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Abstract The Wne link between a particular dive pattern
and a speciWc prey item represents a challenging task in the
analysis of marine predator–prey relationships. There is
growing evidence that prey type aVects diving seabirds’
foraging strategies, dive shapes and underwater activity
costs. This study investigates whether a generalist diver, the
Great Cormorant Phalacrocorax carbo, modiWes the time
budget allocated to prey-capture behaviour and breathing
strategies (reactive vs. anticipatory) with respect to the prey
type (pelagic vs. benthic). Video recordings of 91 Great
Cormorants show how the ecology and behaviour of their
main prey, Mullets (Mugilidae) and Flounders Platichthys
Xesus, aVect dive/surface durations and the diving pattern.
The demersal habit and the low mobility of Flounders leads
to an easy access to prey with an anticipatory strategy.
Moreover, the patchy distribution of this Wsh species
increases prey-capture rates. Conversely, Mullets exploit
the whole water column and are highly mobile, and this is
reXected in the need of performing two sequential dives to
capture a prey, both longer and likely more expensive, with
a consequent switch of strategy from reactive in the search-
ing phase to anticipatory breathing during prey-capture
events. This study provides evidence that a generalist diver
may switch between diVerent foraging strategies, and it
shows how each of them may be optimal under particular
ecological conditions. These constraints inXuence the
dynamics that operate within the marine food chains and

have relevant implications in managing lagoon areas,
including Wsh ponds.

Introduction

The analysis of predator–prey relationships in seabirds is a
challenging task, since most seabird species are highly
mobile predators, and their foraging sites are widespread
(e.g. Kato et al. 1998; Bost et al. 2008; but see Rayner et al.
2008), so it is diYcult to link a behavioural foraging pattern
with a given prey item. This is particularly true for species
that rely on a wide prey spectrum (generalists). While many
specialist species seem to carry out deWned behavioural
strategies to search and capture prey (Watanuki et al. 1993;
Davoren et al. 2003; Weimerskirch et al. 2005; Wilson
et al. 2005), it is little known whether generalists modify
their foraging behaviour with respect to the prey type
(Ropert-Coudert et al. 2002). Understanding the foraging
behaviour of generalist diving species is more diYcult,
since foraging processes occur underwater and are there-
fore diYcult to observe.

During foraging, divers have to face a trade-oV between
time spent foraging at depth (bottom time) and time spent
breathing at the surface (surface time). The oxygen stores
are also depleted while travelling through the water column
to and from the foraging patches (travel time). The way in
which divers partition their time between these components
of the dive cycle is subjected to both physiological and eco-
logical constraints (Green et al. 2005). Divers are predicted
to deploy behavioural strategies that best use their oxygen
reserves in order to optimise dive time versus surface time
(Kramer 1988; Houston and Carbone 1992). Moreover,
prey distribution in the water column, aVecting predator–
prey relationships (Baldwin 1988), plays a fundamental
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role in divers’ foraging strategies and time allocation within
dives (Wilson et al. 2002; Ropert-Coudert et al. 2006a;
Elliott et al. 2008a, b).

Lea et al. (1996) and Jodice and Collopy (1999) have
identiWed two diving strategies by the best-Wt-regression
between dive times and the relative preceding or succeed-
ing surface durations. On the one hand, if dive times corre-
lated better with the preceding surface pauses, the authors
identiWed an anticipatory breathing strategy, as if divers
could anticipate the dive duration and so the oxygen load
relied on the preceding surface pause. This is a typical strat-
egy of benthic foragers, assumed to foresee the foraging
depth. On the other hand, if dive times correlated better
with the subsequent surface durations, they identiWed the
reactive breathing strategy, as divers could immerse with a
constant air amount and so the oxygen reloading depended
on dive duration. This latter strategy characterises pelagic
divers that forage within the water column. Nevertheless,
surface pauses in Brünnich Guillemots Uria lomvia have
both an anticipatory and a reactive component (Elliott et al.
2008a), suggesting that each surface duration would likely
represent a trade-oV between recovering from the preceding
dive and preparing for the next. So during shallow dive
bouts the anticipatory component could prevail, whereas
deep dive bouts are more likely to be reactive (Elliott et al.
2008a). In order to minimise the behavioural variability,
Mori et al. (2002) analysed the regression between each
dive time and the shortest preceding and succeeding surface
time. This approach allowed removal of all surface dura-
tions not strictly linked to physiological constraints. The
authors identiWed a logarithmic function as the best Wtting
between dive and surface times.

The layer of the water column where divers forage can
also be inferred by the analysis of dive shapes at diVerent
depths, obtained by bird borne time-depth recorders
(reviewed in Ropert-Coudert and Wilson 2005). Two main
dive proWles are identiWed: benthic foraging is often charac-
terised by series of U-shaped Xat dives to the same depth
(Ropert-Coudert et al. 2002; Takahashi et al. 2003;
Lescroël and Bost 2005; Elliott et al. 2008b), whereas
pelagic foraging is often categorised by V-shaped bounce
dives to diVerent depths (Tremblay and Cherel 2000; Elliott
et al. 2008b). While time-depth recorders provide extensive
data about feeding locations, dive depth and duration, the
Wne link between a particular dive pattern and a speciWc
prey item is still poorly understood (Enstipp et al. 2007).
Nonetheless, there is growing evidence that prey type
aVects (1) diving strategies (Elliott et al. 2008a), (2) dive
shapes (Bost et al. 2007; Elliott et al. 2008b) and (3) under-
water activity costs (Elliott et al. 2009).

The Great Cormorant Phalacrocorax carbo forages
mostly in shallow coastal areas (Cooper 1986; Johnsgard
1993; Nelson Bryan 2005), feeding on a wide range of Wsh

species (Baccetti et al. 1993). This generalist diver relies
mainly on demersal Wsh species (Ashmole 1971; Cramp
and Simmons 1977; Grémillet et al. 2004, 2006), captured
with U-shaped benthic dives (Grémillet et al. 1999; Ropert-
Coudert et al. 2006b). However, the Great Cormorant can
easily switch between benthic and pelagic feeding (Grémillet
et al. 1998, 1999). We investigated whether Great Cormo-
rants modify diving behaviour and foraging strategies with
respect to the prey type (pelagic vs. benthic). The following
biological questions were tested: (a) is there an increase in
dive and surface times according to foraging depth? (b) Is
there a diVerence in dive and surface time budget with
respect to prey characteristics and behaviour? (c) Does prey
type aVect the diving strategy (anticipatory vs. reactive)?
To answer these questions, we studied Great Cormorants
directly at feeding areas, so behavioural foraging patterns
were associated with visible prey captured (including
records of prey species).

Study area and methods

Field observations were carried out along the coastal area
of Friuli Venezia Giulia, upper Adriatic Sea (NE Italy). The
study area includes the Grado and Marano lagoon (between
45°41�–45°46�N, 13°05�–13°25�E), a shallow tidal wetland
of about 16,000 ha (1,700 ha managed as Wsh ponds) and a
stretch of sea among Isonzo and Timavo river mouths
(between 45°43�–45°47�N, 13°32�–13°36�E) (Fig. 1). The
area is characterised by large tidal mudXats (about 1 m
deep), intertwined with natural and artiWcial channels (up to
5 m deep). The lagoon is of national importance for winter-
ing Great Cormorants (Baccetti et al. 2002). In January
2008, a total of 1,455 birds were observed (Cosolo 2008).

Prey type and diving behaviour

We analysed diving sequences of 91 single-foraging Great
Cormorants (N = 3,470 dives) on the basis of two prey
types, Mullets (Mugilidae) and Flounders Platichthys
Xesus, handled by the birds and recognisable at the surface
by a distant observer. Mullets exploit the whole water col-
umn (pelagic) and are highly mobile (Kailola et al. 1993).
This Wsh species usually occurs in small schools
(Eschmeyer et al. 1983), mainly in shallow coastal waters
(Rheman et al. 2002). In contrast, Flounders are typically
demersal (benthic) and low-mobile species (Muus and
Dahlström 1974). Mullets and Flounders make up the
predominant part of the prey biomass ingested by Great
Cormorants in the coastal area of Friuli Venezia Giulia
(Privileggi 2003; Cosolo 2008). Moreover, in this area
Mullets and Flounders are common Wsh species and are
characterised by a high socio-economic value: the landings
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of commercial capture Wsheries in winters 2005/2006 and
2006/2007 (period September–April) ranged between
19,590 and 25,799 kg for Mullets and between 12,087 and
13,027 kg for Flounders (Marchesan 2008). Focusing on
the Grado and Marano lagoon area, the range of Mullets’
commercial captures remained higher (11,022–12,692 kg
vs. 7,769–7,920 kg of Flounders). Since within tidal mudX-
ats (about 1 m deep) both Wsh species are caught by tradi-
tional and unselective bottom gillnets, the commercial
captures data approximate the relative abundance of these
Wsh species.

Video recordings were carried out from October 2004 to
April 2007 and were performed from the coastline and by
boat with a digital camera with telephoto lens (max. 50£).
Foraging birds were categorised on the basis of the two for-
aging depths: the higher in channels 4–5 m deep (N = 43)
and the lower in tidal mudXats about 1 m deep (N = 48).
Depths of all foraging sites were measured, taking into
account the tidal level. The probability of recording the
same individual was negligible, given that the video record-
ings were carried out in diVerent years, coastal areas and
winter periods. At both depths, Great Cormorants captured
207 prey items. We never observed the capture of diVerent
prey species within a single diving sequence, so we dis-
criminated Mullet (N = 29; Nprey = 37) from Flounder
sequences (N = 62; Nprey = 170) (Table 1). In this regard, it
is often assumed that cormorants bring most prey to the sur-
face to swallow. In some cases, this behaviour may include
small Wsh, often taken at high rate (Carss and The Diet
Assessment and Food Intake Working Group 1997). How-
ever, we considered the possibility that birds swallowed
prey items underwater. Strod et al. (2003) addressed this

issue during captive trials of 5 Great Cormorants. They
considered this behaviour as infrequent and occurring when
Wsh were small in size. Enstipp et al. (2007), during captive
trials of 9 Double-crested Cormorants Phalacrocorax
auritus, observed that underwater swallowing occurred just
in 9 cases out of 257 prey captures and mostly in the two
largest birds. Moreover, Carss and The Diet Assessment
and Food Intake Working Group (1997) highlighted that
birds surfacing without a visible Wsh but which shook their
heads, gaped, exhibited throat Xuttering or took a drink,
implied that they had just swallowed Wsh underwater. In our
study, we observed such behaviour only in 12 out of 3,470
dives. On the basis of the results from Strod et al. (2003)
and Enstipp et al. (2007) and according to our Weld obser-
vations, we maintained that the eVects of this behaviour in
our analysis were negligible, acting as a ‘background
noise’.

For each diving cormorant, we collected the following
parameters: total foraging time (dive sequence duration),
number of dives, dive times and the relative preceding and
succeeding surface durations. To assess the diVerences
between diving parameters at the two depths, we used the
Mann–Whitney U Test. The signiWcance threshold was set
at � < 0.05.

Prey-capture behaviour analysis

We analysed the following parameters characterising
Flounder and Mullet sequences: unsuccessful dive times
(‘ud’), unsuccessful surface durations (‘sud’), dive times
immediately preceding the predatory dive (‘dpP’), surface
durations preceding the predatory dive (‘spP’), predatory

Fig. 1 Study area (images 
extracted from 
GoogleMaps©2010)

Table 1 Diving sequences at both depths

Prey-capture rates were calculated considering the whole diving sequences duration

N birds N dives N prey Sequences total 
duration (min)

N dives per 
bird (§SE)

N prey per 
bird (§SE)

N prey 
min¡1 (§SE)

Mullet sequences 4–5 m depth 25 795 32 553 31.80 § 2.14 1.28 § 0.09 0.060 § 0.004

1 m depth 4 81 5 48 20.25 § 2.53 1.25 § 0.25 0.110 § 0.024

Flounder sequences 4–5 m depth 18 542 29 311 30.11 § 3.63 1.61 § 0.20 0.120 § 0.023

1 m depth 44 2052 141 656 46.64 § 4.78 3.20 § 0.39 0.220 § 0.018
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dive times (‘Pd’), surface durations succeeding the preda-
tory dive (‘ssP’) (Fig. 2). To assess the diVerences
between diving parameters within a predatory sequence,
we used the Wilcoxon Test. Otherwise, to assess the diVer-
ences between diving parameters with respect to the prey
type and the relative foraging depth, we used the Mann–
Whitney U Test. In sequences where we observed more
than one prey item captured, we averaged the values of
diving parameters. The signiWcance threshold was set at
� < 0.05.

Diving strategies with respect to prey type

In order to identify Great Cormorant’s diving strategies
with respect to the prey type (Flounders or Mullets), we
carried out a multiple regression analysis (stepwise method)
(Sokal and Rohlf 1969) between each dive time and the
shortest preceding and succeeding surface durations, con-
sidering all data (Mori et al. 2002; Sponza et al. 2010). The
shortest surface pause needed to recover from a given dive
time (in 1 s steps) allows the elimination of all surface
durations not strictly dependent on physiological limits. We
processed separately predatory dive sequences at the two
study depths. The best Wtting relationship and, conse-
quently, the prevalent diving component (anticipatory or
reactive) were identiWed by the higher value of the parame-
ter Beta. In the regression analysis, we discriminated the
diVerent phases of the predatory sequence: (a) all dive
times (not linked to a predatory event) (‘ud’), (b) dive times
preceding the predatory dive (‘dpP’) and (c) predatory
dives (‘Pd’) with their own shortest preceding and succeed-
ing surface durations. In the latter case, the shortest suc-
ceeding surface durations allow to minimise prey handling
time.

The regression curves were set passing through the ori-
gin, and models were tested with ANOVA. All surface data
were ln-transformed, because the function between dive
and surface times tended in all cases to a logarithmic. For
each regression, we veriWed the conditions of validity such
as the normal distribution of residuals, the homogeneity of
the variance and the homoscedasticity. The signiWcance
threshold was set at � < 0.05.

Results

Dive and surface times

Mean dive and surface times (§SD) at 4–5 m depth were
signiWcantly higher than at 1 m depth (Table 2). The eVect
of depth was also revealed by the distribution of dive times,
set in 5 s classes (Fig. 3). At shallower depth, Great Cormo-
rants performed shorter dives. The modes of the two distri-
butions settled at well-separated dive classes (11–15 s for
1 m depth and 26–30 s for 4–5 m depth).

Prey-capture behaviour

Flounders’ capture rate (0.19 prey min¡1, N = 62) was
signiWcantly higher than Mullets’ capture rate (0.07
prey min¡1, N = 29) (Mann–Whitney U Test: NMullets = 29,
NFlounders = 62, z = ¡5.37, � < 0.0001) (Table 1). This trend
remained at 4–5 m depth (0.12 Flounders min¡1, N = 18 vs.
0.06 Mullets min¡1, N = 25) (Mann–Whitney U Test:
NMullets = 25, NFlounders = 18, z = ¡2.3, � < 0.05) (Table 1).
At 1 m depth, Mullet sequences (N = 4) were too small a
sample to be compared with Flounder sequences (N = 44).
Flounders’ capture rate at 1 m depth (0.22 prey min¡1) was

Fig. 2 Graphic representation 
of diving parameters analysed

Table 2 Results from Mann–Whitney U Test between mean values of dive time, preceding and succeeding surface durations at the two depths

4–5 m depth versus 1 m depth

N 4–5 m depth Mean § SD (s) N 1 m depth Mean § SD (s) z �

Dive time 43 28.23 § 4.55 48 16.13 § 4.95 7.57 � < 0.0001

Preceding surface duration 43 9.38 § 2.40 48 5.48 § 1.73 6.72 � < 0.0001

Succeeding surface duration 43 9.82 § 2.49 48 5.88 § 1.86 6.47 � < 0.0001
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signiWcantly higher than at 4–5 m depth (Mann–Whitney
U Test: N4¡5m = 18, N1m = 44, z = ¡3.3, � < 0.001).

In order to discriminate Flounder from Mullet
sequences, we compared the relative diving parameters
(Figs. 2, 4; Tables 3, 4). At 4–5 m depth, unsuccessful
dives (‘ud’) did not diVer between Mullet and Flounder
sequences (Table 4). Unlike Flounder sequences, dives pre-
ceding the predatory dive (‘dpP’) of a Mullet were signiW-
cantly longer than unsuccessful dives (Table 3). Both in
Flounder and Mullet sequences, predatory dives (‘Pd’)
were signiWcantly shorter than unsuccessful dives and dives
preceding the predatory dive (Table 3). Overall, Flounders
were captured during shorter dives than Mullets (Table 4).
In Mullet sequences, surface times preceding the predatory
dive (‘spP’) did not diVer from surface times following an
unsuccessful dive (‘sud’). In both prey sequences, surface
times succeeding the predatory dive (‘ssP’) were signiW-
cantly longer than any other surface duration (Table 3).

At 1 m depth, the small sample of Mullet sequences
(N = 4) did not allow us to highlight the eVect of depth. In
Flounder sequences (N = 44), both dive and surface times
were signiWcantly shorter with respect to 4–5 m depth
(Table 4). As seen at 4–5 depth, predatory dives were
shorter than any other dive time, and unsuccessful dives
did not diVer from dives preceding the predatory dive
(Table 3).

Foraging strategies to capture Mullets and Flounders

Given that dives preceding Mullet captures had the largest
durations (Fig. 4; Table 3), we investigated how this varia-
tion could be linked with the diving strategies. So we ana-
lysed the relationship between dive times and the shortest
preceding and succeeding surface durations (Mori et al.
2002) in the diVerent phases of Mullet and Flounder preda-
tory sequences (Tables 5, 6). In Mullet sequences, we

Fig. 3 Distribution of dive 
times (N = 3,470) at the two 
depths (N1m = 2,133, 
N4–5m = 1,337) set in 5 s classes

Fig. 4 Average (§SD) diving parameters characterising at 4–5 m
depth the prey-capture behaviour with respect to Mullets (N = 25;
unsuccessful dives ‘ud’ = 27.71 § 4.31 s; unsuccessful surface times
‘sud’ = 10.14 § 2.59 s; dives preceding the predatory dive ‘dpP’ =
32.12 § 4.98 s; surface times preceding the predatory dive ‘spP’ =
9.80 § 2.83 s; predatory dives ‘Pd’ = 22.26 § 5.02 s; surface times

succeeding the predatory dive ‘ssP’ = 17.82 § 7.81 s) and Flounders
(N = 18; unsuccessful dives ‘ud’ = 27.40 § 4.66 s; unsuccessful
surface times ‘sud’ = 8.58 § 2.08 s; dives preceding the predatory dive
‘dpP’ = 27.49 § 4.88 s; surface times preceding the predatory dive
‘spP’ = 8.93 § 6.48 s; predatory dives ‘Pd’ = 16.45 § 9.14 s; surface
times succeeding the predatory dive ‘ssP’ = 23.93 § 10.45 s)
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found a strong relationship between all dive times with both
shortest preceding and succeeding surface durations
(Table 5). The higher values of Beta for the latter (0.597 vs.
0.398) predicted a slight prevalence of the reactive breath-
ing component. Focusing on dives preceding the predatory
dive, regression analysis provided only a relationship with
the succeeding surface duration (reactive breathing)
(Table 5), whereas for predatory dives only the anticipatory
breathing component (Table 5).

As regards Flounder sequences at 4–5 m depth, all dive
times had a strong relationship with both shortest preceding
and succeeding surface durations (Table 6). The higher
value of Beta (0.547 vs. 0.452) however predicted a slight
prevalence of the anticipatory breathing component. Pre-
ceding surface pauses become predictive of dive durations
(anticipatory) analysing both dives preceding the predatory
dive and the predatory dives (Table 6).

The surface duration succeeding the predatory dive was
the parameter with the greatest variability both in Mullet
and in Flounder sequences (Fig. 4). Given this variability,
the use of the shortest succeeding surface time allowed us
to minimise the eVect of prey ingestion in the regressions
with the predatory dives. This is particularly true in Floun-
der sequences, given the roughly oval shape of this XatWsh.
In fact, Enstipp et al. (2007) highlight that handling times at
the surface (from surfacing to prey ingestion) for pelagic
prey (as Mullets) are on average particularly short.

At 1 m depth, we could only investigate Flounder
sequences (Table 6). Regression analysis with all dive
times provided a relationship with the succeeding surface
durations only. The reactive component prevailed also in
the regression analysis with dives preceding the predatory
dive (Table 6), whereas for predatory dives we obtained a
prevalence of the anticipatory component (Table 6).

Table 3 Results from 
Wilcoxon Test of the compari-
son between diving parameters 
characterising Great Cormorants 
foraging on Mullets and 
Flounders

4–5 m depth 
Mullets

4–5 m depth 
Flounders

1 m depth 
Flounders

Predatory dives (Pd)
versus
Dives preceding predatory dive (dpP)

N = 25
z = 4.3
� < 0.0001

N = 18
z = 3.5
� < 0.001

N = 44
z = 5.3
� < 0.0001

Predatory dives (Pd)
versus
Unsuccessful dives (ud)

N = 25
z = 4.3
� < 0.0001

N = 18
z = 3.5
� < 0.01

N = 44
z = 8.3
� < 0.001

Dives preceding predatory dive (dpP)
versus
Unsuccessful dives (ud)

N = 25
z = 2.9
� < 0.01

N = 18
z = 0.2
NS

N = 44
z = 0.8
NS

Surface durations preceding predatory dive (spP)
versus
Unsuccessful surface times (sud)

N = 25
z = 0.9
NS

N = 18
z = 2.1
� < 0.05

N = 44
z = 2.8
� < 0.01

Surface durations succeeding predatory dive (ssP)
versus
Surface durations preceding predatory dive (spP)

N = 25
z = 3.6
� < 0,001

N = 18
z = 3.6
� < 0.001

N = 44
z = 5.8
� < 0.0001

Surface durations succeeding predatory dive (ssP)
versus
Unsuccessful surface times (sud)

N = 25
z = 3.4
� < 0.01

N = 18
z = 3.6
� < 0.001

N = 44
z = 5.7
� < 0.0001

Table 4 Results from Mann–Whitney U Test between depths in Flounder sequences and between Mullet and Flounder sequences at 4–5 m depth

Flounders 4–5 m depth 
versus 1 m depth

4–5 m depth Mullets 
versus Flounders

Dives preceding predatory dive (dpP) N4–5m = 18, N1m = 44, z = 5.9
� < 0.0001

NMullet = 25, NFlounder = 18, z = 2.8
� < 0.01

Predatory dives (Pd) N4–5m = 18, N1m = 44, z = 2.2
� < 0.05

NMullet = 25, NFlounder = 18, z = 2.9
� < 0.01

Unsuccessful dives (ud) N4–5m = 18, N1m = 44, z = 6.1
� < 0.0001

NMullet = 25, NFlounder = 18, z = 1.1
NS

Surface durations preceding predatory dive (spP) N4–5m = 18, N1m = 44, z = 4.3
� < 0.0001

NMullet = 25, NFlounder = 18, z = 2.2
� < 0.05

Surface durations succeeding predatory dive (ssP) N4–5m = 18, N1m = 44, z = 5.1
� < 0.0001

NMullet = 25, NFlounder = 18, z = –3.1
� < 0.01

Unsuccessful surface times (sud) N4–5m = 18, N1m = 44, z = 4.9
� < 0.0001

NMullet = 25, NFlounder = 18, z = 0.5
NS
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The capture of Flounders

Given Flounders’ benthic habits and higher prey-capture
rate at 1 m depth, we investigated whether this value was
aVected by a particular spatial distribution of this species
along the bottom. In fact, Modin and Pihl (1996) and
Zwanette (2001) showed that juvenile Flounders tend to
aggregate in groups. We analysed the prey-capture latency,
which is the period between the arrival of a Great Cormo-
rant at the feeding site and the Wrst capture, and the mean
time (§SE) between a capture and the successive one. Both
parameters decreased signiWcantly at 1 m depth (respec-
tively ANOVA: R2 = 0.62, F1,6 = 9.63, � < 0.05 and
R2 = 0.52, F1,6 = 6.58, � < 0.05) with the increase in the
number of Flounders captured. It was then checked whether
time spent at the foraging site correlated with the number of
prey captured. For this analysis, we considered only the
sequences where we had both the arrival and the departure
of a Great Cormorant from the foraging site (N = 5).

Although the data available were few, the number of Floun-
ders captured increased with time spent at the foraging
patch. The best Wtting plot was an exponential function
(ANOVA: R2 = 0.97, F1,3 = 115.81, � < 0.01) (Fig. 5). If
we removed the single data point where a Great Cormorant
captured 12 Flounders, the best Wtting remained an expo-
nential function (R2 = 0.95).

Discussion

Foraging times

Most studies on Great Cormorant’s foraging behaviour
highlight the species’ preference for shallow waters
(Cooper 1986; Wilson and Wilson 1988; Lea et al. 1996;
Grémillet et al. 1998, 1999, 2006; Kato et al. 2006; Ropert-
Coudert et al. 2006b). Given the positive correlation
between water depth and dive duration (Kramer 1988;

Table 5 Result from multiple linear regression analysis (stepwise method) between dive times and the shortest preceding (prec) and succeeding
(succ) surface times characterising Mullet sequences at 4–5 m depth

‘ud’: R2 = 0.981, F2,34 = 898.346, � < 0.0001; ‘dpP’: R2 = 0.931, F1,17 = 230.431, � < 0.0001; ‘Pd’: r2 = 0.984, F1,13 = 816.320, � < 0.0001. The
higher value of Beta identiWed the strongest relationship between dive/preceding or dive/succeeding surface times

Mullet sequences Unstandardised coeYcients Standardised coeYcients

B SE Beta T �

All dives (ud) succ 10.748 2.398 0.597 4.482 0.0001

prec 7.107 2.381 0.398 2.985 0.005

Dives preceding predatory dive (dpP) succ 13.762 0.907 0.967 15.180 0.0001

Predatory dives (Pd) prec 11.470 0.401 0.993 28.571 0.0001

Table 6 Result from multiple linear regression analysis between dive times and the shortest preceding (prec) and succeeding (succ) surface times
characterising Flounder sequences at 4–5 m and 1 m depths

4–5 depth: ‘ud’, R2 = 0.995, F2,31 = 3084.157, � < 0.0001; ‘dpP’, R2 = 0.990, F1,12 = 1223.274, � < 0.0001; ‘Pd’, R2 = 0.819, F1,18 = 82.246,
� < 0.0001. 1 m depth: ‘ud’, r2 = 0.864, F1,30 = 191.076, � < 0.0001; ‘dpP’, r2 = 0.944, F2,25 = 210.735, � < 0.0001; ‘Pd’, r2 = 0.908,
F2,22 = 109.799, � < 0.0001. The higher value of Beta identiWed the strongest relationship between dive/preceding or dive/succeeding surface times

Flounder sequences Unstandardised coeYcients Standardised coeYcients

B SE Beta T �

4–5 m Depth

All dives (ud) prec 9.433 2.491 0.547 3.786 0.001

succ 7.656 2.447 0.452 3.128 0.004

Dives preceding predatory dive (dpP) prec 15.647 0.447 0.996 34.975 0.0001

Predatory dives (Pd) prec 9.915 1.093 0.910 9.069 0.0001

1 m Depth

All dives (ud) succ 19.114 1.383 0.932 13.823 0.0001

Dives preceding predatory dive (dpP) succ 9.950 2.183 0.654 4.557 0.0001

prec 5.065 2.190 0.332 2.313 0.03

Predatory dives (Pd) prec 10.195 1.339 0.728 7.616 0.0001

succ 2.329 0.782 0.285 2.978 0.007
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Houston and Carbone 1992), foraging in shallow waters is
reXected in short dives and consequent surface times. Mean
(§SD) dive duration (19.5 § 9.2 s) of the 91 single-forag-
ing Great Cormorants observed is similar to 21.1 § 8.9 s
durations calculated by Lea et al. (1996) at comparable
depths (ranging between 1 and 5 m). At 4–5 m depth, dive
duration (28.2 § 4.5 s) is equivalent to 28 s recorded by
Grémillet et al. (1998), while it is higher than 18.9 § 3.7 s
and 22.8 § 5.8 s, respectively, calculated by Kato et al.
(2006) and Ropert-Coudert et al. (2006b) at comparable
depths. Mean (§SD) surface time (6.9 § 6.4 s) at both
depths was similar to 7.1 s recorded by Lea et al. (1996).

The increase in dive durations according with water
depth is typical in benthic divers (Wilson and Wilson 1988;
Croxall et al. 1991; Jodice and Collopy 1999). In our data,
we provide support for such an increase for cormorants for-
aging on Flounders (Table 4).

Pelagic versus benthic feeding

The Great Cormorant is mainly a benthic feeder (Ashmole
1971; Cramp and Simmons 1977; Grémillet et al. 2004,
2006). The species forages mostly on benthic Wsh (60–
75%), even in situations of higher pelagic prey abundance
(Grémillet et al. 2004). Despite Wsheries data (see “Study
area and methods”), we record a higher capture rate for
Flounders with respect to Mullets at 4–5 m depth (Table 1).
Consistent with Grémillet et al. (2004), this diVerence is
linked with the diVerent ecological characteristics of these
prey species beyond their abundance. Flounders burrow in
the substrate and rely on mimicry as anti-predator behav-
iour (Muus and Dahlström 1974). Given their very limited
mobility, they are likely easy to capture (Sponza et al.
2010). In contrast, Mullets exploit the whole water column
and are highly mobile (Kailola et al. 1993). Halsey et al.
(2007) emphasise a clear diVerence in the energetic costs of
diving for benthic (sedentary) and pelagic (motile) prey.
Across dives of all durations in Double-crested Cormorants

Phalacrocorax auritus, the foraging phase was more
expensive (higher oxygen consumption) when birds hunted
motile prey (Halsey et al. 2007), due to the increased costs
of a higher swimming speed and underwater activity
(Schmid et al. 1995). Moreover, pelagic Wsh species usually
form aggregations that are ephemeral and unpredictable,
while benthic prey patches follow predictable bathymet-
ric gradients or bottom sediment characteristics (Coyle
et al. 1992; Montevecchi 1993; Davoren 2000; Litzow et al.
2000; Carscadden and Wilhjalmsson 2002; Watanuki et al.
2004).

Prey-capture behaviour and diving strategies

At 4–5 m depth, unsuccessful dive times for Flounders and
Mullets do not diVer (Fig. 4; Table 4), indicating that Great
Cormorants prefer a deWnite dive duration in order to maxi-
mise time spent underwater searching for prey. In Mullet
sequences, this occurs until the dive preceding the preda-
tory dive. These latter dives are indeed the longest (Fig. 4;
Table 3). In contrast, in Flounder sequences there are no
diVerences between dive preceding the predatory dive and
unsuccessful dive durations. Thereafter, dives to capture
both Mullets and Flounders are signiWcantly shorter than
any other dive (Fig. 4; Table 3). Flounders, which sit still
and hide in the substrate, are caught during random search-
ing behaviour of steady search duration. On the contrary,
why dives to capture Mullets are shorter is more diYcult to
explain, as during such dives Great Cormorants have
to search, pursue and capture a Mullet. Pelagic prey like
Mullets usually form schools that are unpredictable and
undergo an encounter-dilution eVect (Pitcher and Parrish
1993). Enstipp et al. (2007) found, during trials on captive
Double-crested Cormorants, that underwater search time
increased signiWcantly at low prey densities. According to
Walton et al. (1998), during searching dives, relative time
underwater is maximised, and when a pelagic prey is
located dive duration can be extended, due to the time
required to pursue and capture the prey. Enstipp et al.
(2007) recorded an average pursuit duration of 10.2 § 2.9 s
when a pelagic Wsh was part of a school and 5.2 § 1.4 s
when cormorants attacked a solitary pelagic Wsh. On aver-
age, just 58.3% of pursuits were successful. A similar value
(63.2%) was recorded for Great Cormorants (Grémillet
et al. 2006). In both situations, the foraging success
increased only when cormorants initiated more than one
prey pursuit per dive. Therefore, we maintain that the
decrease in predatory dive times to capture Mullets depends
on the longer duration of dives preceding the predatory
dive. During these dives, Great Cormorants likely search,
detect and, eventually, pursuit the prey. Enstipp et al.
(2007) stressed how, in response to a predator attack,
schools moved towards the bottom of the experimental

Fig. 5 Regression analysis between total foraging time and the num-
ber of Flounders captured. Four out of Wve Great Cormorants analysed
were video recorded at 1 m depth; just 1 bird (Nprey = 1) at 4–5 m depth
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tank, forcing cormorants to dive deeper and typically
remained there until trials were terminated. This behaviour
might represent a strategy that relies on camouXage rather
than actively swimming away. While pursuits are initiated
throughout the water column, 60% of captures occurred
near the bottom of the tank, where light levels were lowest
(Enstipp et al. 2007). We suggest that such prey behaviour
that facilitates Great Cormorants as the bottom, compared
to the water column, is a predictable landmark. In this
regard, all dive times in Mullet sequences correlated with
both preceding and succeeding surface pauses. The preva-
lence of the latter component (reactive breathing) (Table 5)
assumes that divers are not aware beforehand of the posi-
tion of the prey within the water column (Lea et al. 1996;
Jodice and Collopy 1999). Such strategy is kept in dives
preceding the predatory dive; hence cormorants are still
working within the water column (Table 5). During preda-
tory dives, we emphasise a switch in the diving strategy.
Indeed, the regression analysis Wts the preceding surface
component only and hence an anticipatory breathing strat-
egy, which characterises divers that can predict the foraging
depth and, consequently, travel time duration. Therefore,
divers adjust air volume for that given dive depth. Such
variation of strategy corroborates the hypothesis that Great
Cormorants increase the predictability of predatory dives
just in dives preceding the capture. Consistent with Enstipp
et al. (2007), the interaction with a Great Cormorant during
these dives forces Mullets to the bottom, which is quickly
reached in the subsequent dive. For this reason, predatory
dives are the shortest (Fig. 4; Table 3).

The diYculty in coping with Mullets is reXected in per-
forming two sequential dives to capture the prey, much
longer and likely more expensive (i.e. higher oxygen con-
sumption) (Schmid et al. 1995; Wilson et al. 2006; Halsey
et al. 2007) with respect to the dives to capture Flounders.
Surface durations preceding the predatory dive are indeed
signiWcantly longer in Mullet than in Flounder sequences
(Table 4). Given the short distance between the surface and
the bottom, the switch of strategy avoids Mullets’ escape
response. These Wsh species can easily reach 4.3 m s¡1

swim speed (Rulifson 1977; Sambilay 1990), much higher
than underwater mean speed (1.5 m s¡1) by Great Cormo-
rants (Schmid et al. 1995; Ribak et al. 2004; Kato et al.
2006; Ropert-Coudert et al. 2006b). This diVerence in swim
speed explains why the angle of attack of Double-crested
Cormorants during prey capture is about perpendicular to
Wsh orientation (Enstipp et al. 2007).

At 1 m depth, Great Cormorants cannot ‘anticipate’
Mullets’ movements. In fact, the lack of a proper water col-
umn forces Great Cormorants to pursue the prey within an
horizontal shallow layer. Therefore the shallowest depths
should not be suitable for catching Mullets. The limited
number of Mullets captured (5), compared with the number

of Flounders caught (141, Table 1), would support this
hypothesis.

Great Cormorants foraging on Flounders at 4–5 m show
a diVerent foraging pattern. The regression analysis sub-
stantiates the anticipatory breathing strategy both consider-
ing all dives (see Sponza et al. 2010), dives preceding the
predatory dive and predatory dives (Table 6). This strategy
characterises benthic divers able to predict the foraging
depth, and the occurrence of such strategy is supported by
Flounders’ demersal habits. We thus validate the methodol-
ogy proposed by Mori et al. (2002) also in waters 4–5 m
deep. Great Cormorants foraging on Flounders perform
highly predictable dives: they have just to reach the bottom
and start to search. For a such stationary, cryptic prey cor-
morants randomly detect prey items only at short distance
or even through direct contact with the beak (Voslamber
et al. 1995; Grémillet et al. 2005; Ropert-Coudert et al.
2006b) and may use a prey-Xushing strategy that forces
prey to make an escape response (White et al. 2007). The
ability of Great Cormorants to perform brief accelerations
and strike rapidly with their neck might be a way to capture
prey without extended pursuits (Ropert-Coudert et al.
2006b).

In Flounder sequences at 1 m depth, we record the
occurrence of the reactive component within all dives, and
the prevalence of such component during dives preceding
the predatory dive (Table 6). Furthermore, these results
support Mori et al. (2002), as the model records just the
bottom time duration and its intrinsic unpredictability,
hence the prevalence of the reactive component. In fact, the
deWnition of anticipatory breathing strategy implies that the
travel time (not present at 1 m depth) is a signiWcant and
constant component of the dive cycle, which conceals the
variability of searching and pursuing durations on the bot-
tom (bottom time).

Finally, the increase in capture rate (0.22 prey min¡1) at
1 m depth with respect to 4–5 m (0.12 prey min¡1) corrobo-
rates a patchy distribution of Flounders at the lowest depth
(Modin and Pihl 1996; Zwanette 2001). Although the data
were limited, both prey-capture latency and time between a
capture and the successive one decreased with the number
of Flounders captured. Moreover, the longer duration of a
dive bout was reXected in a higher number of prey items
captured, according to an exponential function (Fig. 5).
This curve is in agreement with the Marginal Value Theo-
rem (Charnov 1976), as a positive correlation between patch
quality and patch residence times (Mori 1998; Mori et al.
2002).

In conclusion, we suggest that Great Cormorants adjust
foraging pattern with respect to prey type (pelagic vs. ben-
thic). Flounders, as low-mobile demersal species, are easy
to capture with an anticipatory breathing strategy. More-
over, they tend to a patchy distribution, which allows Great
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Cormorants to increase prey-capture rate. Conversely
Mullets, as high-mobile species, are more diYcult to capture
because escape movements can be performed. As a result,
the searching phase is described by a reactive breathing
strategy, whereas during prey-capture events Great Cormo-
rant must switch to an anticipatory strategy.

Implications

We suggest that this study has important implications in
Great Cormorant management, which represents a chal-
lenging issue in European wetlands managed as Wsh ponds
(Carss 2003). In the North Adriatic Sea, the commercial
Wsh ponds (extensive aquaculture) are characterised by
large shallow depth basins (about 1 m), delimited by a
deeper artiWcial canal. All reared Wsh species (Sparus
aurata, Dicentrarchus labrax, Liza ramada, Chelon labro-
sus, Mugil sp.) are pelagic and highly mobile. Our results
explain the low occurrence of foraging cormorants in these
environments for most of the winter (Cosolo et al. 2009).
High numbers of Great Cormorants, hence an impact on the
Wsh production, were observed only within the deeper artiW-
cial canal and typically in November and December, coin-
ciding with the times when Wshery managers concentrated
Wsh stocks in the canal for harvesting.
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