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Summary

1.

 

Knowledge of the functional response of predators to prey densities conditions our
understanding of food webs. Such links are still poorly understood within the higher
trophic levels of marine ecosystems.

 

2.

 

We present the first field study recording the foraging effort and foraging yield of a
seabird (the Great Cormorant, 

 

Phalacrocorax carbo

 

) as well as the abundance and
quality of prey within its foraging area.

 

3.

 

We confirm that Great Cormorants foraging off  West-Greenland show the highest
foraging performance recorded for a marine predator (between 17 and 41 g fish caught
per minute underwater). Former work suggests that such high foraging yield should be
based upon the exploitation of extremely profitable prey patches.

 

4.

 

Contrary to this hypothesis, average prey abundances estimated within the foraging
areas of the cormorants were low (0·03–0·09 prey m

 

−

 

2

 

, depending on methods), as was
the average calorific value of the prey items (4·2 kJ g

 

−

 

1

 

).

 

5.

 

Our study suggests that Great Cormorants remain highly successful predators even
when exploiting modest prey resources. These findings have implications for our under-
standing of predator–prey relationships, and for the management of Great Cormorant
populations.
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Introduction

 

How do prey resources influence predator populations?
Predator–prey interactions underpinning this key ques-
tion have been extensively studied both theoretically
and in controlled environments (Stephens & Krebs 1986;
Cuddington & Yodzis 2002; Shertzer 

 

et al

 

. 2002; Yoshida

 

et al

 

. 2003; Johnson & Agrawal 2003). Field studies
linking prey abundance and predator foraging efficiency
nonetheless remain challenging (Pulido & Diaz 1997;
O’Donoghue 

 

et al

 

. 1998; Naef-Daenzer, Naef-Daenzer
& Nager 2000; Vucetich, Peterson & Shaefer 2002). This
is due to technical difficulties in collecting sufficient
and concurrent information about predators and prey,
particularly about the prey intake rates of free-ranging
predators. Such constraints are enhanced in the

marine environment where, besides laboratory studies
(Wellenreuther & Connell 2002; Shertzer 

 

et al

 

. 2002)
and studies confined to benthic organisms (Tokeshi &
Romero 1995; Menge 

 

et al

 

. 1997; Whitlatch 

 

et al

 

. 1997),
little is known about the functional links between prey
abundance and predatory performance. This is partic-
ularly true for the higher trophic levels of marine food
webs, as top predators (predatory fish, sea birds and
mammals) typically operate underwater. Seabirds are
partly an exception to this, as many of them travel in
the air, and feed at the sea surface where they can be
observed. Seabirds also raise their offspring on islands
where they are accessible during the breeding season.
Long-term studies conducted at these breeding sites
have shown strong links between the availability and
the quality of food resources and seabird reproductive
output (Annett & Pierotti 1999; Bertram, Mackas &
McKinnell 2001; Durant, Anker-Nilssen & Stenseth 2003).
Furthermore, at-sea observations and measurements
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have unravelled the complex associations between
seabirds populations and their prey at different spa-
tial and temporal scales (Hunt, Heinemann & Everson
1992; Balance, Pitman & Reilly 1997; Mehlum 

 

et al

 

.
1999; Fauchald, Erikstad & Skarsfjord 2000; Davoren,
Montevecchi & Anderson 2003). At the individual
level, breeding and interbreeding seabirds have been
equipped with miniaturized electronic devices. These
tools have provided detailed information about the
position of birds at sea and their foraging behaviour
(see Croll 

 

et al

 

. 1998; Wilson 

 

et al

 

. 2002 for reviews).
The insights gathered through these complementary
approaches have greatly enhanced our current know-
ledge of seabirds as marine predators. However, the
link between seabird foraging performance and prey
abundance has never been studied in the field. We invest-
igated this aspect by recording synoptically the forag-
ing effort and foraging yield of a diving seabird, as well
as the abundance and quality of prey targeted within
its foraging area.

The study was conducted on Great Cormorants
(

 

Phalacrocorax carbo

 

) breeding in West-Greenland.
Great Cormorants are a particularly suitable model
species for two reasons. First, they are coastal diving
seabirds, which mainly feed on demersal and bottom-
dwelling fish (Johnsgard 1993). Their food resources
can thus be studied within well-defined coastal areas.
Second, Great Cormorants have a partly wettable
plumage, very limited thermal insulation underwater

(Grémillet 

 

et al

 

. 2005) and high foraging costs when
diving (Schmid, Grémillet & Culik 1995). This is parti-
cularly marked in West-Greenland, where heat losses from
the bird’s body to cold waters are amplified (Grémillet
& Wilson 1999; Grémillet 

 

et al

 

. 2003). Great Cormorants
nonetheless manage to breed and winter in the high
Arctic (Grémillet 

 

et al

 

. 2001) where their daily food
intake is not higher than that of conspecifics from tem-
perate Western Europe (Grémillet 

 

et al

 

. 1999a). Birds
are thought to compensate for high foraging costs via
an increase of their foraging success, i.e. the colder the
water, the faster they acquire food. Consequently, it has
been proposed that Great Cormorants foraging in cold
Greenlandic waters target prey patches with very
high density (Grémillet 

 

et al

 

. 2001). This link between
prey abundance and Great Cormorant foraging per-
formance is thought to be stronger than in any other
species of diving bird (Grémillet & Wilson 1999). We
tested the hypothesis that high foraging performance in
Greenland Great Cormorants is linked to high-density/
quality food resources within their foraging areas.

 

Materials and methods

 

We studied Great Cormorants (

 

Phalacrocorax carbo

 

)
breeding on Qeqertaq (69

 

°

 

30

 

′ 

 

N, 54

 

°

 

05

 

′ 

 

W) in the Dis-
kofjord area, Disko, West-Greenland (Fig. 1) in June
and July 1998, 2001 and 2002. All experiments were
performed under permits from the Greenland Homerule
Government and Danish Polar Center.

We used a noose mounted on a telescopic pole to
catch Great Cormorants at the nest site to equip them
with electronic devices. Care was taken to minimize stress,
and handling of individual birds lasted less than 10 min
in all cases. Great Cormorants breeding in Greenland are
sexually dimorphic, males being significantly heavier
than females (3·2 kg 

 

vs

 

 2·6 kg on average). We used this
criterion to distinguish sexes.

 

 

 

In June–July 1998, adult cormorants were radio-tracked
for at least 10 foraging trips chosen at random during
a period of 10 days (see Grémillet 

 

et al

 

. 1999b for tech-
nical details) The study area consists of deep (>200 m)
fjords with very steep shores. Great Cormorants usually
forage along the seabed in 

 

c

 

. 10 m water depth, with
maximum dive depths of 35 m (Grémillet 

 

et al

 

. 1999b).
Their foraging zone is thus probably restricted to a very
narrow band (max. 300 m) along these shores. Know-
ing the bearing of the diving zone and the position of
the coast line, we determined the approximate location
of each foraging area. We visited these sites, and made
direct observations of the birds which confirmed our
radio-tracking assessments. We observed that foraging
Great Cormorants rested after each diving session on
the shore next to their feeding area (this was also deter-
mined via radio-tracking). They build roosts on rocks
adjacent to their foraging zones, which are covered withFig. 1. Location of the study area in West-Greenland.
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a conspicuous white layer of faeces. In 2001 and 2002
we consequently used these roosts to determine the areas
used by the foraging cormorants. Direct observations
of birds flying between the breeding site and the feed-
ing zones, as well as observations at the feeding zones
and their adjacent roosts confirmed that the areas used
were the same as in 1998.

 

 

 

We used three indices of foraging effort: (1) the total time
spent underwater per foraging trip (i.e. the time available
for the bird to search and target prey), (2) the total
duration of each foraging trip ( i.e. the time spent away
from the nest), and (3) the number of foraging trips per day.

Foraging trip duration and number of foraging trips
per day were determined using data from automatic nest
balances (see ‘foraging yield’). The total time underwater
per trip was determined using two different methods. In
1998 we used radio-tracking data. Our recordings were
analysed to determine the duration of each dive (accu-
racy 1 s). These durations were summed to calculate
total time underwater per foraging trip. In 2002 total
time spent underwater per foraging trip was determined
using recordings of time-depth data loggers (M190-
D2GT, relative accuracy 0·1 m, 15 mm diameter, 60 mm
length, 20 g, Little Leonardo, Tokyo, Japan). The recorders
were programmed to record depth every second, and
were attached underneath the tail of the birds with
waterproof Tesa® tape.

 

 

 

Nest balances were used to determine the amount of
food caught during each foraging trip (see Grémillet

 

et al

 

. 1996). In 1998 birds were studied using the equip-
ment described in Grémillet 

 

et al

 

. (1999a). In 2001 we
used the equipment described in Grémillet 

 

et al

 

. (1996).
A new system was used in 2002 (J.-P. Gendner, CNRS,
Strasbourg), consisting of a rounded fibreglass podium
(50 cm diameter, 20 cm height) linked to the base of the
balance by a strain gauge which acts as a scale sensor.
This sensor (accuracy: 

 

±

 

10 g under field conditions) is
connected to a multipurpose data logger set to record
every 10 s.

 



 

The prey spectrum of Great Cormorants breeding on
Qeqertaq was determined in 1998, 2001 and 2002 via
pellet analysis following Harris & Wanless (1993). Fish
species were identified to the lowest possible taxonomic
level from otoliths using Härkönen (1986) and our own
reference collection. We also gathered fish regurgitated
by the birds when being handled or disturbed at the
nest. This sample was primarily used to determine the
average mass of the major prey types, but also to cross-
check the diet spectrum derived from pellet analysis
(see Grémillet & Argentin 1998).

 

   

 

Specimens from the different fish species were sampled
to match the sizes taken by the birds. Once collected the
fish were weighed (

 

±

 

0·1 g) in the field and stored frozen
(

 

−

 

18 

 

°

 

C) until analysis. Each fish was freeze-dried to
constant mass and ground under liquid nitrogen to obtain
a fine homogeneous powder. Energy content was deter-
mined on dry aliquots (0·7–1·4 g) by using an adiabatic
bomb calorimeter Parr 1241 with benzoic acid as
standard (Parr Instrument Co., Moline, Illinois, USA).
Reproducibility between two measurements of fish
samples was 1·32 

 

±

 

 0·47%. Just before being analysed the
samples were freeze-dried again to eliminate potential
traces of water.

 

 

 

Previous studies showed that Great Cormorants from
Greenland feed exclusively on fish, and primarily on
bottom-dwelling sculpin 

 

Myoxocephalus scorpioides

 

and 

 

Gymnacanthus tricuspis

 

 (Grémillet 

 

et al

 

. 2001).
These species are sedentary, and do not form schools
(FishBase 2004). Spatial censuses of their abundance
are therefore not affected by patchiness. We studied the
abundance of demersal and benthic fish within the
feeding area used by the cormorants (as determined by
radio-tracking and visual observations, see above) using
four independent methods: underwater video, fish trap,
gill net and scuba transects. The trials were conducted
during the breeding season of the cormorants and within
their foraging areas as determined via radio-tracking
and direct observations (see above). Great Cormorants
breeding in Greenland are mainly active between 06.00
and 21.00 (D. Grémillet 

 

et al.

 

, unpublished data). Trials
were therefore conducted during this time period.

In 2001 we used an underwater camera system
(Mariscope, Kiel, Germany). This equipment consists
of a waterproof camera (20 cm length, 10 cm diameter,
operational depth: 300 m, type: 1/3

 

″

 

 CCD B & W,
picture elements: 512 (H) 

 

×

 

 582 (V) pixel, resolution:
380 TV lines, lens: 4·48 mm, F1·8, sensitivity: 0·1–0·01 lux,
viewing angle: 43

 

°

 

 in water) connected to a standard
video recorder via a 50 m reinforced coaxial cable RG174
(Mariscope, Kiel). We deployed the camera from an
inflatable boat, lowering it slowly to 1 m above the
ground. In this position the unit records pictures from
approximately 1 m

 

2

 

. For each station the camera was
set to record for 1 min once stabilized above the sea
floor. Video tapes were analysed to record the number
and the species of fish present at each station.

In 2001 fish abundance within the cormorants’
foraging areas was also studied using a baited fish trap
(lobster trap design; 50 cm diameter, 120 cm long, mesh
size 5mm, funnel diameter 8 cm). The trap was baited
with gadid offal and set for between 1 and 3days. In
2002 we used a three-layer, fine-meshed gill net (50 m

 

× 

 

1·7 m; central layer: mesh knot to knot = 23 mm;
lateral layers: mesh knot to knot = 250 mm) to assess
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prey abundance. The net was set vertically from the
bottom in 3–8 m depth for 3–12 h. We remained within
500 m of the net throughout the deployments to make
sure that no diving bird would approach it. In 2002 we
also conducted underwater transects by scuba diving.
This approach followed the line-transect method
(Buckland 

 

et al

 

. 1993). We used transects of 10 m length
conducted in 2, 4, 6, 8, 10, 12, 14, 16 and 18 m water
depth. This depth zone corresponds to the zone used by
Great Cormorants (Grémillet 

 

et al

 

. 1999b; D. Grémillet

 

et al

 

., unpublished data). All transects were conducted
by the same observer, who recorded the abundance of
the different fish species within 0·5 m on each side of the
transect line while swimming between 0·5 and 1 m above
the ground at approx. 0·15 m s

 

−

 

1

 

. The surveyed area per
transect was thus assumed to be approximately 10 m

 

2

 

.

 

 

 

Summary statistics of cormorant foraging effort and
foraging yield were computed for the entire sample
using individual birds as the sampling unit. Averages
are provided 

 

±

 

 SD. The effect of sex and year on foraging
trip duration, time underwater per foraging trip and food
intake per foraging trip were analysed using residual
maximum likelihood analyses (REML, Patterson &
Thompson 1971). Logarithmic transformations were
carried out to fulfil the criterion of normality. The
number of trips per day was compared between sexes and
years in a Generalized Linear Mixed Model (GLMM)
with Poisson errors and log link function (Schall 1991).
In all analyses, sex and year were entered as fixed factors
and bird as a random factor. In all REML and GLMM
models, the effect of sex and year was determined by
comparing Wald statistics with 

 

F

 

-distributions.

 

Results

 

  

 

In 1998 we counted 179 occupied nests, and an average of
2·5 

 

± 

 

0·94 chicks per nest (

 

n

 

 = 170). In 2001, 298 nests
were counted, with an average of 3·0 

 

± 

 

1·58 chicks per
nest (

 

n

 

 = 71). In 2002, the colony had grown to 401 nests,
with an average 3·5 

 

±

 

 1·29 chicks per nest (

 

n

 

 = 50).
Interviews of the local Inuit hunters indicated that this
colony has been present in the Diskofjord area ‘with
several hundred birds’ as far back as they could recall.

 

 

 

We radio-tracked six female and five male Great Cor-
morants in 1998 during a total of 163 foraging trips.
Birds mainly foraged along the South shore of Qeqertaq
(55% of trips, Fig. 2, zone A) and along the Northern
shores of the fjord (22% of trips, Fig. 2, zone B). On
fewer occasions they also visited the Southern shores
of the fjord entrance (12% of trips, Fig. 2, zone C), and
the inner part of the fjord (2% of trips, Fig. 2, zone D).
In 9% of the trips we could not radio-track the bird
continuously, and therefore could not determine its
exact feeding location. All feeding locations were within
15km of the breeding colony, and the average foraging
range was 6·7 

 

±

 

 2·5 km. Visual observations (<300 m,
binocular 10 

 

×

 

 40) confirmed that zones A, B, C and D
were still being exploited by the birds in 2001 and 2002,
and that A and B were still the primary foraging sites
(>75%).

 

    

 

We recorded foraging trip duration, the number of for-
aging trips per day, and food intake per foraging trip
for six male and five female Great Cormorants in 1998,
five males and five females in 2001, and four males and
four females in 2002. The time spent underwater per
foraging trip was recorded for six males and five females
in 1998, and six males and six females in 2002. Table 1
provides an overview of the results.

Individual birds conducted between one and four
foraging trips lasting taking 30 min to 14 h per day.
During each foraging trip they spent between 0·3 and
54 min underwater, catching between 20 and 1376 g of fish.
Foraging trip duration and food intake per foraging trip
were significantly different between years (

 

F

 

2,28

 

= 11·1,

 

P

 

 = 0·004, and 

 

F

 

2,28

 

 = 30·5, 

 

P

 

 < 0·001, respectively), but
not between sexes (

 

F

 

1,28

 

 = 2·0, 

 

P

 

 = 0·16, and 

 

F

 

1,28

 

 = 3·1,

 

P

 

 = 0·078, respectively). Time underwater per foraging
trip was significantly different for the different sexes
(

 

F

 

1,28

 

 = 6·6, 

 

P

 

 = 0·01), but not for the different years (

 

F

 

2,28

 

= 0·7, 

 

P

 

 = 0·42). The number of foraging trips per day
was not significantly different between years (

 

F

 

1,23

 

 = 3·8,

 

P

 

 = 0·15), or between sexes (

 

F

 

1,23

 

 = 0·01, 

 

P

 

 = 0·92).
Using the ratio of the amount of food caught per

foraging trip to the time spent underwater per foraging

Fig. 2. Foraging zones of Great Cormorants breeding on Qeqertaq, Diskofjord, as
determined via radio-tracking within the study area.
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trip we calculated an average catch per unit effort (CPUE
g min

 

−

 

1

 

) of 40·7 g min

 

−

 

1

 

 and 33·9 g min

 

−

 

1

 

 for males and
females in 1998 and of 34·7 g min

 

−

 

1

 

 and 16·5 g min

 

−

 

1

 

 for
males and females in 2002, respectively. Similarly, the
product of the time spent underwater per foraging trip
and of the number of foraging trips per day provides
an estimate of the total time spent underwater per day
(23·8 and 36·3 min for males and females in 1998 and
22·8 and 31·2 min for males and females in 2002, respec-
tively). Despite some intersexual and interannual
variations (see also tests above) both features indicate
high levels of  bird foraging success throughout the
measurements.



We extracted 1288 otoliths from 52 pellets in 1998, 1654
otoliths from 51 pellets in 2001, and 660 otoliths from
51 pellets in 2002. These samples showed that Great
Cormorants breeding in the Diskofjord area feed on at
least 13 different species of fish. Sculpins (Gymnacanthus
tricuspis and Myoxocephalus scorpioides) were largely
predominant both by number and by mass in all years
(Table 2), followed by Capelin (Mallotus villosus), and
gadids (Gadus sp.), although the proportion of these
two prey types varied among years (Table 2). Further
species such as Ammodytes marinus, Pholis fasciatus,
Eumesogrammus praeciosus, Hippoglossoides platessoides,
Liparis sp., Lycodes sp., Salmo sp. and Sebastes sp.
were also present in small numbers. Regurgitations
collected at the breeding site confirmed that 60–75%
of food loads consisted of sculpins in all years.

   

We could gather samples for six prey species/groups.
Their average energy contents (expressed as kJ per gram
fresh mass) were as follows: Mallotus villosus X = 3·9 ±
0·3 kJ g−1 (n = 11), Gymnacanthus tricuspis X = 4·5 ± 0·4 kJ
g−1 (n = 9), Myoxocephalus scorpioides X = 4·1 ± 0·4 kJ
g−1 (n = 13), Gadus sp. X = 4·4 ± 0·03 kJ g−1 (n = 2),

Ammodytes marinus X = 6·8 ± 0·2 kJ g−1 (n = 9) and Pholis
fasciatus X = 5·7 ± 0·7 kJ g−1 (n = 10). Capelins were
sampled after spawning.

 

In 2001 we sampled a total of 144 video stations, 87 in
zone A and 57 in zone B. The average sampling depth
was 6·1 ± 3·9 m (range 1–16 m), with 63% of the sampling
effort between 2 and 10 m, i.e. within the preferred for-
aging depth of Great Cormorants (Grémillet et al. 1999b;
D. Grémillet et al., unpublished data). The benthic
zones consisted mainly of hard substrata (83%), with an
average kelp coverage of 44% (range 0–100%, 18% with
100% kelp cover) showing substantial iceberg scour-
ing. The remaining 17% of the sampled zones were soft
bottom situated at the mouth of glacial streams. Poten-
tial prey items were present at only 6·9% of all stations.
At these 10 stations, an average of 1·4 ± 0·7 potential prey
items were present. The fish sighted consisted of 46%
sculpins, 23% flounders, 23% Pholis fasciatus and 8%
gadids. The recorded densities correspond to an esti-
mated average 1·4 prey-items per square metre con-
sidering the stations where fish were sighted, and an average
of 0·09 prey-items per square metre for all 144 stations.

In 2001 the fish trap was deployed on three occa-
sions within zone A for periods of 1, 2 and 3 days,
respectively, at approximately 6m depth on hard, kelp-
covered substrata. On all three occasions the yield was
nil, suggesting that this method was not particularly
appropriate in this area.

In 2002 we deployed a gill net at 13 stations situated
in zone A (7 stations), zone B (5 stations), and zone C
(1 station). The net was set at an average depth of 5·2 ±
0·9 m (range 3–8 m) for periods of between 3 and 12 h
(average 4·1 ± 2·6 h). For 23% of the trials the yield
was nil. For the remaining 77% an average of 4·3 ± 7·9
potential cormorant prey were caught. These 56 prey
items consisted of 57% Capelin, 32% sculpins, 7% gadids,
2% flounder and 2% Lycodes reticulates. Finally in 2002
a total of 115 underwater transects were conducted,

Table 1. Foraging investment and foraging yield in Great Cormorants breeding in West Greenland. Mean values are given ±
standard deviation. Median values are given with the range
 

 

1998 2001 2002

Males Females Males Females Males Females

Trip duration (min) 143 147 174 189 150 216
(31–495) 
n = 6

(31–440) (40–853) (31–462) (30–414) (36–626)
n = 5 n = 5 n = 5 n = 4 n = 4

Trips per day 2·9 ± 0·9 3·0 ± 1·1 2·6 ± 0·5 2·7 ± 0·6 2·8 ± 0·6 2·4 ± 0·9
n = 6 n = 5 n = 5 n = 5 n = 4 n = 4

Time under-water per trip (min) 8·2 12·1 8·1 13·0
(0·3–54·1) (0·8–51·5) (1·9–30·7) (2·9–50·2)
n = 6 n = 5 n = 6 n = 6

Food intake per trip (g) 334 410 391 300 281 215
(100–787) (50–926) (20–1376) (32–691) (80–735) (30–807)
n = 6 n = 5 n = 5 n = 5 n = 4 n = 4
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corresponding to approximately 1150 m2 surveyed (assum-
ing a surface of 10 m2 per transect, see Materials and
methods). The sampling effort was divided between
zone A (42 transects), zone B (59 transects) and zone
C (14 transects). The depth zone investigated stretched
between 2 and 18 m, yet 72% of the sampling occurred
between 2 and 10 m, as this is the preferred foraging depth
of Great Cormorants (D. Grémillet et al., unpublished
data). The sampled zones consisted of 82% hard and 18%
soft substrata, respectively. For 68% of the transects no
potential cormorant prey was recorded. For the remain-
ing 32% we found 73% Capelin, 23% sculpins and 4%
further bottom-dwelling fish. The average estimated prey
abundance for the transects within which fish were
counted was 15·2 ± 15·2 (range 1–80), corresponding to
an estimated 1·52 prey items per square meter. Taking
all transects into account, the average prey abundance
per transect was 0·29 ± 0·24. This corresponds to appro-
ximately 0·03 prey items m−2. Such results are within the
same range as estimates provided by the video survey
conducted in 2001 (see above). There were no significant
differences in prey abundance between zone A and zone
B (t = 0·55, P = 0·59), yet prey abundance decreased
significantly with increasing depth (F1,7 = 7·05, P = 0·03).

Discussion

To our knowledge, this is the first field study that has
recorded the foraging effort and the prey intake of a
seabird or a marine mammal while simultaneously assess-
ing the abundance and the quality of its prey within its
foraging area. Our results highlight important facts
about the ecology of marine predators such as Great
Cormorants.

We confirm that Great Cormorants breeding in
Greenland are extremely efficient predators. This is
underlined by the short time periods spent underwater
and the very high prey capture rates (Table 1). Despite
some interannual and intersexual variability, all average
catch per unit effort (CPUE) values were higher than
those recorded for conspecifics breeding in Europe (i.e.
12 g min−1; Grémillet 1997), reaching levels 30 times
higher than those recorded for other seabird species
(typically around 1 g min−1 in penguins (Grémillet 1997),
but see Wilson 2004). Furthermore, birds from the Dis-
kofjord study site were raising on average over three
chicks during the field trials, indicating a substantial
reproductive output. Finally, the study colony increased
by 100% during the study period. One would expect
these predatory and reproductive performances to be
based upon vast numbers of highly profitable prey within
the vicinity of the breeding site (Grémillet et al. 2001).
Contrary to this expectation the estimated abundance
of Great Cormorant prey within their foraging area was
low. Regardless of the technique used, the majority of
the sampling stations considered did not reveal any
potential bird prey. The video stations and the scuba
transects provided estimates of the local prey abundance
with average densities of between 0·03 and 0·09 prey m−2.
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These densities of demersal fish are typical for Arctic
rocky shores (Hoff 2000; Born & Böcher 2001; FishBase
2004). In the Bering Strait area, for example, Hoff (2000)
estimated a sculpin abundance of less than 0·01 fish m−2.
Our estimates of  demersal fish densities off  West-
Greenland are about 10 times lower than in compar-
able habitats from boreal coastal zones. For example the
abundance of bottom-dwelling labrids averages several
individuals per square meter of rocky shores off  West
Scotland (data recorded using scuba transects; Magill
& Sayer 2002). Furthermore, an average of 1·5 bottom-
dwelling fish m−2 (mainly labrids) was recorded via scuba
transects in Brittany (Siorat 2003). Such labrid species
offer a good comparison, as they occupy the same niche in
boreal coastal zones that Arctic sculpins occupy in Arctic
coastal zones. In these regions, they are the major prey
of local Great Cormorants (Grémillet & Argentin 1998).

There is no fully accurate way to assess fish abund-
ance (Willis, Miller & Babcock 2000), even in a fairly
simple arctic benthic ecosystem. The fish abundances
provided in our study therefore probably underestimate
the true prey density in the study area. However, similar
biases apply to studies of labrid densities conducted in
the boreal zone (Magill & Sayer 2002 and Siorat 2003; see
above), because they used exactly the same methodology
(scuba transects). These studies indicate abundances
of potential cormorant prey about 10 times higher than
at our study site. Hence, even when taking into account
a certain level of underestimation, this comparison shows
that cormorant prey densities are markedly lower in
Greenland than they are along European rocky shores.
This is confirmed by recent studies from central Nor-
way (Lorentsen et al., 2004) which provide concurrent
estimates of cormorant predatory performance and
fish abundance in an area where the birds forage in
warmer water than in Greenland (12 °C in Norway vs
5 °C in Greenland). In this zone, average cormorant
CPUE was assessed as 9·76 ± 4·49 g min−1 spent under-
water for 10 breeding individuals, using exactly the
same methodology as in our study (recording of dive
patterns using VHF transmitters and automatic weigh-
ing at the nest, S.-H. Lorentsen, unpublished data).
These CPUE values are similar to those for Great Cor-
morants from temperate Normandy (Grémillet 1997),
and markedly lower than for Great Cormorants stud-
ied in Greenland. Average prey abundances (labrids
and gadids) of between 0·5 and 2·3 fish per m2 were
recorded using scuba transects along the west coast of
Norway (for a total transect length of 12 750 m, K. Sjøtun,
unpublished data). These abundances are similar to
those recorded along other European rocky shores
(Magill & Sayer 2002 and Siorat 2003; see above).

Taken together, these findings show that Great Cor-
morant foraging performance is higher in Greenland
than it is in Europe, and that estimated prey abundances
are lower in Greenland than they are in Europe. We
therefore cannot support the hypothesis that the forag-
ing performance of Greenland Great Cormorants is
based upon super-abundant food resources (Grémillet

et al. 2001). Food resources off West-Greenland are not
only scarce, they are also energetically unattractive.
The birds studied mainly fed on small bottom-dwelling
sculpins (Table 2). The energy content of this prey is low
compared with that of a wide range of fish exploited by
seabirds (Hislop, Harris & Smith 1991). Moreover, this
food resource occurs in a marine area where Capelin popu-
lations reach large numbers (Friis-Rødel & Kanneworff
2002; Carscadden & Vilhjalmsson 2002). Great Cor-
morants also take some Capelin (Table 2), yet, unlike
most seabirds and marine mammals in this zone, they
make limited use of this bounty. Capelin stocks show
substantial spatio-temporal variability (Carscadden &
Vilhjalmsson 2002), whereas sculpins feature a stable,
sedentary population. We propose that cormorants
favour an apparently less numerous, yet highly predict-
able food resource over a temporarily super-abundant
one. This predictability could explain the high consist-
ency of the breeding chronology of Great Cormorants
in Greenland. This potential strategy nonetheless does
not explain how Greenland Great Cormorants sustain
high levels of foraging efficiency on such limited food
quality and quantity. This can only be due to selection
pressure favouring individuals with extraordinary foraging
capabilities. This hypothesis remains to be tested.

 

It has been proposed that food availability principally
limits the growth of tropical seabird populations (Ashmole
1963), and possibly of seabird populations in general.
This paradigm is largely based upon the assumption that
seabirds have a costly way of life, and therefore require
vast amounts of food to balance their energy budgets. As
alluded to in the Introduction, this assertion is par-
ticularly difficult to test because the population dynamics
of a seabird species, its foraging behaviour and the abund-
ance of prey within its foraging zone are very difficult
to record simultaneously. Nevertheless, indirect evidence
has been gathered which currently supports Ashmole’s
theory (Furness & Birkhead 1984; Birt-Friesen et al.
1989; Cairns 1989; Lewis et al. 2001). In this context, it is
rather surprising to find that seabirds such as cormorants
can sustain themselves on modest food resources and
raise large numbers of chicks, even when foraging in a
challenging arctic environment. This suggests that the
foraging success of a diving endotherm is not necessarily
a good indicator of  environmental quality (Houston
et al. 2003).

Our findings should also be considered in the con-
text of the perceived conflict between European Great
Cormorant populations and freshwater fisheries. Great
Cormorant numbers increased sharply throughout
Europe between the mid-1980s and the late 1990s. Since
then claims have risen that Great Cormorants deplete
freshwater fish stocks (review in Carss et al. 2003). The
rate of population growth decreased slightly in recent
years (Bregnballe et al. 2003). This has been attributed
to growing intraspecific competition for food, which
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might induce a self-regulation of European Great Cor-
morant populations (Frederiksen & Bregnballe 2000).
Our study questions this interpretation, as it indicates
that Great Cormorants might show a substantial pred-
atory and breeding performance, even when exploiting
modest prey resources.
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