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INTRODUCTION

For trophic interactions to occur, predators must be
spatially concordant with their prey; therefore, one
expects the distribution of predators while foraging to
reflect the distribution of their prey, if not directly, then
at least over small spatial scales (MacArthur & Pianka
1966, Fretwell 1972, Fagen 1987). Marine birds, how-
ever, appear to show little concordance with their prey
over small (<10 km) spatial scales (Woodby 1984, Obst
1985, Safina & Burger 1985, Heinemann et al.
1989, Hunt et al. 1992, Logerwell & Hargreaves 1996,
Fauchald et al. 2000, Skov et al. 2000). When concor-
dance does occur, it often seems temporally intermit-
tent. For example, densities of the common murre Uria

aalge at sea off the coast of Newfoundland were found
by Schneider & Piatt (1986) to be correlated with den-
sities of capelin Mallotus villosus at small spatial scales
(2 to 6 km) only on certain sampling days. Densities
of common murres and the thick-billed murre Uria
lomvia in the North Sea were found by Wright & Begg
(1997) to be correlated with sandeel Ammodytes mari-
nus densities during the breeding season, but not
during other times of year. Apparently, the ability
(or need) of marine birds to track prey over small
spatial scales varies over time according to internal or
environmental factors. 

One factor that may influence the strength of small-
scale correlations between marine bird and prey den-
sities is prey availability over larger spatial scales. The
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amount of prey available to a predator is known to
directly affect one’s foraging success, and predators
adjust their foraging behavior according to energy
intake (Schoener 1971, Lima 1983, Stephens & Krebs
1987). These adjustments may lead to a nonlinear rela-
tionship between the strength of predator-prey associ-
ations and regional prey abundance. For example,
when prey is superabundant, marine birds may
encounter prey so frequently that tracking prey is
energetically inefficient. Instead, birds might function
as sit-and-wait predators or they may feed on nearby
prey instead of traveling to sites with maximum prey
abundance (Huey & Pianka 1981, Pianka 1986). The
result would be little coherence between predator and
prey densities. As regional prey abundance declines to
intermediate levels, patch depletion by neighboring
conspecifics may reduce a predator’s rate of food in-
take, causing predators to distribute themselves ac-
cording to the Ideal Free Distribution (IFD), a pattern
in which predator densities are distributed in direct
proportion to prey densities (Fretwell & Lucas 1970).
As regional prey abundance continues to decline, con-
straints should begin to limit a predator’s ability to
track prey. For instance, competitors may exclude oth-
ers from certain patches, or predators may lack infor-
mation on prey distribution that is needed to design
effective foraging strategies. Either of these effects
would lead to a spatial mismatch between predator
and prey densities (Messier et al. 1990, Gray & Ken-
nedy 1994, Spencer et al. 1996). If poor foraging condi-
tions persist, predators should leave the region in
search of more abundant food supplies. 

The purpose of this study was to test the hypothesis
that variation in the degree to which marine bird den-
sities reflect prey densities over small spatial scales can

be attributed to fluctuations in prey abundance over
larger spatial scales. To test this hypothesis, I com-
pared the frequency of small-scale spatial overlap (i.e.
‘spatial concordance’) between 4 marine bird species,
including Brandt’s cormorant Phalacrocorax penicilla-
tus, the common murre Uria aalge, the Pacific loon
Gavia pacifica, and the rhinoceros auklet Cerorhinca
monocerata, and acoustically determined prey bio-
mass (hereafter, ‘acoustic biomass’) on days with con-
trasting regional prey abundance. I also compared the
strength of spatial correlation between densities of
marine birds and acoustic biomass (‘numerical concor-
dance’) on days with contrasting regional prey abun-
dance. Hereafter, ‘local’ refers to spatial scales ranging
from 0.2 to 7.6 km, and ‘regional’ refers to the spatial
scale of the study site, 10 × 20 km. This study addresses
processes that affect seabird distribution over fine spa-
tial scales, such as foraging in individual prey patches,
rather than processes affecting seabird distribution
over larger spatial scales (Hunt & Schneider 1987).

MATERIALS AND METHODS

Sampling was conducted in Monterey Bay, California
(36° 45‘ N, 121° 40‘ W), from 28 January to 20 March
1998, 11 February to 17 March 1999, and 24 November
1999 to 21 March 2000. Monterey Bay is one of the most
productive coastal regions in North America, a distinc-
tion owed to the seasonal (March to September) up-
welling of nutrient-rich water from Monterey Canyon
(Garrison 1979, Breaker & Broenkow 1994, Kudela &
Dugdale 1996, J. F. Pennington & F. P. Chavez unpubl.).
Apart from the canyon, Monterey Bay is largely neritic,
with depths generally not exceeding 100 m (Fig. 1). The
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central and southern portions of the bay, where nearly
all of the sampling took place, contain canyon, sandy
bottom, shale bed, and kelp forest habitats. 

Brandt’s cormorants, common murres, Pacific loons,
and rhinoceros auklets are the 4 most abundant marine
bird species in nearshore (<3 km) Monterey Bay dur-
ing winter (Mason 1997, this study). During this time,
Brandt’s cormorants and common murres primarily
consume midwater schooling fish, including the north-
ern anchovy Engraulis mordax and market squid Loligo
opalescens, as well as some juvenile rockfish Sebastes
spp. and herring Clupea pallasii (Morejohn et al. 1978,
Ainley et al. 1981, Croll 1989, Ainley et al. 1996). Com-
mon murres may also take some euphausiids, but mur-
res in Monterey Bay are reported to feed less heavily
upon euphausiids than do murres elsewhere (Croll
1989, H. Nevins unpubl. data). Both cormorants and
murres typically capture prey at depths up to 70 to
100 m; however, both are known to reach depths
exceeding 100 m (Clay 1911, Piatt & Nettleship 1985,
Ainley 1990, Ainley et al. 2002 and references therein). 

During winter, Pacific loons and rhinoceros auklets
in Monterey Bay take primarily northern anchovies
and market squid (Baltz & Morejohn 1977, Morejohn et
al. 1978). Unlike rhinoceros auklets elsewhere in the
North Pacific (Ainley & Sanger 1979), auklets off the
coast of California appear to maintain primarily pisciv-
orous diets (Gaston & Dechesne 1996 and references
therein). Rhinoceros auklets typically dive to depths
within 30 m of the surface (Burger et al. 1993) but are
known to reach depths up to 60 m (Burger et al. 1993,
Kuroki et al. 2003). Depths at which Pacific loons cap-
ture prey are unknown, but they are likely comparable
to those of common loons Gavia immer, which dive to
approximately 60 m (Roberts 1932). 

Potential prey availability. Prey availability to
marine birds was estimated with hydroacoustic sur-
veys of the abundance and distribution of acoustic bio-
mass along 25 fixed transects in nearshore Monterey
Bay (Fig. 1). Other studies that have coupled hydroa-
coustic surveys with net sampling have shown that
acoustic biomass can be a reliable estimator of fish bio-
mass if appropriate parameters are applied during
data processing (Watkins & Brierley 1996, Horne &
Clay 1998). It was not feasible to determine the compo-
sition of acoustic biomass with net sampling because
fish avoid nets, especially during the day, and the cost
of employing appropriate vessels for fish sampling was
prohibitive; therefore, descriptions of the local fish
community, published target strengths of local and
similar species, and information on local bird diets
during winter were used to select a sound threshold,
–60 dB (decibels), below which acoustic data were
removed from the analysis (Morejohn et al. 1978, Cail-
let et al. 1979, Ainley et al. 1981, 1996, Croll 1989,

H. Nevins unpubl. data). As most euphausiids have
low target strengths (TS < –70 dB animal–1 at 120 kHz
frequency) relative to fish and squid (TS > –55 dB ani-
mal–1), removing backscatter below –60 dB should
have excluded most plankton, leaving acoustic bio-
mass pertaining to fish with swim bladders, squid, or
dense patches of large zooplankton (Pieper 1978,
Vaughan & Recksiek 1979, Barange et al. 1996, Mis-
und & Beltestad 1996, Brierley et al. 1998, Gutiérrez &
MacLennan 1998, McGehee et al. 1998, Kawabata
1999, Coyle & Pinchuk 2002). 

Hydroacoustic surveys encompassed a region of
approximately 10 × 20 km in the south central portion
of nearshore Monterey Bay. This scale hereafter repre-
sents the regional spatial scale at which the study was
conducted. Transects within this region ranged in
length from 2.5 to 13.0 km. Most transects were located
within 3.2 km of shore at depths ranging from 20 to
80 m. The exceptions were 7 transects sampled during
2000, which were located over Monterey Canyon at
depths that sometimes exceeded 1000 m, and other
transects sampled opportunistically as time and
weather permitted (Fig. 1b). All sampling, except that
conducted opportunistically, was partially stratified
over time of day and season; that is, routine surveys
started and ended at Moss Landing, California, but the
direction in which transects were traveled was ran-
domized. This schedule resulted in a given transect
being sampled at various times of day throughout the
study period. Surveys were conducted approximately
twice every 2 wk, weather permitting, and were com-
pleted within 1 d, typically within 5 to 7 h. Sampling
was terminated if wind speed exceeded 7.7 m s–1

(15 knots). 
Surveys were conducted aboard the 35’ RV ‘Ed Rick-

etts’. The hydroacoustic system consisted of a 6° single-
beam, BioSonics DT4000 digital echosounder, with a
120 kHz transducer mounted on a hydrodynamic fin.
The fin was towed behind the boat at 9 to 11 km h–1

(5 to 6 knots). A digital echogram of acoustic biomass
in the water column to a depth of 100 m was obtained
for each transect. To avoid surface interference,
acoustic biomass in the top 4 m of the water column
was not measured. Echograms were tagged with a con-
tinuous record of time and location (latitude–longitude).

Hydroacoustic data were processed with Visual Ana-
lyzer 4.0.2 software (BioSonics 2000). During process-
ing, echograms were divided into 0.2 km vertical
reports and 0.001 km horizontal strata. As decibels are
measured on an exponential scale, backscatter was
converted from decibels to a linear scale for statistical
analysis. Linear values were converted back to
decibels for graphic presentation. 

Marine birds. Marine bird observations were made
concurrently with hydroacoustic surveys. While the
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boat was underway, an observer positioned on the fly-
ing bridge (2.3 m above sea level) counted all birds
that occurred within 300 m of both sides of the boat. As
the echosounder measured acoustic biomass directly
below the boat, some birds included in the survey may
not have been associated with biomass detected by the
echosounder. For each marine bird sighting, the spe-
cies and behavior (flying, resting, feeding, preening,
other) of each bird was recorded directly into a laptop
computer that tagged each sighting with time of day
and location (latitude–longitude). As I was only inter-
ested in birds that had been foraging recently, flying
birds were excluded from the analysis. The abundance
of each species was summed over 0.2 km intervals for
comparison with acoustic biomass.

Data analysis. Prey availability to marine birds was
evaluated with respect to the amount of acoustic bio-
mass integrated to the maximum typical diving depth
reported for each species (see ‘Materials and methods’,
Table 1). The magnitude of short-term fluctuations in
prey availability to marine birds was measured by cal-
culating the percentage difference in the acoustic bio-
mass density between consecutive sampling days. As
sampling was conducted approximately once a week
(mean ± SE; 6.5 ± 1.0 d), short-term fluctuations typi-
cally refer to minimum weekly fluctuations in regional
prey abundance. 

Spatial and numerical concordance between marine
birds and acoustic biomass was first evaluated with
respect to data collected on all survey days combined.
Survey days were then separated into 2 categories
according to the median acoustic biomass density
(dB km–1) measured throughout the study period
(Table 1). Days with regional prey abundance below
the median were considered days on which regional
prey abundance was relatively low, and days with

regional prey abundance above the median were con-
sidered days on which regional prey abundance was
relatively high. In the third analysis, days were further
separated into categories of very low, low, high, and
very high regional prey abundance according to the
median density of acoustic biomass measured on days
with low and high regional prey abundance (Table 1).
I emphasize that these categories are intended to
reflect relative, not absolute, levels of regional prey
abundance at the study site. 

The relationship between regional prey abundance
and overall marine bird abundance at the study site
was evaluated with a Student’s t-test, which compared
the mean density of each bird species present on days
with low and high regional prey abundance. Univari-
ate analysis of variance (ANOVA) was used to com-
pare the mean density of each marine bird species with
acoustic biomass density among days with very low,
low, high, and very high regional prey abundance. 

Autocorrelation: Before evaluating spatial and
numerical concordance between marine birds and
acoustic biomass, I examined the distribution of
acoustic biomass and, separately, the distribution of
marine birds for spatial autocorrelation. Autocorrela-
tion is a measure of the degree to which a variable is
correlated with values of that same variable (i.e. itself)
in adjacent or nearby measurement intervals. Auto-
correlation can present problems in correlation analy-
ses by causing artificial confidence intervals around
correlation coefficients, inflating the likelihood of
either Type I or Type II errors, depending upon the
spatial structure of both variables (Legendre 1993,
Legendre et al. 2002, Diniz-Filho et al. 2003). Autocor-
relation was measured by calculating Moran’s I statis-
tics for each variable at the same spatial scales used to
evaluate numerical concordance (see below). The
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Table 1. Density of acoustic biomass and marine birds (n = 33 surveys) in nearshore Monterey Bay during the winters of 1998 
to 2000

——————— Acoustic biomass density (dB km–1 d–1) ——————— Mean density (SE)
Species Deptha Mean (SE) % Median Range Median Median of marine birds

(m) difference be- (all (all (days with (days with (no. km–1 d–1;
tween conse- sampling sampling low prey high prey all sampling
cutive surveys  days) days) abundance) abundance) days)

Rhinoceros auklet 30 1483 (701) –47.9 –66.0 to –28.3 –54.8 –37.9 5.0 (1.6)

Pacific loon 60 1110 (428) –38.7 –58.1 to –24.6 –44.6 –32.2 3.7 (1.0)

Common murre 100 1478 (521) –37.1 –58.1 to –22.2 –37.1 –29.9 2.9 (0.8)

Brandt’s cormorant 100 1478 (521) –37.1 –58.1 to –22.2 –37.1 –29.9 2.3 (0.5)

aMean maximum reported dive depth (see ‘Materials and methods’), and depth to which acoustic biomass was integrated.
Depths were adapted from Clay (1911), Roberts (1932), Piatt & Nettleship (1985), Ainley (1990), Burger et al. (1993), Ainley
et al. (2002) and references therein, and Kuroki et al. (2003)
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statistical significance of each Moran’s I statistic was
tested with Monte Carlo simulations. Marine birds
and acoustic biomass were considered autocorrelated
if the Moran’s I for the observed distribution was
greater than (positive autocorrelation) or less than
(negative autocorrelation) those for random distri-
butions in over 95% of 99 randomized trials. 

When a variable was autocorrelated, marine birds
were regressed against acoustic biomass, and the
residuals were tested for autocorrelation. This method
allowed for the spatial structure of the dataset to be
evaluated after accounting for possible correlative
relationships between the 2 variables (Diniz-Filho et
al. 2003). If the residuals were not autocorrelated, then
the likelihood of Type I or Type II errors for that com-
parison was equal to cases in which autocorrelation did
not occur. If the residuals were autocorrelated, then
the significance of the original correlation could not be
properly interpreted due to potential biases introduced
by spatial structure in the autocorrelated variable
(Diniz-Filho et al. 2003), and these comparisons were
omitted from the analysis. 

Spatial concordance: In the absence of autocorrela-
tion among the residuals at the 0.2 km spatial scale,
spatial concordance between marine birds and
acoustic biomass was measured by determining the
proportion of 0.2 km measurement intervals that con-
tained birds that also contained acoustic biomass. At
larger spatial scales (≥0.8 km), nearly all measurement
intervals contained at least some acoustic biomass,
causing the proportion of intervals containing both
birds and acoustic biomass to approximate to 1.0 in
nearly every comparison. Analyses of spatial concor-
dance were, therefore, limited to the smallest (0.2 km)
spatial scale. 

Spatial concordance was evaluated for data collected
on days with relatively low regional prey abundance
and, separately, on days with high regional prey abun-
dance. Only measurement intervals containing values
of acoustic biomass that occurred on days in both cate-
gories were used. This range included all measure-
ment intervals from days with low regional prey abun-
dance and 98.9 to 99.8% of intervals (depending on
depth) on days with high regional prey abundance. 

To determine whether marine birds co-occurred with
acoustic biomass more often than expected by chance,
the proportion of intervals that contained acoustic bio-
mass was compared to the proportion of intervals that
contained birds that also contained acoustic biomass,
i.e. 

where R1 is the number of intervals containing acoustic
biomass, R2 is the total number of intervals sampled, P1

is the number of intervals containing birds that also
contained acoustic biomass, and P2 is the total number
of intervals containing birds. If P1/P2 > R1/R2, then birds
co-occurred with acoustic biomass more often than
expected by chance. If P1/P2 = R1/R2, then marine bird
distribution was simply proportional to the availability
of acoustic biomass on those days. If P1/P2 < R1/R2, then
birds avoided intervals containing acoustic biomass. I
used 2 × 2 contingency tables and Fisher’s exact tests to
evaluate the null hypothesis that P1/P2 = R1/R2 on all
sampling days, as well as on days when regional prey
abundance was low and, separately, on days when
regional prey abundance was high.

Numerical concordance: As the degree of spatial
correlation between seabirds and prey can be highly
dependent upon the spatial scale at which correla-
tions are measured (Hunt & Schneider 1987, Schnei-
der 1994), numerical concordance between densities
of acoustic biomass and marine birds in Monterey Bay
was determined at 7 spatial scales: 0.2, 0.4, 0.8,
1.6, 3.2, 5.6, and 7.6 km. At each scale, correlation
strength was determined by calculating Pearson’s cor-
relation coefficients (r), coupled with Monte Carlo
tests of significance. Heinemann et al. (1989) sug-
gested that numerical concordance between predator
and prey densities should only be assessed for inter-
vals in which predators are observed rather than for
all intervals along a transect. They argued that, if
prey were more abundant than predators, low corre-
lation coefficients could arise, not for meaningful bio-
logical reasons but because there are not enough
predators to account for all of the prey. As this sce-
nario is especially likely to exist in comparisons of cor-
relation strength between days with relatively high
versus relatively low prey abundance, correlation
coefficients for marine birds and acoustic biomass in
Monterey Bay were only calculated using intervals
that contained birds. This step results in analyses that
evaluate whether observed marine bird densities
reflect the density of prey in the water column below
them. Bird density was considered correlated with
acoustic biomass density when the correlation coeffi-
cient for the observed association was greater than
correlation coefficients for random associations in
over 95% of 999 randomized trials (Chen & Dunlap
1993). 

I evaluated numerical concordance between marine
birds and acoustic biomass by calculating r for (1) all
sampling days combined, (2) days when regional prey
abundance was low and, separately, days when
regional prey abundance was high; and (3) days on
which regional prey abundance was very low, low,
high, and very high. Small sample sizes at the larger
spatial scales limited the latter analyses to spatial
scales ranging from 0.2 to 3.2 km.

R
R

P
P

1

2

1

2

?
=

279



Mar Ecol Prog Ser 291: 275–287, 2005

RESULTS

A total of 33 surveys (1998: n = 9, 1999: n = 9, 1999/
2000: n = 15) were conducted during the winters of
1998 to 2000. Each survey sampled an average (±SE)
of 22.8 (±1.3) km. Rhinoceros auklets were the most
abundant of the 4 marine bird species, followed in
decreasing order by Pacific loons, common murres,
and Brandt’s cormorants (Table 1). These 4 species
represented 43% of all birds (37 species total) ob-
served during the study.  

Regional densities of acoustic biomass were highly
variable between consecutive sampling days (Table 1),
indicating a relatively high degree of short-term
(weekly) variation in potential prey availability to
marine birds in nearshore Monterey Bay. Echograms
revealed discrete patches of acoustic biomass distrib-
uted along transects, with most patches ≤0.2 km in
diameter. Incidentally, significant interannual differ-
ences in the density of acoustic biomass sampled were
not detected, even though part of the study was con-
ducted during the 1998 El Nino event (ANOVA: 0.26 <
F < 1.15, 0.329 < p < 0.773, depending on depth). 

Days with high regional prey abundance (n = 16)
had, on average, 22 to 54 times more acoustic biomass
present than did days with low regional prey abun-
dance (n = 17) (Fig. 2a). Despite these differences, only
densities of common murres were significantly higher
on days with high prey abundance (t2

31 = 2.04,
p = 0.025) (Fig. 2b). Murre densities also tended to

increase with prey abundance on days with very low
(n = 9), low (n = 7), high (n = 8), and very high (n = 9)
regional prey abundance (n = 9; F3,32 = 2.73, p = 0.062)
(Fig. 2d). Densities of other birds showed no significant
differences among these categories (Fig. 2d). 

Autocorrelation

Acoustic biomass showed no evidence of spatial
autocorrelation at any of the spatial scales examined
when all sampling days were combined, regardless of
the depth to which biomass was integrated (–0.15 <
Moran’s I < 0.07). The absence of spatial autocorrela-
tion in the acoustic data indicates a lack of spatial
structure that would have reduced the validity of cross-
correlation analyses. This result was not unexpected
because the analysis only included measurement
intervals that contained birds, which were often
patchily distributed. 

Marine birds showed some, but little, evidence of
spatial autocorrelation. Pacific loons were negatively
autocorrelated at the 3.2 km spatial scale (Moran’s
I = –0.38, p < 0.001). When loon densities were re-
gressed against acoustic biomass at this spatial scale,
the residuals of the cross-correlation were also nega-
tively autocorrelated (Moran’s I = –0.23, p < 0.001), indi-
cating spatial structure in the distribution of Pacific
loons that was not attributable to acoustic biomass. This
comparison was omitted from further analysis. On days
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Fig. 2. Mean (+SE) density of (a) acoustic biomass (dB km–1) and (b) marine birds (birds km–1) on days when regional prey abun-
dance was low and high. Mean density of (c) acoustic biomass (dB km–1) and (d) marine birds on days when regional prey abun-
dance was very low, low, high, and very high. BRCO: Brandt’s cormorant; COMU: common murre; PALO: Pacific loon; 
RHAU: rhinoceros auklet. Depth indicates the depth to which acoustic biomass was integrated (i.e. 4 to 30 m, 4 to 60 m, 4 to 100 m)
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when regional prey abundance was low, common mur-
res were negatively autocorrelated at the 5.6 km scale
(Moran’s I = –1.2, p = 0.031). When common murre
densities were regressed against acoustic biomass at
this spatial scale, the residuals were not autocorrelated
(Moran’s I = –0.001, p = 0.415); therefore, this com-
parison was retained in further analyses. On days with
low prey densities, both Brandt’s cormorants (Moran’s
I = 0.47, p = 0.032) and acoustic biomass to 100 m depth
(Moran’s I = 0.69, p = 0.008) were positively autocorre-
lated, but the residuals of the cross-correlation were not
(Moran’s I = –0.004, p = 0.355).

Spatial concordance

Spatial concordance between marine birds and
acoustic biomass varied in strength among species.
Brandt’s cormorants were only associated with
acoustic biomass when regional prey abundance was
high (low: p = 0.087, high: p = 0.003) (Fig. 3b). Common

murres were associated with acoustic biomass more
often than expected by chance, regardless of regional
prey abundance (low: p < 0.001, high: p < 0.001)
(Fig. 3a,b). In contrast, Pacific loons (low: p = 0.002,
high: p = 0.517) (Fig. 3a) and rhinoceros auklets (low:
p < 0.001, high: p = 0.126) (Fig. 3a) were only signifi-
cantly concordant with acoustic biomass when
regional prey abundance was low. 

Numerical concordance

No evidence was found for numerical concordance
(i.e. cross-correlation) between acoustic biomass and
marine birds when data from all sampling days were
combined (Figs. 4a–7a). However, when data from
days with low and high regional prey abundance
were examined separately, there were marked differ-
ences in correlation strength between days. Densities
of Brandt’s cormorants (0.28 < r < 0.73, 0.008 < p <
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combined, (b) on days when regional prey abundance was
low and high, and (c) on days when regional prey abundance
was very low, low, high, and very high. d,j: p < 0.05. Only 
measurement intervals containing cormorants were included
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0.037, depending on spatial scale), Pacific loons (0.32 <
r < 0.045, 0.003 < p < 0.016), and rhinoceros auklets
(0.21 < r < 0.28, 0.028 < p < 0.050) were only cross-
correlated with densities of acoustic biomass on days
when regional prey abundance was low (Figs. 4b, 6b
& 7b). Brandt’s cormorants were no longer correlated
with acoustic biomass at the smallest spatial scales
(0.2 to 0.4 km), when regional prey abundance was
very low (0.06 > r > 0.12) (Fig. 4c). In contrast, com-
mon murres were significantly correlated with
acoustic biomass only on days when regional prey
abundance was very low (r = 0.26, p = 0.019)
(Fig. 5c). Significant correlations between densities of
acoustic biomass and densities of Pacific loons (r =
0.27, p = 0.006) (Fig. 6c) and rhinoceros auklets (r =
0.27, p = 0.004) (Fig. 7c)  at the smallest spatial scale

(0.2 km), only occured when regional prey abun-
dance was very low.

DISCUSSION

The results of this study support the hypothesis that
the extent to which marine bird densities reflect prey
densities over small spatial scales is, at least partially,
dependent upon prey availability at larger spatial
scales. Pacific loons and rhinoceros auklets were only
spatially concordant with acoustic biomass when re-
gional prey abundance was relatively low, and all 4
marine bird species were only numerically concordant
with acoustic biomass when regional prey abundance
was relatively low. As the composition of acoustic bio-
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mass was not determined, I cannot rule out the possi-
bility that biomass on days with high regional prey
abundance represented biomass that was not prey for
marine birds; however, the observation that densities
of all 4 marine bird species, each of which possesses a
relatively broad piscivorous diet, failed to correlate
with acoustic biomass on those days, suggests that the
pattern was not driven by a lack of interest in particu-
lar food items.  

Unlike other authors (Heinemann et al. 1989, Erik-
stad et al. 1990, Piatt 1990, Hunt et al. 1992, Logerwell
& Hargreaves 1996), I did not find correlation strength
to increase with measurement scale. This may be
related to the fact that the largest spatial scale at which
correlations were examined (7.6 km) was not much

smaller than the regional spatial scale (20 km), and the
sample size was relatively small at the largest mea-
surement scale. For this and other reasons (see ‘Mate-
rials and methods’), the results of this study are inter-
preted in terms of differences in correlation strength
between days with contrasting regional prey abun-
dance rather than in terms of the spatial scales at
which correlations were observed. 

In addition to Monterey Bay, short-term fluctuations
in correlation strength have been observed in commu-
nities off the coasts of Newfoundland (Schneider &
Piatt 1986) and British Columbia (Burger et al. 2004). In
both cases, variation occurred among sampling days.
In other studies conducted off the coasts of Scotland
(Wright & Begg 1997) and British Columbia (Davoren
et al. 2002), authors observed correlation strength to
vary seasonally, and, in a different study conducted off
the coast of Scotland, correlation strength varied annu-
ally (Wright & Bailey 1993). Temporal variation in cor-
relation strength is not limited to associations mea-
sured over small spatial scales. Off the coast of
Norway, daily variation existed in the strength of spa-
tial associations between murres and prey measured
over a 200 km spatial scale (Fauchald & Erikstad 2002). 

Behavioral mechanisms responsible for causing the
strength of small-scale spatial associations between
marine birds and prey to fluctuate over time likely
involve factors that affect the need or ability of birds to
track prey. For example, when prey is superabundant,
marine birds may not track prey because doing so
would be energetically inefficient (Woodby 1984),
especially when prey is highly mobile and prey-track-
ing requires great energy expenditure (Huey & Pianka
1981, Hunt et al. 1990). When they compared the ener-
getic needs of Atlantic cod Gadus morhua off New-
foundland to regional prey (capelin) abundance,
Horne & Schneider (1994) found evidence for the ben-
efit of predators not tracking prey when prey abun-
dance was high. Given the relatively large amount of
capelin (energy) available to cod, cod could forage
more efficiently as sit-and-wait predators than they
could by pursuing individual fish. Like cod, marine
birds in Monterey Bay feed on highly mobile prey.
Feeding on nearby prey instead of traveling to areas of
maximum prey abundance when prey was highly
abundant may have been a more efficient foraging
mode for birds in Monterey Bay than was pursuing
individual fish schools. Woodby (1984) also suggested
that, at his study site in the Bering Sea, thick-billed
murres did not track prey over small (<6 km) spatial
scales because prey was sufficiently abundant for birds
to ambush prey than to track prey over large distances. 

When regional prey abundance declines from super-
abundant to intermediate levels, difficulties may begin
to arise in the ability of marine birds to locate and fol-

283

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

-0.4

-0.2

0

0.2

0.4

0.6

0.8

1

4 6 8

8

Low

High

4

Very low
Low
High
Very high

0 2

4 60 2

0 2

Rhinoceros auklet
P

ea
rs

on
s’

s 
r

P
ea

rs
on

s’
s 

r
P

ea
rs

on
s’

s 
r

Spatial scale (km)

a

b

c

Fig. 7. Pearson’s correlation coefficient (r) for the relationship
between the densities of acoustic biomass and the rhinoceros
auklet in Monterey Bay (a) when all sampling days were com-
bined, (b) on days when regional prey abundance was low
and high, and (c) on days when regional prey abundance
was very low, low, high, and very high. d,j:  p < 0.05. Only
measurement intervals containing auklets were included



Mar Ecol Prog Ser 291: 275–287, 2005

low profitable prey patches. Birds may, therefore,
adjust their foraging behavior to minimize costs related
to searching for prey. They could accomplish this by
spending more time in the vicinity of known prey
patches or to acquire information on prey location by
watching the foraging activity of conspecifics (Davoren
et al. 2003). They could also spend more time in areas
with temporally predictable food supplies, such as
those containing hydrographic fronts or upwelling
(Schneider 1989, 1990, Hunt et al. 1990, 1999, Decker
& Hunt 1996, Parrish et al. 1998, Skov et al. 2000, Vli-
etstra et al. in press). In addition, theory predicts that
when food is in relatively high demand, foragers can
minimize within-patch competition by distributing
themselves in proportion to the profitability of prey
patches (Fretwell & Lucas 1970). This pattern is called
the Ideal Free Distribution (IFD), and foragers are
expected to resemble the IFD more closely when food
availability is low than when food is superabundant.
Marine birds in Monterey Bay more closely resembled
the IFD when regional prey abundance was relatively
low. A similar pattern was observed among common
murres off the coast of Scotland, where murres were
significantly associated with their sandeel prey during
a year of low sandeel abundance, but not during sub-
sequent years when sandeels were relatively abundant
(Wright & Bailey 1993). The distribution of common
murres off Newfoundland also more closely approxi-
mated the IFD in a region where capelin were
ephemeral than in a region where capelin were persis-
tently abundant (Davoren et al. 2003). 

When regional prey abundance declines from inter-
mediate to very low levels, constraints may begin to pre-
vent predators from tracking prey (see Balance et al.
2001). There may be morphological constraints, such as
a bird’s flight efficiency or ability to locate or follow prey
(Balance et al. 1997, Davoren et al. 2002), or they can be
perceptual, such as a predator’s ability to design effec-
tive foraging strategies when prey-encounter rates are
too low (Abrahams 1986, Gray & Kennedy 1994, Tyler &
Clapp 1995, Fauchald 1999). An individual’s ability to
track prey may also be limited by social constraints, such
as the exclusion of foragers by competitors in otherwise
profitable patches (Fretwell & Lucas 1970, Fretwell
1972). For example, Piatt (1987) observed common mur-
res excluding the Atlantic puffin Fratercula arctica from
certain feeding areas in waters off Newfoundland. In
Monterey Bay, only densities of Brandt’s cormorants
failed to correlate with densities of acoustic biomass at
the smallest spatial scales (0.2 to 0.4 km) when regional
prey abundance was very low. It is unclear what con-
straints, if any, may have been involved in this case. 

Causes of variation among studies in the degree to
which seabirds track prey over small spatial scales
have so far been difficult to resolve, not only because

correlation strength is scale-dependent and temporally
variable, but also because studies report major differ-
ences in the direction of seabird responses to prey
declines; that is, reduced prey availability appears to
elicit stronger spatial associations in some cases
(Wright & Bailey 1993, this study) but weaker associa-
tions in others (Mehlum et al. 1999, Fauchald & Erik-
stad 2002). The present study was not designed to test
hypotheses about variation among studies in the direc-
tion of seabird responses to regional prey declines, but
behavioral mechanisms already discussed may help to
explain some of the conflicting results. For example,
studies reporting stronger correlations between
marine birds and prey when prey availability declined
(Wright & Bailey 1993, this study) may have character-
ized seabird responses to high and intermediate levels
of absolute prey abundance. If so, prey-tracking could
have shifted from being an energetically inefficient
foraging strategy to being profitable when absolute
prey abundance shifted from a high to an intermediate
level. In contrast, studies reporting weaker correla-
tions between marine birds and prey when prey avail-
ability declined, may have characterized responses to
intermediate and low levels of absolute prey abun-
dance. In this case, birds may have tracked prey until
constraints prevented them from doing so when
absolute prey abundance was low. Differences among
studies in the direction of seabird responses to regional
prey fluctuations may also arise for other important
reasons, such as seasonal changes in the foraging
needs and constraints of seabirds (Davoren et al. 2002).
These ideas do, however, highlight the importance of
authors reporting not only relative prey abundance but
also absolute prey abundance at their study sites. Ide-
ally, regional prey abundance would be reported in
g m–3, but logistical problems with obtaining necessary
conversion data may preclude such detail. In that case,
prey densities in terms of dB m–3 for a given acoustic
frequency may allow for preliminary, yet informative,
comparisons. 

In conclusion, spatial and numerical concordance
between marine birds and acoustically-determined
prey biomass in Monterey Bay were, at least partially,
dependent upon regional prey abundance. I propose
that fluctuations in regional prey availability account
for some of the variation previously observed in the
strength of small-scale spatial associations between
marine birds and their prey. This idea is relevant to
marine conservation, especially with regard to recently
proposed offshore marine reserves. By protecting criti-
cal feeding sites in the open ocean, these reserves are
intended, in part, to protect top marine predators and
the assemblages upon which they feed (Mills & Car-
leton 1998, Hooker et al. 1999, Hyrenbach et al. 2000,
Pelagic Working Group 2002 unpubl. workgroup pro-

284



Vlietstra: Spatial associations between seabirds and prey

ceedings). If regional prey abundance influences the
extent to which marine birds track prey over small
spatial scales, reserves may be most effective in
preserving trophic linkages during times of year when
prey outside the reserve occurs in intermediate
abundance relative to a predator’s foraging needs.
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