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ABSTRACT: Capelin are a major component of cod diet in many ecosystems of the North Atlantic. In
the Bering Sea, however, the percentage of capelin found in Pacific cod stomachs is negligible. We
hypothesize that the landscape (or ‘seascape’) features of hydrography and bathymetry of the Bering
Sea impose a constraint on the distribution of cod and capelin that contributes to their spatial segregation and ultimately, to their uniquely weak trophic link. We analyzed a long-term data collection
(1972 to 2001) on Pacific cod and capelin catches and feeding interactions, and developed a new
metric to quantify the spatially explicit overlap between a predator and a prey. Our analysis indicates
that cod and capelin distributions respond to the thermal conditions of the Bering Sea. Typically, a
frigid water mass is present on the middle portion of the shelf, and cod distribution is confined to the
southern side of the cold pool, while capelin is confined to the north. However, in warm years the
middle shelf is penetrated by thermal gateways (between 1 and 6°C), allowing cod to invade the
capelin habitat. In this situation, when cod and capelin overlap, cod feed heavily on capelin. The
annual index of cod and capelin overlap is correlated with the Pacific Decadal Oscillation (PDO)
index, a climate indicator of the North Pacific. The width of the thermal gateways in the middle shelf
is also correlated with the PDO. These results point to a direct causal link, from climate and thermal
conditions of the Bering Sea shelf, to cod and capelin distribution, and ultimately to their overlap and
trophic interactions.
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In terrestrial ecosystems, the role of the landscape on
species distributions and ecological processes is wellestablished (e.g. Turner 1989), but this field is less
developed in oceanic ecosystems (Taylor et al. 2002).
The landscape over which a species ranges is described by its characteristics, such as fragmentation,
patchiness and continuity, as well as by consideration
of how it may change on temporal and spatial scales.
Over time, landscapes may vary in character and continuity due to natural or man-made disturbances. The

ocean landscape (perhaps more aptly termed ‘seascape’, e.g. Barlett & Carter 1991) is not just a result of
topography (or landforms), but involves the interaction
of currents, hydrography, bathymetry and atmospheric
conditions, and thus the ocean landscape is labile. The
landscape of pelagic ecosystems is critical to their
functioning, affecting habitat extent, transport of
planktonic life stages, corridors between different
habitats, retention features, and aggregations of predators and prey (e.g. Rose & Leggett 1990). The study
of ecological processes influenced by the landscape,
such as predator-prey interactions, falls within the
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divided into 3 distinct pelagic zones based on
realm of landscape ecology. One aspect of species
hydrography: the outer, middle and inner shelves.
interactions is the role of landscape dynamics in the
These domains are separated by 2 frontal regions at
overlap of predator and prey distributions.
the 50 and 100 m isobaths that are created by tidal
In many of the world’s northern seas, the predatorinteractions with topography; the outer shelf lies seaprey relationship of cod Gadus spp. and capelin Malloward of the 100 m front, the middle shelf zone is
tus villosus results from their overlapping distributions
between the 50 and 100 m fronts, and the inner shelf
(Lilly 1994, Rose & O’Driscoll 2002), and very often this
is inland of the 50 m front (Stabeno et al. 1999;
relationship forms a trophic interaction of high releFig. 1). Different plankton assemblages are found in
vance for the entire ecosystem (Carscadden et al. 2001,
each zone (Cooney 1981, Cooney & Coyle 1982). The
Dolgov 2002). In the Barents Sea for example, Atlantic
Bering Sea has been impacted by shifts in climate
cod Gadus morhua feed on capelin all year round. The
regimes; for example, a climate regime shift that
importance of capelin in the cod diet varies from year
occurred in the late 1970s had dramatic effects on
to year, and the amount ranges from 11 to 56%
biological communities (Benson & Trites 2002). A
(Nakken 1994). Capelin are also a critical component
weaker shift may have occurred in 1989, but the
of cod diet in other areas where their distributions
effects were apparently not long-lasting (Bond et al.
overlap, including the northwest Atlantic (Lilly 1991)
2003).
and the seas around Iceland (Palsson 1997) where
In this study, we examine the link between landcapelin is about 10 to 40% of and 25 to 90% of the cod
scape dynamics, climate forcing and ecological interannual average diet, respectively.
actions between cod and capelin in the eastern Bering
In contrast, capelin play a relatively insignificant
Sea. We argue that the features of the landscape in the
role in the diet of the Pacific cod Gadus macroBering Sea constrain their overlap, resulting in a
cephalus in the eastern Bering Sea. Generally, capelin
uniquely weak trophic link compared to other regions.
make up about 1% of the diet of cod in the Bering Sea
Furthermore, we hypothesize that climate forcing can
(Mito 1974, 1979, Livingston 1991, Livingston &
influence the ecological interactions between cod and
deReynier 1996). While relatively little is known about
capelin by modifying the landscape constraint of their
the overall capelin abundance in the Bering Sea,
distributions. Through this study, we demonstrate the
capelin have been historically identified as a key link
importance of spatial dynamics on oceanic species
in the food chain. Capelin are an important compointeractions, an outlook that may provide a fresh
nent of the diet of many seabirds, seals and whales
viewpoint of the link between landscape, climate and
(Frost & Lowry 1981, Lowry & Frost 1981, Springer et
species variability in marine ecosystems.
al. 1987, Loughlin et al. 1999). Furthermore, declines
of capelin stocks have been proposed
as a potential cause of a declining
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Fig. 1. Map of the eastern Bering Sea with the location of the surveyed grid from
1979 to 2001. From 1972 to 1978, the surveys varied from this standardized plan
Sea is broader than 500 km. It is
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MATERIALS AND METHODS
Data collection. Data on Pacific cod and capelin distribution (i.e. catch at location) were taken from the
bottom trawl survey of the Alaska Fisheries Science
Center (AFSC, see Nebenzahl 2001; Fig. 1). The sampling gear consisted of an 83-112 eastern otter trawl,
with 25.3 m headrope, 34.1 m footrope and 32 mm
codend mesh liner. Sampling occurred during the summer months, typically from the end of May to the end
of July. The sampling grid of the AFSC survey has
been the same since 1979, but collections are available
on an annual basis since 1972. The post-1979 sampling
plan includes a total of 356 stations, from the 20 to the
200 m isobath, over a regular grid with stations spaced
20 nautical miles apart (Fig. 1). In the vicinity of
St. Matthew and the Pribilof Islands sampling was
more intense. The surveyed grid only covers the southern portion of the eastern Bering Sea shelf, and capelin
can extend further to the north and west (Naumenko
1996). However, for studying factors affecting the overlap between cod and capelin in the eastern Bering Sea,
the surveyed region should be sufficient, as cod are
most abundant in the sampled area (Bakkala 1984).
Before 1979, the coverage of the survey was variable,
particularly over the inner shelf, while the middle and
outer shelf were, for the most part, fully sampled. In
our analysis, we combine data from the entire sampling period, i.e. 1972 to 2001, and discuss the potential bias introduced by the variable sampling coverage
before 1979.
At each station, along with capelin and cod catches,
bottom depth, and bottom and surface temperatures
were also recorded. Catch per unit effort (CPUE) of
capelin and cod was recorded as biomass over area
swept (kg ha–1). We assume that the reported capelin
catches, even though they are not accurate estimates
of the actual abundance, are appropriate as relative
indices of abundance, and therefore are suitable to
study distribution patterns. In addition, we assume that
since capelin are pelagic, they are caught in the bottom trawl net while the net is hauled back (i.e. catches
are integrated over the water column). Thus, any
change in capelin vertical distribution is not likely to
influence their catchability. Indeed, in a year where
both pelagic and demersal trawl surveys were conducted, the distribution patterns were nearly identical
(Brodeur et al. 1999).
The cod CPUE considered in this study only includes
specimens of Age 3 and older, as younger juvenile cod
feed predominantly on macrozooplankton prey. The
partition between age groups of cod catches was based
on a year-specific age-length key. Typically, cod of
340 mm (standard length) and above are Age 3+. From
1985 to the current surveys, cod length was recorded

in over 95% of the stations, from 1981 to 1985 in more
than 70%, and from 1972 to 1980 the percentage
varied from 0% (in 1974) to 76% (in 1979). For stations
where no lengths were recorded, we applied the average length distribution of the entire survey to the stations’ missing data. For the survey in which cod
lengths were not recorded (i.e. 1974), we applied an
average length distribution derived from the 1973 and
1975 surveys.
Incidences of cod feeding on capelin (i.e. percent by
weight of capelin found in cod stomachs) were taken
from the AFSC diet database (Livingston & deReynier
1996). The database includes stomach content analysis
of commercially important groundfish species of the
Bering Sea. Records are available on an annual basis
and data for Pacific cod date back to 1975.
Data analysis. Spatial and annual averages of cod,
capelin and bottom temperatures were assessed as
follows:
T

spatial averages:

X as =

∑ xas,t
t =1

T

(1)

St

annual averages:

X a,t =

∑ xas,t
s =1

St

(2)

where X is the averaged variable specified by the subscript a (1 = cod, 2 = capelin, 3 = bottom temperature,
1 · 2 = overlap metric between cod and capelin), x is
the value of the variable a recorded at the station s and
year t, T is the total number of years sampled, and St is
the total number of stations sampled during the year t.
By applying Eq. (2) to a pre-selected group of stations,
we estimated annual averages of cod and capelin over
sub-portions of the sampled areas. These are the
‘inner-middle shelf’ defined as the area north of 57.5°
latitude and shallower than 70 m depth, and the ‘outer
shelf’ defined as the areas south of 57.5° latitude.
We hypothesize that the formation of habitat junctions or corridors between the outer and the inner shelf
allows a greater overlap between cod and capelin.
Critical and ephemeral (i.e. variable on an annual
base) habitat junctions in the Bering Sea are linked
with the thermal condition throughout the shelf. For
example, in years when bottom temperature is high,
there are areas between the outer and middle shelf
which are within the ‘comfort zone’ of Pacific cod (i.e.
>1°C; Perry et al. 1994), and which may allow cod to
invade the middle and inner shelf. In this study, we
focus on the width of the areas between 1 and 6°C
(herein referred to as ‘thermal gateway’) measured
across the middle shelf (i.e. 50 to 100 m isobath) of the
Bering Sea. To assess whether the width of the gateway can influence cod and capelin movements, we
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estimated, by applying Eq. (1), cod and capelin average distributions over periods of ‘narrow’ and ‘wide’
thermal gateways. Narrow thermal gateways were
those with width value below the median and viceversa for wide gateways.
We assessed the overlap between cod and capelin
(x1·2) as the product between the distance-weighted
cod and capelin CPUE (x̂1, x̂2, respectively) at the
examined station s:
x 1s·2,t = xˆ 1s,t xˆ s2,t

model of cod CPUE. Then we eliminated, one by one,
all the covariates whose partial effect had the lowest
significance level (i.e. high p-value). This process was
repeated until the elimination of the covariate caused
an increase of the model GCV. Finally, we examined
all possible combinations of second order interaction
terms among the selected additive covariates, and only
retained the terms that caused a further decrease of
the model GCV.

(3)

In turn, the distance-weighted CPUE was equal to:

RESULTS

N

xˆ as ,t

=

∑ xas,,ti w s ,i
i =1

Landscape features
(4)

N

∑w s ,i
i =1

where N is the total number of sampled stations within
a circle centered in s with radius equal to dmax. Each
sampled station within the circle defined by dmax is
uniquely identified by the superscript i. In our application, dmax was fixed to 50 km. The weight coefficient
(w) of the i th station is inversely proportional to its distance (d ) from the center of the circle s:
w s ,i =

Ii

(1 + d s ,i )

(5)

where I is an indicator variable equal to 1 if d s,i ≤ dmax,
otherwise 0.
We used the Pacific Decadal Oscillation index (PDO;
Mantua & Hare 2002) to represent climate variations
in the Bering Sea region. Linear regression analysis
was used to inspect the correlation between interannual dynamics of the PDO and the 2 new metrics
developed in this study, i.e. width of the thermal gateway and cod-capelin overlap. Moreover, we used nonparametric regression analysis (i.e. generalized additive models, GAMs) to identify the factors affecting
incursions of cod in the middle and inner shelf. The
covariates of the GAM analysis were PDO, width of the
thermal gateway, and annual average cod and capelin
CPUEs throughout the sampling region. We tested for
all possible combinations of second-order interactions
using the multiplicative approach described in Hastie
& Tibshirani (1990) and applied in Ciannelli et al.
(2004). Specifically, the interaction term was formed by
the product between the 2 standardized and shifted
interacting covariates. Covariates were shifted (i.e. a
constant is added to their standardized series) so that
their value was ≥0, and consequently, their product
becomes a monotonic increasing function. Our model
selection criterion was based on a step-wise approach,
aimed at minimizing the model generalized crossvalidation (GCV; Wood 2000). We initially included all
the covariates (without interaction terms) in the GAM

The coldest bottom temperatures are typically found
along the middle shelf of the Bering Sea, forming a cold
pool (Fig. 2). Warmer bottom temperatures are typically
found in coastal zones and over the outer shelf. The
pattern of bottom temperature distribution is strongly
influenced by physical variables, such as bathymetry,
ice cover, tidal and wind mixing. Specifically, warming
of the bottom temperature near the coastal zone and
offshore reflect tidal mixing of warmer surface water
and advection of warm basin water onto the outer shelf,
respectively. Cooling in the northern and central areas
reflects the formation of the cold water mass due to ice
over the middle shelf in winter.
The temperature of the cold pool changes from one
year to the next. During warm years, the cold pool is
less intense particularly in the area adjacent to the
Alaska Peninsula and north of the Pribilof Islands
(Fig. 2c). As a result, in some years, the pool (<1°C)
may lose its continuity and be found in 2 areas, one
northwest of the Pribilof Islands and another cold tail
over the southeastern side of the middle shelf. Hence,
in warm years, there may be a formation of thermal
gateways between the outer and the middle shelf; one
gateway is observed along the Alaska Peninsula and
another in the central portion of the middle shelf
(Fig. 2).

Spatial patterns
From their mean distribution patterns, cod are found
in 3 main aggregations in summer: one on the western
side of the outer shelf in water 100 to 200 m deep, the
second in the middle shelf northeast of the Pribilof
Islands in water that is 50 to 70 m deep, and the third
along the Alaska Peninsula (Fig. 3). In summer, capelin
are distributed in the northern coastal region, typically
in water shallower than 70 m (Fig. 3). In years when a
frigid water mass is over the middle shelf and the thermal gateway is narrow, there is a tendency for cod to
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Fig. 3. Gadus macrocephalus and Mallotus villosus. Spatial
distribution of (a) cod and (b) capelin average catch per unit
effort (CPUE, kg ha–1) during the sampling period 1972 to
2001
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Fig. 2. (a) Spatial distribution of average bottom temperature
during the 1972 to 2001 sampling period. (b,c) Bottom temperatures during ‘cold’ (b) and ‘warm’ (c) years. Warm years
were defined as those with average middle shelf (50 to 100 m
depth) bottom temperature equal to or greater than the
median of the available temperature time series. Cold years
were defined as below the median. (c) also shows a schematic
(rectangles) of where the thermal gateways are likely to occur
during warm years

be constrained to the outer region of the shelf, and to
reside within a very narrow zone along the Alaska
Peninsula. Conversely, when the whole shelf is warm
and the thermal gateways are opened, cod over the
middle shelf are distributed further north, and are
found in higher densities along the Alaska Peninsula
(Fig. 4). Capelin have an even clearer relationship with

variation of thermal conditions over the middle shelf:
in years with narrow thermal gateways, they move
south and into Bristol Bay, while in years with large
gateways, capelin move to the north and probably
extend out of the survey region (Fig. 4).
Since 1975, a total of 3371 stations were sampled for
diet analysis and 34 269 cod stomachs were inspected.
Of these, capelin was found in the diet of 92 cod from
46 stations. When capelin were found in the cod
stomachs, their average content was 59.2% by weight
and the average capelin weight per fish stomach was
26.2 g. However, in many of these cod stomachs (over
20%), capelin was the only prey found. The area with
the highest mean overlap of cod and capelin was in the
coastal zone, primarily within the area of the capelin
distribution (Fig. 5a). The locations where cod were
feeding on capelin largely coincided with the areas of
highest overlap among the 2 species (Fig. 5b).

Interannual dynamics
The time series of cod biomass in the Bering Sea (not
shown here) surged in the late 1970s and early 1980s
(Thompson & Dorn 2003). In the 1990s, cod biomass
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Fig. 5. Gadus macrocephalus and Mallotus villosus. (a) Spatial
distribution of average overlap between cod and capelin, during the sampling period 1972 to 2001. (b) Average values of
overlap between cod and capelin in the proximity of the
stations where cod stomachs were analyzed (3371 stations).
The ‘positive cod’ box refers to stations in which capelin was
present in cod stomachs (46 stations), while the ‘zero diet’ box
refers to stations without capelin in cod stomachs (3325
stations). The lower and upper margins of the box represent
the first and third quartile, respectively. The central line is the
median and the whiskers extend to 1.5 × inter-quartile range

declined, but still remained at a fairly high level compared to the pre-1980s values. Capelin CPUE was high
in the early 1970s and after that decreased, remaining
low (with occasional peaks) until the end of the analyzed time series (Fig. 6). Capelin below the 57.5° N
parallel, declined sharply after the 1970s and, for the
most part, disappeared from the outer shelf. As a consequence, the latitude of the center of mass of capelin
distribution shifted northward in the late 1970s, and
stayed north throughout the duration of the available
time series. The average locations of cod feeding on
capelin also shifted northward during the course of the
time series, while the percent of capelin found in cod
stomachs (only of cod that were feeding on capelin)
decreased (Fig. 6).
The GAM analysis revealed that cod incursions from
the outer to the middle and inner shelf of the Bering
Sea were non-linearly correlated with the amount of
cod CPUE in the full survey area (estimated degrees of
freedom 2.09) and its interaction with the PDO index
(Fig. 7). The interaction term caused the cod CPUE in
the middle and inner shelf region to roughly double its
value going from years with lowest (e.g. 1975, 1999) to
highest PDO index (e.g. 1983, 1987). The model
explained 84.7% of the total interannual variance of
cod CPUE over the middle and inner shelf. The PDO
index was significantly correlated with the width of
thermal gateways over the inner shelf (linear regression; p = 0.034, r = 0.39) and with the overlap index
between cod and capelin (linear regression; p = 0.026,
r = 0.40).
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Fig. 7. Gadus macrocephalus. Predictions of cod CPUE in the
inner shelf (Cod North, kg ha–1) as a function of the cod found
in the full survey area (total cod, kg ha–1) and the Pacific
Decadal Oscillation index (PDO). Predictions were derived
from a Generalized Additive Model (GAM) fitted to the available time series of cod

term). Thus, the inner and middle portion of the shelf
may be an overflow region, occupied when thermal
conditions are favorable (i.e. wide gateway) and when
stock abundance is high. Indeed, this hypothesis is
supported by the significant interaction between PDO
and cod CPUE of the GAM analysis. A wider dispersion at higher population size has also been found
in several flatfish stocks of the Bering Sea (McConnaughey 1995), as well as for Atlantic cod (Swain &
Wade 1993).
There are some aspects of the historical interaction
of cod and capelin in the eastern Bering Sea that are
less clear. In the early 1970s, water temperatures
were on average colder over the Bering Sea shelf,
and capelin were more abundant in the southern
part of the shelf, all the way to the Pribilof Islands.
Naumenko (1996) speculated that a southern aggregation of capelin may have been a distinct stock from
the one distributed farther to the northwest, as indicated by unique values of size- and maturity-at-age
of the Pribilof aggregation. During the 1970s, feeding
incidences of cod on capelin were also located further to the south and capelin were found in the diet
of cod below 57° latitude (Fig. 6) and in the diet of
black-legged kittiwakes near the Pribilof Islands
(Hunt et al. 1996). In the late 1970s, the increase of
water temperature, concomitant with an increase of
recruitment and biomass of many groundfish predators (e.g. cod and pollock), coincided with a sharp

decline of the southern capelin stock. As a consequence, capelin were no longer found in the diet of
seabirds from around the Pribilof Islands (Hunt et al.
1996), and the incidence of cod feeding on capelin
decreased and shifted further to northern waters
(Fig. 6). The sharp decline of capelin from the outer
shelf of the Bering Sea could have been the result of
increased predation and competition pressure from
the rising abundances of adult and juveniles gadids,
respectively.
In other sub-arctic systems, where cod-capelin
trophic interactions are much higher than in the Bering
Sea, their overlap is not severely constrained by landscape features. In the Barents Sea, for example, ice
forms along the eastern coastal margin and to the
north of Spitzbergen, but not over the southern shelf,
which is bathed by the warm North Cape Current, a
branch of the Norwegian Atlantic Current (Wadhams
1986). Temperatures over the shelf region of the Barents Sea only reach 3 to 5°C in winter and 5 to 10°C in
summer (Johannessen 1986). Cod feed on capelin all
year round, but most heavily in the winter (Dolgov
2002), when capelin migrate through the main cod distribution to spawn in the northern shores of Norway
and Russia. Thus, there are 2 critical landscape differences between the Bering and the Barents Sea that
influence the extent of the cod-capelin linkage. First,
the lack of thermal barrier in the Barents Sea places
cod and capelin in greater proximity. Second, the
migratory movements that have developed in response
to the location of suitable spawning grounds and feeding habitats, force capelin in the Barents Sea to
migrate through the center of immature cod habitat
during winter.
The overlap metric calculated in this study (Eqs. 3, 4
& 5) bears resemblance to the ‘potential contact’ statistics developed by O’Driscoll et al. (2000) to measure
the scale-dependent contact between cod and capelin
in the Newfoundland waters (e.g. Rose & O’Driscoll
2002). However, our metric is spatially-explicit and not
scale-dependent. In other words, we choose to fix the
scale of comparative distance (dmax), while changing
the locations over which such distance is applied. Our
metric is, therefore, suitable for analyses where the
location of the overlap between 2 species is desirable,
besides the overlap quantity. This is an important
objective of our study; however, our metric is not suited
to study variation of overlap over different scales of
contact.
Some discussion on data limitations is appropriate.
Bottom temperatures in the Bering Sea may change
considerably within a short period of time (Stabeno et
al. 1999), and thus the inferred width of the thermal
gateway, although obtained at the same time as the
biological measurements of distribution, may not be
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representative of the history of thermal conditions
throughout the summer. Furthermore, the sampling
grid of the AFSC bottom trawl survey was standardized after 1979. The interannual variability that we
reported in term of species distribution and overlap
patterns may, therefore, reflect a difference in the distribution of sampling effort. However, our conclusions
with regard to pre-1979 cod-capelin interactions
should be robust to the changes in sampling grid. From
the results of our analysis, we report that in those early
years, the overlap between cod and capelin was
located further to the south and that it was overall
lower compared to later years. It is worth noting that
the southern portion of the Bering Sea shelf was consistently sampled, even during the early years of the
survey program. There may have been more capelin
further north, but the important point is that there were
no cod there, as shown by the catch records of the
AFSC surveys that did extend into the inner shelf in
the 1970s (i.e. 1975 and 1976) and by other authors as
well (e.g. Bakkala 1984).
The results presented in our study were derived from
summer surveys. However, summer should be the time
of the year when cod and capelin in the Bering Sea are
most likely to overlap in distribution. Although little is
known about capelin seasonal movements, it appears
that after spawning in summer, a part of the capelin
population may migrate northwards towards feeding
grounds in the northern Bering Sea. The distribution of
cod, in both winter and summer, is consistently located
further south than that of capelin. In fact, tagging
results from the eastern Bering Sea indicate the possibility of 2 major cod over-wintering and spawning
areas: one just west of the Pribilof Islands and the other
to the northeast of Unimak Pass (Shimada & Kimura
1994). The former seems to be populated by fish that
feed in summer on the northern shelf/slope and the latter by fish that feed in waters over the middle and
inner shelves.
In marine pelagic systems, spatial considerations,
linked with climate forcing, are seldom accounted for
in population dynamics models, even though the
mechanisms that promote overlap variability can indirectly have profound effects on population demographic rates. In this regard, we believe that our study,
focusing on the landscape dynamics, enables a better
understanding of the mechanisms of marine population variability in the presence of climate forcing.
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