally
called “pink”) shrimp (Pandalus borealis), are examined, as well as some potential
responsible mechanisms. Fisheries take place for other crab and shrimp species in the
Gulf of Alaska, but changes are most well documented for these three species. These
three provide the best case studies of invertebrate population dynamics in the Gulf of
Alaska, because of a relatively long history of stock assessment surveys by state and
federal fishery management agencies owing to the high commercial value of these
species. In contrast to many of the groundfishes, most crab and shrimp stocks in the
Gulf of Alaska crashed to low levels of abundance in the late 1970s and early 1980s.
Even after 25 years, the causes of these spectacular collapses remain a matter of much
debate. Because of their divergent life history strategies and population trajectories,
crabs and shrimps provide revealing contrasts with other taxa discussed so far. In this
chapter, we will examine several of the leading theories for these declines.

4.10.2. Long-term Dynamics of Shrimp Stocks
The trawl fishery for northern shrimp in the central and western Gulf of Alaska and eastern Bering Sea is an excellent example of a boom-bust fishery. Small recorded landings
were first recorded in the late 1950s, but the fishery did not take off until the late 1960s
(Fig.55). Peak landings of approximately 68,000 mt were taken in 1973 and a second
peak of 59,000 mt in 1977. Thereafter, the fishery collapsed to just 15,000 mt by 1980
and was closed in most areas by 1983. Commercial harvest is not always indicative of
population size, so it is difficult to infer trends in shrimp abundance from catch records
alone. Whereas landings declined during the late 1970s to early 1980s because of declining abundance, landings are unlikely to be indicative of changes in stock abundance
during the development phase of the fishery in the 1950s and 1960s. Thus, fishery-independent surveys are preferred methods for estimating patterns in shrimp abundance.
Small-mesh trawl surveys have been conducted in the central and western Gulf of
Alaska by ADF&G and NMFS since 1953. Primary survey locations included Prince
William Sound, lower Cook Inlet, Kodiak Island, and the south side of the Alaska
Peninsula, including Pavlof Bay. These data were analyzed for trends in northern
shrimp survey catches for Kachemak Bay in lower Cook Inlet (Bechtol, 1997) and all
areas combined (Anderson et al., 1997; Anderson and Piatt, 1999; Anderson, 2000).
Unfortunately, survey gear and methods were not standardized during the early years,
so catch rates, measured as catch-per-unit-effort (CPUE), among locations and agencies are comparable only since 1973.
Analyses of aggregated survey data indicate that the proportion of shrimp in the
total (all taxa) survey catches declined slightly during 1972 to 1976, and then declined
exponentially through the late 1980s (Fig.56). Examination of aggregate CPUE data
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Figure 55: Historical yearly shrimp landings in from Prince William Sound,
Cook Inlet, Kodiak, Alaska Peninsula, Chignik, Aleutian Islands, and eastern
Bering Sea (from Kruse et al., 2000).

since 1973 indicates that relative abundance of northern shrimp remained high in
1974–1975, and the sharp decline began in 1976. The analysis was conducted by
aggregating CPUE data across all survey areas, and the data were further smoothed
using 3-year running averages (Fig.56). Obviously, this approach blurs area-specific
differences. A length-based population analysis of northern shrimp in Kachemak Bay
alone reveals a more complicated trajectory (Fu et al., 1999). This stock increased
from a moderate level in 1971 to high levels during 1973–1975, declined to moderate
levels during 1976–1977, returned to high levels during 1978–1979, and declined
exponentially thereafter (Fu et al., 1999). This contrasts with trends in commercial
catch in Cook Inlet; harvests peaked in 1980–1981, and the fishery did not fully collapse until 1983–1984 (Bechtol, 1997).

4.10.3. Long-term Dynamics of Crab Stocks
King crab fisheries in the Gulf of Alaska were developed by Japanese fishermen in the
late 1930s. Small domestic catches were taken since the late 1930s, but landings were
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Figure 56: Proportion of shrimp and nonshrimp species in small-mesh
survey catches in the northern and western Gulf of Alaska during 1953 to 1997
(from Anderson, 2000). Proportions represent 3-year running averages of
aggregates across all survey areas.

not recorded from Cook Inlet and Kodiak until the 1950s (Fig.57). In lower Cook Inlet
(Kachemak and Kamishak Bays), landings peaked at nearly 4000 mt in 1962–1963
and then declined in the mid to late 1960s owing to damage of fish processing facilities from the 1964 earthquake. Landings improved somewhat in the 1970s, but then
stock abundance declined in the early 1980s, and this fishery has been closed since
1983. Landings in Kodiak peaked at nearly 43,000 mt in 1965–1966, stabilized at
5000 – 11,000 mt in the late 1960s until the early 1980s when landings declined
sharply, and the fishery has been closed since 1983.
Most tanner crab fisheries in the Gulf of Alaska began in the late 1960s or early
1970s, largely as a result of increased interest triggered by the decline of fisheries for
red king crabs. The tanner crab fishery in Prince William Sound peaked at 6300 mt
in 1972–1973, associated with improved prices following king crab declines.
Landings in the sound declined to just 215 mt in 1988 before it was closed (Fig.58).
The domestic fishery for tanner crabs in Kodiak began in 1967, peaked at 15,000 mt
in 1977–1978, and declined until closed in 1993–1994.
In the northern and western Gulf of Alaska, assessment surveys have been conducted on a number of stocks of red king and tanner crabs. The longest time series
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Figure 57: Historical landings of red king crabs in Cook Inlet, Kodiak, Aleutian
Islands, and Bristol Bay (from Kruse et al., 2000). Catches for all areas except
Bristol Bay are listed by fishing season (e.g. 1970 refers to the 1970–1971 winter
fishing season).

Figure 58: Historical tanner crab landings in Prince Williams Sound, Cook Inlet,
Kodiak, Chignik, south Alaska Peninsula, and eastern Bering Sea (from Kruse et al.,
2000). Years represent either calendar year or fishing season (e.g. 1970 means
1970–1971 winter season), depending on area and year.
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covers Kodiak red king crab, which is also the best-studied crab stock in the gulf. Pot
surveys were conducted during 1973 to 1986, and trawl surveys have been conducted
annually since 1986. Collie and Kruse (1998) estimated historical abundance and
recruitment of Kodiak red king crab using catch-survey analysis, a population estimation model that links survey and catch data to estimate catchability of crabs by pots.
Estimated abundance of legal males was high (7 to 11 million crabs) during 1973 to
1975, declined to moderate levels (~4 million) by 1978, increased slightly (5 to 6 million) during 1979 to 1981, and fell to very low levels (<1 million) thereafter.
The number of recruits (those crabs that just molted to legal size) were moderate in
1973, peaked in 1974, declined to moderate levels in 1978, increased slightly during
1979 to 1981, and declined thereafter.
Zheng and Kruse (2000) examined recruitment patterns (trends in the size of
cohorts or year-classes) of 15 Alaskan crab stocks from southeast Alaska to the Bering
Sea, including 8 crab stocks in the northern and western Gulf of Alaska – red king
crabs from Kamishak Bay, Kachemak Bay, Kodiak, and south Alaska Peninsula, and
tanner crabs from the same locations. Recruitment was lagged to year of egg hatch
(brood year). After an increase in the late 1960s, year-class strength declined sharply
during the early 1970s for all red king crab stocks in the northern Gulf of Alaska
(Fig.59). Outside the northern Gulf of Alaska, trends diverge from this “gulf” pattern.
Although the pattern for Bristol Bay red king crab is similar, patterns for red king
crabs in southeast Alaska and Norton Sound differ markedly. Recruitment patterns for
tanner crabs are more intricate (Fig.59). Similar to red king crabs, tanner crab recruitment declined from the late 1960s to early 1970s and has been generally low since the
1980s. Unlike red king crabs, tanner crab recruitment was mixed in the 1970s,
depending on the stock. The pattern for Kamishak Bay was most divergent, with some
relatively strong year-classes in the late 1970s and 1980s. Although recent surveys
suggest some slight improvement in tanner crab recruitment in some areas, only the
Kodiak tanner crabs have improved sufficiently to warrant a small fishery during 2001
to 2003 of less than 375 mt annually. Otherwise, fisheries for red king and tanner
crabs are closed in the central and western Gulf of Alaska because of low abundance.
Bering Sea crab stocks (e.g. tanner, snow, and blue king crabs) had very divergent historical trends from these patterns in the Gulf of Alaska. Similarly, in their analysis of
100 climate and biological data sets, Hare and Mantua (2000) also noted some differences in species patterns among the Gulf of Alaska and eastern Bering Sea.

4.10.4. Climate Forcing
Is Climate Important to Invertebrate Populations?
The climate regime shift in the late 1970s has been proposed to have caused a community reorganization that included a decline of northern shrimp and some forage fishes
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Figure 59: Time series of normalized (log-transformed) recruitment indices for
eight crab stocks from Zheng and Kruse (2000). Red king crab and tanner crab
stocks and their abbreviations are South Peninsula (SPRK, SPTC), Kodiak
(KODRC, KODTC), Cook Inlet – Kamishak District (CIKRK, CIKTC), and
Cook Inlet – Southern District (CISRK, CISTC).

in the Gulf of Alaska (Anderson and Piatt, 1999). Pacific salmon experienced a general increase in abundance subsequent to the regime shift; one hypothesis for this
increase is an intensification of the Aleutian low-pressure system in winter, which promoted increased phytoplankton and zooplankton production and standing stocks that
led to enhanced feeding conditions and survival of outmigrating salmon smolts. If this
mechanism was responsible for the increase in salmon, at least at face value it does not
seem to explain declines in other taxa, such as forage fish species, shrimps, and crabs.
Most dynamics of exploitable crab and shrimp stocks appear to be explained by
variability in recruitment, although parental stock size has some effects on recruitment in some stocks, at least at low stock size (i.e. strong year-classes rarely result
from small parental stocks). Recruitment is periodic, not regular, and it seems that
strong year-classes likely result when a number of factors affecting survival all line
up favorably, an apparently rare event. Crab and shrimp stocks wax and wane as these
occasional large year-classes grow in body size and recruit to the adult population and
then age as natural and fishing mortality take their tolls on the survivors.
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Koslow (1984) suggested that positive correlations in recruitment among stocks
within species or among closely related species over large geographic areas are
indicative of a role of large-scale physical forcing. Likewise, Zheng and Kruse (2000)
interpreted the “gulf pattern” – the relatively strong correlation of recruitment
trends among king and some tanner crab stocks in the northern and western Gulf of
Alaska – as indicative of a relatively strong role of climate-forced effects on crab
stocks as opposed to other factors. For stocks with the gulf pattern, the declining trend
in abundance since the early 1970s was similar to indices of the strength of the
Aleutian low, seemingly consistent with regime-shift theory (Francis et al., 1998).
However, one irony is that their decline in recruitment actually started in the early
1970s, 3 to 6 years prior to the regime shift in 1976–1977. In the rest of this chapter,
we consider potential mechanisms for climate control of crab and shrimp populations
in greater detail, along with other potential explanations for the observed dynamics of
these invertebrates.

Shrimp and the Match–Mismatch Hypothesis
Because swings in crab and shrimp abundance seem to be driven largely by recruitment, most attempts to unravel the mystery of invertebrate population dynamics
involve theories about factors affecting early-life survival. Anderson and Piatt (1999)
invoked Cushing’s (1995) match–mismatch hypothesis to attempt to explain why
some fishes and invertebrates declined in the face of a general increase in ocean
productivity (see Box 4). They noted that biomass peaks of Neocalanus copepods are
1 to 2 months later during cold years than warm years. Larvae of most shrimp and
crabs hatch in late spring or early summer, as well as larvae of forage fishes such as
capelin. Thus, shifts to earlier plankton blooms, prior to shrimp egg hatch, could
result in a mismatch between shrimp larvae and their zooplankton prey. On the contrary, earlier plankton blooms could benefit groundfishes, many of which are winter
spawners. However, as cooler temperatures delay the spawning time of northern
shrimp (Apollonio et al., 1986) and prolong embryo incubation (Nunes and
Nishiyama, 1984), the match–mismatch hypothesis would apply only if temperature
differentially shifts the timing of the plankton bloom relative to the shift in larval
shrimp hatching. Field studies are required to carefully evaluate potential changes in
the match of the spring bloom and shrimp hatch timing.
The potential role of the match–mismatch hypothesis is intriguing, but climate can
influence shrimp stocks through other mechanisms. For instance, a decline of 2 to 3°C
in bottom temperature was associated with a 40% increase in fecundity of northern
shrimp in the Gulf of Maine (Apollonio et al., 1986). Thus, recruitment could increase
due to direct effect of temperature on reproductive output. Also, within temperatures
of 3 to 9°C, total hatch and viable hatch was highest at 3°C, and upon yolk exhaustion,
these larvae were also larger compared to viable larvae reared at warmer temperatures
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(Nunes and Nishiyama, 1983). So, larger larvae, associated with colder incubation
temperatures, are expected to have greater chances of survival. So, temperature can
regulate shrimp reproduction and survival by climate forcing, regardless of potential
additional effects on a match or mismatch between shrimp larvae and their prey.

Box 4: MATCH–MISMATCH HYPOTHESIS
by Gordon Kruse
David Cushing’s match–mismatch hypothesis suggests that the magnitude of
individual year-classes varies, in part, due to year-to-year differences in the
timing of fish spawning with respect to timing of the spring bloom of primary
production (Cushing, 1995). Cushing (1969) noted that the timing of spawning of
many fishes in the North Atlantic Ocean is virtually fixed at the same time each
year, varying at most by one week. Noting that the onset of the spring plankton
bloom varied by 4 to 6 weeks in the North Atlantic Ocean, he surmised that the
chances of larvae finding food must vary from year to year. Cushing argued that,
if climate change is to affect fish recruitment, it would have the greatest impact
during the larval stage through variations in the availability of food. The mechanism linking climate to the timing of the spring bloom is often called the Gran
effect or the Sverdrup mechanism. During winter, cooling of the surface waters
and strong winter winds create a well-mixed ocean in which nutrients at depth are
brought to the surface. Despite the high concentrations of nutrients near the surface, a bloom cannot occur because phytoplankton cells are regularly mixed to
depths too dark for photosynthesis to occur. However, as spring approaches, the
frequency of strong winter winds subsides and more intense solar radiation creates a stratified water column with warm water at the surface and cool water at
depth. This stratification causes mixing to be confined to the upper illuminated
layers of the ocean, thereby allowing the bloom to occur as phytoplankton cells
now experience high concentrations of nutrients and ample sunlight (see also
Section 2.3). Climate regulates the timing of this stratification, and hence the
timing of the spring bloom, by modulating the frequency of storms, and their
associated winds (mixing) and cloud cover (incident sunlight). When the spring
bloom is poorly matched with the relatively fixed spawning time of fishes, poor
survival will lead to a weak year-class. If the timing is good, then fewer larvae
will starve, and the chances for a strong year-class are much improved.

Red King Crab and the Match–Mismatch Hypothesis
The match–mismatch hypothesis motivated an intensive study of red king crab recruitment dynamics in Auke Bay, southeast Alaska, in 1985 to 1989 called APPRISE,

Ch04-N52960

8/22/06

11:15 AM

Page 381

Long-term Change

381

Association of Primary Production and Recruitment in Subarctic Ecosystems (Shirley
and Shirley, 1989, 1990). However, incident light, not temperature, drives the timing
of the spring bloom in Auke Bay (Ziemann et al., 1990). The timing of the primary
bloom is nearly fixed and begins during the first or second week of April, whereas
secondary blooms in May and June are triggered by increases in nutrient concentration associated with wind-mixing events. Under controlled laboratory conditions, the
incubation period of red king crab eggs is highly dependent on temperature; hatching
occurs after 207 days at 12°C and 305 days at 3°C (Shirley et al., 1990). In the
APPRISE study, there was no relationship between larval survival and temporal synchrony of crab larvae with the spring bloom, so the match–mismatch hypothesis was
rejected in this case (Shirley and Shirley, 1989, 1990).

Reconciling the Match–Mismatch Hypothesis among Shrimp and Crabs
On face value, these red king crab findings for Auke Bay seem contrary to the
match–mismatch hypothesis for shrimp, but recall that Anderson and Piatt’s (1999)
hypothesis concerned the role of temperature on the timing of the bloom of zooplankton, not phytoplankton. In fact, Anderson and Piatt did not mention phytoplankton in
their match–mismatch hypothesis. Although the phytoplankton bloom in Auke Bay
depends primarily on incident solar radiation and not temperature, zooplankton
blooms in Auke Bay are related to temperature. For example, in Auke Bay
Pseudocalanus populations peaked in late April in 1986, late May/early June in 1987,
and late March or early April in 1988 and 1989 (Coyle and Paul, 1990). Coolest late
winter/early spring temperatures occurred in 1986 and warmest in 1988, a trend fairly
consistent with the progressively earlier dates of Pseudocalanus population peaks
from 1986 to 1989. Noting that Auke Bay is a small, partially closed embayment in a
system of fjords in southeast Alaska, it may not be possible to generalize these results
to the entire Gulf of Alaska.
A comparison of the ecology of crab and shrimp species may shed more light on
the veracity of the match–mismatch mechanism. As mentioned in Section 2.5.5,
diatoms, especially Thalassiosira spp., appear to be important prey of red king crabs,
whereas copepods, particularly nauplii of Pseudocalanus, are common food of tanner
crabs. Tanner crab zoeae are larger and faster swimmers than early red king crab
zoeae, so their ability to capture larger, more elusive prey is not very surprising.
So, even if a temperature-driven mechanism is discounted for red king crab larvae
because temperature does not regulate the timing of the phytoplankton bloom, it
remains plausible for crab larvae that eat copepod nauplii, such as tanner crabs owing
to the apparent positive effect of temperature on copepod reproduction and development (Smith and Vidal, 1984). So, where do northern shrimp fit in? Early-stage northern shrimp larvae reportedly prey mainly on diatoms, although some copepods are
also eaten (Stickney and Perkins, 1981). Given this, one might expect that it may be
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more important for shrimp larvae to match the phytoplankton bloom (as with red
king crab), rather than the zooplankton bloom (as with tanner crab). So, the
match–mismatch hypothesis begs further scrutiny for shrimp.

Other Potential Climate-forcing Mechanisms and Red King Crab
Zheng and Kruse (2000) sought to identify a mechanism to explain the similarity
between Aleutian low-pressure dynamics and recruitment patterns of red king crabs
(and some tanner crabs) in the Gulf of Alaska (Fig.59). They noted that red king crab
larvae must feed within 2 to 6 days of hatching in order to survive (Paul and Paul, 1980),
and growth of the survivors is directly related to concentrations of Thalassiosira (Paul
et al., 1990). In the 5-year APPRISE study in Auke Bay, phytoplankton species composition was greatly influenced by short-term weather (Bienfang and Ziemann, 1995).
In years when winds were light and the water column was stable, Thalassiosira dominated the spring bloom of phytoplankton. In years of stronger vertical mixing, such
as might be expected during intensified Aleutian lows, a more well-mixed water
column supported a spring bloom comprising a more diverse phytoplankton community. Zheng and Kruse (2000) set these observations within the regime shift context
by suggesting that years of intensified Aleutian lows (e.g. post 1976–1977) may be
associated with stronger water-column mixing in late winter/early spring and lower
Thalassiosira abundance, thus adversely affecting feeding success and survival of
larval red king crab. That is, total primary production may be less relevant to red king
crab larval survival than phytoplankton species composition – in particular, the predominance of Thalassiosira diatoms. This differs from the match–mismatch hypothesis in that it is the species composition of the spring bloom, not the timing of the
bloom, which may determine larval crab survival. Of course, red king crab larvae may
feed largely on Thalassiosira simply because they are generally dominant in the
spring bloom, not because they are preferred prey. In any case, this hypothesis seems
consistent with the limited observations in Auke Bay, but empirical testing of broader
applicability to the northern gulf remains to be carried out.

Climate Forcing and Tanner Crabs
An emerging understanding is that tanner crab recruitment patterns (Fig.59b) and their
causative mechanisms are more reflective of local, rather than regional, conditions than
previously appreciated. The most detailed study of tanner crab recruitment was conducted in Bristol Bay, eastern Bering Sea (Rosenkranz, 1998; Rosenkranz et al., 2001).
There is evidence that warmer sea surface temperatures during May–June are associated with years of stronger tanner crab year-classes. Warmer temperatures favor
growth of Pseudocalanus populations (Smith and Vidal, 1984), so warmer sea temperatures during spring may favor feeding success of tanner crab larvae because of
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higher prey densities. Moreover, it appears that two other mechanisms operate:
warmer bottom temperatures favor tanner crab gonadal development and egg incubation, and winds blowing from the northeast along the Alaska Peninsula during spring
promote coastal upwelling while advecting larvae offshore to soft bottom sediments
used as nursery areas. Regression models with wind and bottom temperature
explained about 50% of the recruitment variability of tanner crabs in Bristol Bay.
However, as with any exploratory analysis, these results should be revisited to determine if they stand the test of time.
Nonetheless, it seems that multiple factors and local conditions (e.g. wind direction
relative to coastline orientation) may foil attempts to find simplistic one-size-fits-all
explanations to tanner crab declines over the broad region of the northern Gulf of
Alaska. The greater diversity of recruitment patterns of tanner crabs compared to red
king crabs (Fig.59) is consistent with a more important role of local, rather than
regional, factors. However, as discussed in the rest of this section, there may be other
explanations for these recruitment patterns.

4.10.5. Biological Controls
As described in the section on the Cascade Hypothesis, top-down controls through
predation can have major impacts on ecosystem structure. As a corollary hypothesis
to their match–mismatch hypothesis, Anderson and Piatt (1999) suggested that predation contributed to the declines of forage species subsequent to the late 1970s regime
shift. They suggested that a negative correlation between groundfish predators
(e.g. Pacific cod, arrowtooth flounder, and halibut) and forage species (e.g. shrimp,
capelin) supports the notion that the Gulf of Alaska is moderated by predation.
Is there other evidence for the role of groundfish predation on declines of shrimp
abundance in the northern Gulf of Alaska? There is some evidence from surveys and
commercial fishery data that there was a change in the abundance and distribution of
Pacific cod in the 1970s. Cod biomass increased steadily from the late 1970s to the late
1980s and since then has steadily declined to late 1970s levels (Thompson et al., 2003).
Strong recruitment in the late 1970s was at least partly responsible for the increase in
biomass. Aside from changes in cod abundance, changes in distribution may have
occurred. During the early 1970s, cod were infrequently observed in inshore bays
occupied by northern shrimp. By the late 1970s, they were frequently encountered in
these nearshore areas and remained common in nearshore waters even though cod
and shrimp biomass have both declined. Anderson et al. (1997) suggested that warmer
temperatures allowed cod to remain in inshore bays throughout winter, instead
of migrating offshore after temperatures became cooler nearshore. At GAK1,
temperature anomalies up to 4°C below the long-term average were common prior to
1977; since 1978, anomalies more than 1°C than average have been rare. Pacific cod
are winter spawners, and both cod spawning activity and egg hatch success are
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associated with temperatures of 2.5 to 8.5°C (Alderdice and Forrester, 1971). So, if
nearshore temperatures dropped below this range, cod would be expected to move to
warmer waters for spawning. Studies elsewhere seem to support this proposition. For
instance, the degree of overlap between Pacific cod and their prey (including northern
shrimp) was significantly correlated with temperature in the eastern Bering Sea
(Kihara and Shimada, 1988). Also, the extent of cod migrations and their spatial distribution are maximized when stock abundance is high and Bering Sea temperatures
are warm (Stepanenko, 1997). So, effects of warmer temperature on the movement of
Pacific cod into nearshore bays, and associated increases in shrimp predation, seem
quite plausible for the northern Gulf of Alaska.
Additional support for the role of predation on shrimp declines comes from a
detailed study of the Kachemak Bay stock of northern shrimp. Natural mortality was
the most important factor controlling this stock during the late 1970s and early 1990s
(Fu et al., 1999). In particular, a strong increasing trend of natural mortality seems to
have been responsible for the crash of the stock in the 1980s. This trend virtually parallels increasing trends in cod abundance from trawl surveys in Kachemak Bay, indicating that intensified predation by cod was likely to be responsible for the shrimp
decline (Fu and Quinn, 2000). Moreover, moderate levels of recruitment during the
mid-1980s failed to stem the decline, presumably because predation remained high.
Similarly, an examination of Pacific cod stomachs led Albers and Anderson (1985) to
suggest that cod predation was the cause of the decline of a lightly fished stock of
northern shrimp in Pavlof Bay, Alaska.
Additional evidence for the role of predation on shrimp population dynamics
comes from the North Atlantic Ocean. Worm and Myers (2003) conducted a metaanalysis of data from nine regions in the Northwest and Northeast Atlantic from the
Gulf of Maine to the Barents Sea to test whether northern shrimp and Atlantic cod
(Gadus morhua) are consistent with top-down (e.g. predation) or bottom-up (e.g.
climate forcing) hypotheses. The top-down view emerged as the leading hypothesis,
because eight of the nine regions exhibited inverse correlations between shrimp and
cod. Exceptions occurred only near the southern range limits of both species on both
sides of the Atlantic. Shrimp biomass was strongly negatively related to cod biomass
but not to temperatures. Cod biomass was positively related to temperature but the
strength of the shrimp–cod relationship weakened at higher temperatures. Another
meta-analysis of the relationships between temperature and recruitment in nine North
Atlantic cod stocks revealed negative relationships for stocks located in warm water
and positive relationships for stocks in cold water (Planque and Frédou, 1999).
Detailed studies of specific shrimp populations in the Atlantic Ocean indicate that relationships with cod and temperature may be more complex, but predation was invoked as
a partial explanation for shrimp population dynamics in most areas. For instance, the
western Scotian Shelf contains broad areas of suitable fine-sediment habitat for shrimp,
but distribution and abundance of shrimp is typically restricted by patchy areas of
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marginally suitable temperatures (Koeller, 2000). Shrimp abundance increases to commercially exploitable levels only after ocean temperatures decline to favorable levels.
In addition to habitat and temperature, predation by cod contributed to trends in shrimp
abundance in this region since 1977 (Koeller, 2000). On the northeast Newfoundland
shelf, it appears that the initial increase of shrimp biomass in the early to mid 1980s was
unrelated to cod, but a subsequent, larger increase in shrimp in the 1990s was related to
the collapse of the cod stock (Lilly et al., 2000). In the Barents Sea, the abundance of cod
and shrimp are significantly correlated over 1982 to 1998, and cod stomach data suggest
that age 3 to 6 cod have the strongest impacts (Berenboim et al., 2000).
Similar to Worm and Myers (2003), Zheng and Kruse (2000) tested top-down and
bottom-up hypotheses involving five crab and three groundfish stocks in the eastern
Bering Sea. Only one statistically significant relationship between predator and prey
was found, and this involved Pacific cod predation of 1-year-old red king crabs. Using
updated datasets, statistical support was found for a predation relationship between
yellowfin sole and red king crab, as well (Zheng and Kruse, 2006). However, analyses of Pacific cod stomachs in the eastern Bering Sea do not indicate that cod eat large
numbers of young red king crabs. Interestingly, molting adult female red king crabs
are consumed by cod in spring in the Bering Sea, but consumption rates cannot
explain the crab stock declines (Livingston, 1989). Likewise, in the Gulf of Alaska,
field sampling of groundfish stomachs generally do not indicate heavy predation on
red king crabs. During 12 years of red king crab pot surveys, only 77 (0.6%) of 46,125
cod stomachs contained red king crabs, some of which may have consumed the crab
while in the crab pot (Blau, 1986). A review of multiple studies of the feeding habits
of groundfish in the gulf indicated typically low rates of king crab predation (Tyler
and Kruse, 1996). However, definitive conclusions are difficult, because of a relative
lack of stomach samples from cod sampled in shallow waters where young-of-theyear king crab settle. Also, it must be remembered that most groundfish stomachs are
sampled starting in early summer, whereas most adult male red king crabs molt in late
winter and early spring. So, the paucity of king crabs in cod stomachs may result from
a sampling bias regarding time (adults) and space (young).
Conversely, a stronger case exists for the role of predation on tanner crabs owing
to higher consumption rates of ages 0 and 1 crabs (Lang et al., 2003). Despite this
empirical evidence for a heavy predation of young tanner crabs by cod, conclusive
evidence of the role of predation on tanner crabs at the population level remain to be
demonstrated.
In the Bering Sea, crab population dynamics seem to be largely driven by fluctuations in recruitment, with two notable exceptions. Sharp increases in mortality of
juvenile and adult crabs were associated with the declines of red king crabs in Bristol
Bay in the early 1980s (Zheng et al., 1995a,b) and blue king crabs off St. Matthew
Island in the late 1990s (Zheng and Kruse, 2002). It remains unclear whether these
increases in mortality were attributable to predation or other factors, but high rates of

Ch04-N52960

386

8/22/06

11:15 AM

Page 386

Long-Term Ecological Change in the Northern Gulf of Alaska

predation on adult and subadult crabs are unprecedented. Moreover, although fishing
is highly unlikely to be involved in the decline off St. Matthew Island, the potential
for fishing effects (e.g. discards in the directed crab fishery and/or bycatch in trawl
fisheries) cannot be discounted in the case of elevated mortality of red king crabs in
Bristol Bay. Mass mortality from disease and sharp changes in environmental conditions (e.g. temperature) are alternative speculations.

4.10.6. Fishing Effects
Kruse et al. (1996) calculated an “overfishing” biological reference point for Kodiak
red king crabs based on F30% (equating to a 41.1% harvest rate of legal males), the
fishing mortality rate that reduces spawning stock biomass of male crabs to 30% of
the unfished levels. If one accepts this definition, then it appears that overfishing
occurred during 1966–1968 and 1980–1982. Abundance of legal male king crabs
declined coincident with overfishing from 30 million crabs in 1964–1965 to 6 million
in the late 1960s. During the autumn 1966, Kodiak fishermen began to report significant numbers of mature barren females (McMullen and Yoshihara, 1969). Much sampling during 1968 found large concentrations of unmated mature females on the
southeast side of Kodiak Island (McMullen, 1968; McMullen and Yoshihara, 1969).
In April–May 1968, trawl samples revealed that 76% of mature females in Kaguyak
Bay were not carrying eggs and had not mated – a most unusual observation.
Female:male sex ratio was 72:1. This unusual percentage of unmated females was
attributed to heavy fishing (Powell et al., 1973; McMullen and Yoshihara, 1969).
In Kodiak, harvest rates were reduced to 14 to 33% during 1969–1972 and legal
males rebounded to 14 million crabs in 1972. However, the stock crashed to <1 million legal males in 1983 after severe overfishing in the early 1980s (harvest rates
peaked at 80% in 1982). In a more formal assessment of stock abundance and harvest
rates, Collie and Kruse (1998) likewise concluded that harvest rates <40% generally
corresponded to periods of stable or increasing abundance and periods of harvest
>40% corresponded to periods of stock decline and that the highest harvest rates
(>80% for Kodiak) corresponded to the sharpest declines. Although there is evidence
for periods of overfishing, red king crab population dynamics are very complex and
cannot be explained by fishing alone (Kruse et al., 1996).
Orensanz et al. (1998) went beyond these findings for Kodiak red king crab and
concluded that evidence of overfishing of Alaskan crustacean stocks in general was
compelling: “From a managerial perspective, the pattern and magnitude of the collective rise and fall of the crustacean fisheries of Alaska are such that overfishing has to
be considered as the default working scenario.” The motivation for this conclusion
was the serial pattern of collapse, starting with the most valuable species closest to
ports to the most-distant, least-valuable species.
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While this argument is intriguing, Orensanz’s conclusions are controversial and,
clearly, declines of all Alaskan crustacean stocks cannot be explained by fishing
alone. Year-class strength of red king crabs in Bristol Bay began declining after 1970,
well before the heaviest catches in the late 1970s and 1980. Also, some lightly fished
northern shrimp stocks experienced similar declines to shrimp stocks that were fished
(Anderson, 1991). Similarly, a simulation study of northern shrimp in Kachemak Bay
showed that no alternative harvest strategies could have altered the fate of the stock,
because natural mortality, not fishing mortality, was the most important contributor to
its collapse (Fu et al., 1999). If fishing had a greater role in crab and shrimp declines,
operative mechanisms would seem to have to involve effects of fishing that have yet
to be demonstrated, such as genetic selection, disruption of mating systems, or deleterious effects on stock productivity by habitat disturbance. Research has begun to
investigate such subtle but potentially insidious effects of fishing in the North
Atlantic, and similar studies should be conducted in Alaska.

4.10.7. Conclusions
Causes of crab and shrimp declines in the late 1970s and early 1980s remain uncertain, but some conclusions can be drawn about probable factors. For northern shrimp,
cod predation appears to have played an important role in the declines. A regime shift
of the late 1970s was not only associated with several strong cod year-classes, but
warmer temperatures may have facilitated an influx of cod into bays occupied by
shrimp. Laboratory experiments and field studies in the North Atlantic on the same
species suggest that the deleterious effect of warmer temperatures on shrimp reproduction may have triggered a series of year-class failures at the same time that predation increased in the late 1970s. Evidence is weak, but equivocal, for a prominent role
of a match–mismatch hypothesis in shrimp declines.
Regarding red king crabs, some connection to Aleutian low-Pressure dynamics, as
indexed by the PDO, seems likely, given the similarity of trends of red king crabs
stocks over the broad expanse of the northern Gulf of Alaska. However, the fact that
king crab recruitment began to decline in the early 1970s and continued through the
1980s, suggests a progressive deterioration in conditions favorable to their survival,
rather than a simple shift from a regime with one set of environmental conditions in the
late 1970s to another regime with a different set of conditions, as suggested for other
species. The match–mismatch hypothesis was tested and rejected for red king crabs.
Instead, field studies suggest that phytoplankton species composition may be much
more important than timing of the zooplankton bloom. In particular, red king crab survival may be favored by predominance of Thalassiosira diatoms in the spring bloom.
This diatom is associated with relatively calm winds and a stable water column,
presumably associated with the cool-phase of the PDO. Yet, this and other causative
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mechanisms remain speculative. Other beneficial effects of cool ocean temperatures on
red king crab cannot be discounted. It seems unlikely that predation played much of a
role in the decline of red king crab, but definitive conclusions are not possible owing
to the lack of sampling of groundfish predators in shallow, nearshore waters, where
young-of-the-year red king crabs settle and during late winter, when adult males molt.
Instances of overfishing have been demonstrated for red king crabs, but even in these
cases, overfishing cannot fully explain crab stock declines.
For tanner crabs, it seems clear that recruitment is affected by local rather than
regional conditions. Causes of tanner crab population changes are not simplistic, and
they seem to involve multiple factors at multiple timescales. Three mechanisms seem
to combine to explain most of the variability in tanner crab recruitment in Bristol Bay:
(1) warmer bottom temperatures favor tanner crab gonadal development and egg incubation, (2) winds blowing from the northeast along the Alaska Peninsula during spring
promote coastal upwelling while advecting larvae offshore to soft bottom sediments
used as nursery areas, and (3) warmer sea surface temperatures during May–June favor
growth of calanoid copepods that are preyed upon by tanner crab larvae. Cod prey on
young tanner crabs at high levels, but strong associations between cod abundance and
tanner crab recruitment are not readily apparent, at least in the Bering Sea. Studies of
tanner crab stocks in the northern Gulf of Alaska are required to determine the generality of the three mechanisms that may be operating in Bristol Bay.
In general, simple, single-factor hypotheses are unlikely to fully explain the remarkable
changes in invertebrate populations observed in the northern Gulf of Alaska. Development
of comprehensive life-stage-based models (e.g. Tyler and Kruse, 1996a,b, 1997, 1998) is
one step toward understanding the causes of shrimp and crab population changes in the
northern Gulf of Alaska. Such models are useful, not only because of their ability to evaluate the consistency of alternative hypotheses with available empirical evidence within a
logical framework, but they provide a means to organize existing information and to identify gaps in knowledge that require laboratory experiments and field studies. A better
understanding of crab and shrimp population dynamics in the northern Gulf of Alaska
remains a challenge for invertebrate researchers in the 21st century. What ecosystem and
regulatory changes must happen for these valuable invertebrate species to recover, and can
similar collapses be avoided in the future? Time may provide these answers.
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