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Abstract
Optimal foraging theory predicts that diving predators should maximise their energy intake while minimizing the costs of
their foraging activities at depth. This hypothesis was tested in two breath-hold divers that foraged in the pelagic waters off
Kerguelen Island, southern Indian Ocean. Macaroni penguins (Eudyptes chrysolophus) feed predominately on crustaceans
at moderate depths (ca. 50 m), while king penguins (Aptenodytes patagonicus) feed on mesopelagic fish at deep depths
(ca. 100–150 m). We instrumented 22 penguins with time-depth recorders during the breeding season of the 2014 southern
summer, just before they went to sea. Birds were recaptured after one to five foraging trips and the dive data were analysed
on the level of single dive cycles and entire dive bouts. Both species adjusted their diving behaviour and modulated their
foraging activity in accordance with their experience in their previous dives. Foraging activity during a dive (in terms of
number of wiggles per dive) was greater if birds targeted the same depth as the previous dive. The penguins spent less time
at the surface between two prey capture attempt dives than when a prey capture attempt dive was preceded by a non-prey
capture attempt dive. Dive bout analyses showed that foraging activity increased with bout duration, while transit time during dives decreased with bout duration. Our findings are in general agreement with predictions based on optimal foraging
models. The results suggest that penguins anticipated the depth of their next dive based on their encounter of a prey patch in
the previous dive and optimized their chances of feeding success by spending minimal time at the surface and in transit to
the patch depth. Once penguins detected a prey patch, these behavioural adjustments allowed them to rapidly return to that
patch, increasing their chances of feeding again before the prey disperses.

Introduction
Resources are patchily distributed in the oceanic environment due to the spatial variation of physical processes
(Saunders et al. 2013). As a result, marine predators need
to adjust their search patterns to overcome prey variation in
space and time in the heterogeneous environment (Wakefield et al. 2009; Weimerskirch 2007; Wilson 2010; BenoitBird et al. 2013). Marine predators exhibit flexible foraging
behaviour in relation to prey distribution and availability on
both large and fine scales. Foraging behaviour adjustments
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are particularly important for seabirds during the breeding
season when the animals are constrained by the need to commute frequently between their foraging grounds and their
colony. The foraging range of flightless avian divers, like
penguins, is further restricted in comparison to that flying
seabirds that can travel greater distances at a lower energetic
cost in search of prey (Weimerskirch 2007).
Penguins dive to moderate or deep depths for extended
periods in search of prey. Penguins typically perform
repeated dives, called dive bouts, which indicate intense
foraging activity (Harcourt et al. 2002; Ropert-Coudert
et al. 2004; Weimerskirch et al. 2012). A single foraging
dive consists of a descent phase, active foraging time near
the greatest depth of the dive, an ascent to the surface, and
a post-dive surface interval during which the diver recovers
from the dive and prepares for the next one (Kramer 1988;
Wilson 1995; Halsey et al. 2007). The times allocated to the
dive and the recovery phases are constrained by the physiological limits of the individual (Boyd 1997; Butler and Jones
1997; Ponganis et al. 1999; Butler 2001) and the immediate
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balancing of the time budget should result in instantaneous
foraging feedback.
Optimal foraging models predict that diving predators
optimize their energetic efficiency by maximising the time
spent at the most profitable depth and spending as little time
possible in transit and at the surface (Houston and Carbone
1992; Thompson and Fedak 2001; Mori et al. 2002). Penguins feed mostly during the bottom phase of a dive (Wilson
and Wilson 1995; Ropert-Coudert et al. 2006), sometimes
during the ascent phase and very rarely during the descent
phase (Charrassin and Bost 2001; Bost et al. 2007).
Some studies have supported that penguins adjust their
surface time between dives in anticipation of the diving
effort of the next dive and targeting the depth of the previous dive (Sato et al. 2002; Wilson 2003; Hanuise et al.
2013). Hanuise et al. (2013)—in their study of the relationship between transit time to the targeted depth and foraging
success in king penguins, Aptenodytes patagonicus (Miller
1778)—showed that vertical speed is faster when foraging
activity is greater.
In this study, we investigated the behavioural adjustments of two penguin species on Kerguelen Island—king
penguins, A. patagonicus and macaroni penguins, Eudyptes
chrysolophus (Brandt 1937) during individual dives and diving bouts in relation to the foraging effort of the preceding
dive. We did this by measuring and comparing dive parameters, including vertical descent and ascent speeds and time
spent at the surface, over the course of a diving bout. We
addressed two central questions: (i) How do these two species of penguins adjust their foraging behaviour and surface
time in relation to their recent diving experience? (ii) How
do they modulate their time budgets between surface, transit
and bottom phases in relation to the size of the dive bouts?
We predicted that (i) penguins would modify their diving
behaviour, at the single-dive scale, according to the foraging
success of the preceding dive, and that (ii) foraging effort
would increase after the first dive in which prey was encountered, at the scale of dive bouts. When penguins targeted
the same depth as the preceding dive where a prey capture
attempt was made, penguins are likely to increase the probability of finding and capturing prey again. During these
dives, birds will likely reduce transit time to the targeted
depth.
King and macaroni penguins, both feed on patchily distributed prey and in the same region around Kerguelen but
they differ in their target species (Duhamel et al. 2000;
Bocher et al. 2001; Collins et al. 2008), their diving capacities and recovery times (Charrassin et al. 2002; Green et al.
2003). While king penguins feed exclusively on fish during the breeding season, macaroni penguins consume a
mixed diet, consisting of fish and crustaceans (Guinet et al.
1996; Bost et al. 2002; Cherel et al. 2007). Comparing two
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different species can reveal a general foraging strategy or
underline differences in foraging strategies.

Material and methods
Site and study species
The study was carried out on Kerguelen Island (southern
Indian Ocean, 48°45–50°00S; 68°45–70°58E) during the
austral summer 2013/2014. King penguins breed on the
eastern coast of the Courbet peninsula (Ratmanoff colony:
120,000 pairs) and macaroni penguins breed at the northern tip of the same peninsula (Cap Cotter colony: 400,000
pairs). The diving behaviour of the two species was studied
at sea. The king penguins were instrumented with Mk9Time-Depth-Recorders (TDR; Wildlife computers, Redmond, WA, USA; size: 68 × 17 × 17 mm, weight: 30 g).
Macaroni penguins were instrumented with LAT 1800
depth recorders (LOTEK, Newmarket, Ontario, Canada,
size: 11 × 38 × 13 mm; weight: 7.6 g). A depth resolution of
0.5 m was recorded with an accuracy of ± 1% in both species and depth was recorded every second. We used Loctite
glue to attach the instruments to the lower back (midline) of
the penguins to limit hydrodynamic drag (Bannasch et al.
1994). We tracked 22 penguins during their foraging trips
off the east coast of Kerguelen Island: 7 king penguins and
15 macaroni penguins. All penguins were recaptured after
one to five foraging trips (mean trip duration: 8.5 ± 1.5 days
for king penguins; 5.2 ± 0.4 days for macaroni penguins).

Dive analysis
Data from all devices were extracted and analysed with
MultiTrace software (Jensen Software Systems, Laboe,
Germany). In accordance with the resolution/accuracy of
the TDR’s, only dives exceeding 3 m were used in the analysis as dives < 3 m depth could not be clearly distinguished
from the movement of penguins subjected to swells. Dives
exceeding 50 m were considered foraging dives for king penguins (Charrassin et al. 2002) and dives exceeding 10 m for
macaroni penguins (Green 2003).
For each dive included in the analysis, we calculated the
following parameters using MultiTrace software: maximum
dive depth; descent and ascent rate; number of wiggles during a dive; time spent at the surface preceding the ensuing
dive; and time spent at depth during the bottom phase of
a dive. Descent and ascent times were defined as the time
spent between the surface and the bottom and between the
bottom and the surface, respectively. Wiggles were defined
as vertical undulation with a minimum amplitude of 2 m and
were used as indicators of prey capture attempts (Bost et al.
2007), i.e. the predators encountered and pursued potential
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prey. Although wiggles do not provide evidence of actual
captures, the presence of wiggles is a good indicator of prey
encounters (Bost et al. 2007; Carroll et al. 2014). Hence, a
dive that included wiggles was classified as a prey capture
attempt dive (PCA dive), and if no wiggles occurred, the
dive was classified as a non-prey capture attempt dive (nonPCA dive). Foraging activity was associated with the number of wiggles per dive: a greater number of wiggles during
a dive indicated a more intense foraging activity (Bost et al.
2007; Carroll et al. 2014). The bottom phase was defined as
the time spent at a depth exceeding 90% of the maximum
depth reached during a dive (Bost et al. 2007).
Diving behaviour was analysed in relation to the depth of
the preceding dive. Dives in which birds targeted the same
depth zone consecutively were classified as intra-depth zone
dives (IDZ dives) (Tremblay and Cherel 2000). The initial
definition of IDZ dives was used for benthic divers which
target the same depth. However, macaroni penguins regularly dive to depths of 50 m and king penguins to 100 m.
Based on these dive depths, we used fixed intra-depth zones
(IDZ) of 10 m for king penguins and 5 m for macaroni penguins (10% of the typical dive depth of each species), to
compare the maximum depth reached to that of the preceding dive.
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as random effects. We used a proportion test to determine if
a PCA dive was likely to be followed by another PCA dive
and vice versa. Post-dive surface interval durations were
related to (i) foraging behaviour (PCA dive or non-PCA
dive) and (ii) diving behaviour (IDZ dive or non-IDZ dive)
using mixed models with individuals as random effect. Surface times were log transformed to fit a normal distribution.

Diving bouts
To determine how penguins modulated their behaviour in
relation to the number of dives in a PCA bout, we analysed
the variations in dive parameters (i.e. mean number of wiggles per dive, mean descent and ascent rates and mean surface time) using mixed models according to the number of
dives per PCA bout, with penguin individuals as random
effect. The number of wiggles per dive and surface time
were log transformed to fit a normal distribution.
We also studied the number of dives in a PCA bout by
comparing the observed occurrence of a PCA dive during
a dive bout with the theoretical occurrence probability of
a PCA dive. The observed occurrence of successive PCA
dives in a bout of n-dives was calculated as follows:

Number of successive PCA dives
.
Total number of successive dives (including dives with or without wiggles)
King and macaroni penguins perform the majority of
their dives in “dive bouts”. We considered a PCA bout to be
a minimum of two successive PCA dives. The end of a PCA
bout was defined by two criteria: (i) the next dive was a dive
without wiggles and (ii) the interval between the last PCA
dive and the next one exceeded 15 min (Halsey et al. 2007).

Statistical analysis
All statistical analyses were conducted in R (version 3.5.3, R
Foundation for Statistical, Vienna, Austria). Statistical tests
were considered significant when P < 0.05 and results are
presented as means ± s.e.m.

Single dives
To determine how penguins adjusted their foraging behaviour on a single dive scale—addressing our first central question—we analysed their diving and foraging behaviour in
relation to their behaviour during previous dives. We used a
mixed model (binomial distribution) to compare the number
of wiggles per dive in relation to the two dive categories, i.e.
IDZ (dives of the same depth) and non-IDZ dives (dives of
differing depths), with penguin individuals and diving depth

In theory, two possible outcomes exist for a dive within
a bout: the bird attempted to capture prey (PCA dive) or it
did not (non-PCA dive). Thus, each dive has 50% chance of
being a PCA dive or a non-PCA dive. A PCA bout (including only PCA dives) of n-dives, therefore, has an occurrence
probability of 1/2n. The likelihood of having successive PCA
dives within a bout, therefore, decays exponentially along
the bout.
The proportion of PCA bouts performed by each species
was compared with the theoretical ones and between species, using proportion tests. The number of dives performed
during PCA bouts were compared between species using a
mixed model for negative binomial distribution, with individual as random effect.

Results
Dive parameters
The 22 king and macaroni penguins we tracked conducted
a total of 57,080 dives, consisting of both shallow and deep
dives (Table 1). For both species, PCA dives made up the
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Table 1  Diving parameters of
macaroni and king penguins
during the breeding period at
Kerguelen Island (mean ± s.e.m)

Marine Biology (2020) 167:138

Parameters

Macaroni penguins

King penguins

Number of birds
Number of trips
Maximal depth (m)
Threshold for deep dives (m)
Number of dives
Number of deep dives (% of total)
Number of IDZ dives (% of total)
Total number of wiggles
Number of wiggles for IDZ dives (% of total)

15
31
40.7 ± 0.2 (max: 114.3)
10 m
37,657
25,910 (68.8%)
26,247 (69.7%)
132,762
97,571 (73.5%)

7
7
79.0 ± 0.5 (max: 225.5)
50 m
19,423
10,399 (53.5%)
13,617 (70.1%)
58,451
36,817 (63.0%)

main part of the deep dives (king penguins: 80.8%; and
macaroni penguins: 70.4%).

Single dives: the effect of the preceding dive on dive
depth and foraging activity

Fig. 1  Number of wiggles according to maximal dive depth (10 m
bins) for macaroni penguins (n = 28,946 dives) and king penguins
(n = 15,393 dives). IDZ dives and non-IDZ dives are shown in black
and grey, respectively. Stars represent significant differences between
IDZ dives and non-IDZ dives

Fig. 2  Maximal dive depth
distributions of the current dive
within two successive PCA
dives for macaroni penguins
(a) and king penguins (b). IDZ
dives are dives where two dives
targeted the same depth zone
(defined as 5 m for macaroni
penguins and 10 m for king
penguins). IDZ dives are shown
in black and non-IDZ dive
sequences are shown in grey.
Dive numbers are indicated for
each category. Note that depth
scales differed between species
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The number of wiggles per dive varied across the maximal
dive depths and also between dive categories (IDZ dives versus non-IDZ dives) for both species (Fig. 1). Foraging activity during IDZ dives was significantly higher than during
non-IDZ dives for both macaroni penguins (mixed model,
z value = 21.7, P < 2e−16) and king penguins (mixed model,
z value = 93.5, P < 2e−16). The number of wiggles per dive
was higher for both species during dives when birds targeted
the same depth zone as during the preceding dive (Fig. 1).
The PCA dives that were preceded by PCA dives occurred
mainly during deep dives (96.6% for macaroni penguins
and 97.1% for king penguins). The majority of PCA dives
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conducted by both species were IDZ dives (75.9% for macaroni penguins and 67.1% for king penguins) (Fig. 2).
A PCA dive was more likely to be followed by another
PCA dive than by a non-PCA dive (80.9% for macaroni penguins and 80.7% for king penguins).

Single dives: the effect of the preceding dive
on post‑dive surface time
Surface times between dives differed for macaroni and king
penguins, regardless of whether the previous dive was a PCA
dive or not. Surface intervals were longer on average in king
penguins than in macaroni penguins (linear mixed model,
df = 20.6, t value =  − 7.4, P = 4.96e−7). For both species, the
surface time was shorter between two PCA dives than when
a PCA dive was preceded by a non-PCA dive (linear mixed
models, df = 1.8e4, t value =  − 6.0, P = 2.27e−9, for macaroni
penguins; df = 8.3e3, t value = 10.4, P < 2e−16 for king penguins). Surface times were shorter between two PCA dives
for IDZ dives than for non-IDZ dives (linear mixed models:
df = 1.5e4, t value =  − 10.5, P < 2e−16 for macaroni penguins;
df = 6.9e4, t value =  − 1.8, P = 0.0691 for king penguins).

Dive bouts: the effect of foraging intensity
For both species, the observed occurrence of a PCA bout of
n-dives was consistently higher than the computed theoretical occurrence probability, throughout the observed range
of dives within a bout (Fig. 3). The theoretical occurrence

Fig. 3  Time spent at the surface between two dives when PCA
occurred (wiggles) or not (no wiggles). Only deep dives, exceeding
10 m for macaroni penguins (left, n = 18,847) and exceeding 50 m for
king penguins (right, n = 8855), were included. The grey and black
bars show results for non-IDZ dives (dives not targeting the same
depth zone) and IDZ dives (dives targeting the same depth zone),
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probability rapidly decreased as the number of dives in a
PCA bout increased. The observed occurrences of PCA
bouts differed between species only for bouts with less than
five dives, but for bouts of five dives or more, the observed
occurrence were the same in macaroni and king penguins
(Fig. 3) (Fisher test, P > 0.05). Short PCA bouts (number of
PCA dives ≤ 4) constituted a greater proportion in macaroni
penguins, when compared with king penguins (Fisher test,
P < 0.05).
Overall, the number of dives per PCA bout was similar
for macaroni penguins (7.9 ± 0.3 PCA dives, n = 8065) and
king penguins (9.0 ± 0.5 PCA dives, n = 17,429; linear mixed
model, z value =  − 1.1, P = 0.275). Dive parameters changed
depending on the number of dives in PCA bouts (Fig. 4).
The number of wiggles per dive increased significantly with
the size of a sequence (Table 2; Fig. 4a,b). Overall, the number of wiggles per dive were similar for king and macaroni
penguins (linear mixed model, df = 19.9, t value =  − 0.5,
P = 0.61).
Transit times during descent and ascent phases were
shorter when PCA bouts were longer (Table 2). The mean
ascent rate increased significantly with the duration of
a PCA bout (Fig. 4c, d). Similarly, the mean descent rate
increased significantly with the number of dives per PCA
bout (Fig. 4e,f). The transit speeds (descent/ascent rates)
of king penguins during PCA bouts were higher than those
of macaroni penguins (linear mixed model, df = 19.9,
t value =  − 6.7, P = 1.55e−6 for ascent rate; df = 19.9, t
value =  − 3.6, P = 0.00 for descent rate). Lastly, surface time

respectively. White symbols indicate significant differences between
IDZ and non-IDZ dive sequences within each dive type (linear mixed
models). Black symbols indicate significant differences between dive
types for non-IDZ dive sequences (linear mixed models). Values are
means + standard error (s.e.m)
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Table 2  Linear mixed models
results. Parameters are
explained by the number of
dives in PCA bout for each
species. Numbers in bracket
represent the numbers of
observation

Parameters
Mean number of wiggles per dive
Mean descent rate
Mean ascent rate
Mean surface time per bout

Species
King penguins (926)
Macaroni penguins (2168)
King penguins (926)
Macaroni penguins (2168)
King penguins (926)
Macaroni penguins (2168)
King penguins (926)
Macaroni penguins (2168)

Marine Biology (2020) 167:138
df
2

9.24e
2.16e3
9.17e2
2.16e3
9.18e2
2.16e3
9.23e2
2.16e4

t value

p

11.79
22.64
10.52
13.17
9.59
9.96
0.86
−1.75

< 2e−16
< 2e−16
< 2e−16
< 2e−16
< 2e−16
< 2e−16
0.391
0.0798

surface interval duration in accordance with the duration
and the success of PCA bouts. Only Hanuise et al (2013)
has demonstrated such anticipation of foraging behaviour in
penguins. These findings are discussed below in relation to
the predictions of theoretical foraging models and the foraging requirements of diving predators in general.

Adjustment of foraging activity: single dives

Fig. 4  The theoretical occurrence probability of PCA bouts with
n-dives (PCA dives), shown in red compared to the observed occurrence of PCA bouts in king penguins (black solid line) and macaroni
penguins (black dotted line)

between dives in a PCA bout varied with bout length; however, the differences were only slightly significant in macaroni penguins, where post-dive surface intervals were shorter
when the number of dives per bout was greater (Table 2;
Fig. 4g,h).

Discussion
Foraging theory predicts that diving animals should maximise their time spent in a prey patch and minimize the time
spent in transit between the surface and the prey patch and
in recovery between dives at the surface (Kramer 1988; Mori
1998). Until now, only a few studies have shown that avian
divers modulate their foraging behaviour in response to the
conditions encountered during the preceding dive (Wilson
2003; Hanuise et al. 2013). Our study shows that penguins
adjusted their dive parameters at the scale of a dive as well
as at the scale of a PCA bout. At the scale of PCA bouts,
birds modulated their descent/ascent rate and post-dive
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The level of foraging activity in penguins—as indicated by
the number of wiggles per dive—was greater when penguins targeted the same depth zone (IDZ dives), especially
in deeper dives (Fig. 1). Furthermore, penguins adjusted
their diving depth in accordance with the foraging activity
of the previous dive (Fig. 2). Once penguins discovered a
likely profitable patch, they maintained their diving depth
range. This behaviour presumably reflects an attempt to take
advantage of the patch before its dispersion. After a primary
encounter with a patch, penguins likely anticipate the prey
distribution and depth in the following dives (Figs. 2 and 5).
Returning to the same depth for the same activity (PCA or
not) between two successive dives could be associated with
foraging site fidelity behaviour at depth for PCA dives. Little
penguins, Eudyptula minor, for example, exhibit spatial foraging fidelity when resource availability is high, but switch
to other foraging sites when it is low, supporting the concept of behavioural adjustment according to prey availability
(Carroll et al. 2018). In a heterogeneous environment, the
resource is patchily distributed (Hunt 1990) and, therefore,
prey distribution at a fine scale may be unpredictable for
diving birds. Returning to the same depth after a PCA dive,
presumably to the same prey patch, eliminates the search
phase and, therefore, increases the rate of energy gain.

Adjustment of foraging activity: PCA bouts
Repeated dives within a bout are associated with an intense
foraging period in several diving predators (Boyd 1996;
Harcourt et al. 2002; Mori et al. 2002). In this study, the
proportion of PCA bouts performed by both species was
greater than if bouts were randomly performed, no matter
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Fig. 5  Changes of dive
parameters across PCA bouts
of different lengths. A total of
2168 and 926 PCA bouts were
recorded ranging from 2 to 138
(median: 4) and from 2 to 133
successive dives (median: 4)
for macaroni penguins and king
penguins, respectively. Note
that the lengths of PCA bout
classes differ between species.
Non-significant differences
are indicated by “ns” associated with a bar (linear mixed
model, P ≥ 0.1), “**” indicates
significant differences (linear
mixed models, P < 0.05) and
“*” indicates slightly significant
difference (linear mixed models,
0.05 < P < 0.1)

the length of the bout. Longer PCA bouts were associated
with a higher number of wiggles per dive, suggesting a better patch quality, i.e. patch richness or patch size (Fig. 4).

Hence, the number of successive PCA dives could be an
indicator of patch richness and profitability. As breath-hold
divers, penguins need to return to the surface to breathe,
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limiting the amount of time they can spend within a profitable prey patch. They might take advantage of a highquality patch by returning to the patch until the rate of
energy gain decreases (Mori 1998). Energy gain should
outweigh energy expenditure during a dive for the penguin
to exploit the same profitable patch again. Some extrinsic
or intrinsic factors may also affect the decision to terminate a PCA bout, e.g. physiological constraints, satiation,
deterioration of light conditions at-depth, and patch dispersion, but the depletion of resources within a patch is a
crucial factor in the decision-making process of leaving the
patch. A cerebral area (‘dACC’) was recently discovered in
non-human primates that is linked to the decision-making
processes of leaving one food-depleted area in search of
another (Hayden et al. 2011). The process involves a neuronal signal that increases with the time spent in a patch,
stimulating the decision to depart (Hayden et al. 2011). A
similar process may occur in penguins, i.e. as resources are
gradually depleted.

Adjustment of surface times: single dives
The energy intake of divers during the transit phase
(descent/ascent) and the recovery phase at the surface is
generally limited since most of the feeding occurs in the
bottom phase. Accordingly, Kramer (1988) suggested that
breath-hold divers should balance their oxygen consumption during a dive with the oxygen uptake during the postdive surface interval. In our study, penguins spent less
time at surface when a PCA dive was preceded by a PCA
dive than a non-PCA dive, especially when dives targeted
the same depth (IDZ dives) (Fig. 5). According to Halsey
et al. (2007b), an increase in foraging activity at depth is
not always associated with an increase in heart rate or oxygen uptake at the surface. Surface pauses were originally
considered to only serve as recovery from the preceding
dive (“reactive breathing”) (Le Boeuf et al. 2000), but
are now also believed to enable preparation for the ensuing dive (“anticipatory breathing”) (Walton et al. 1998;
Wilson 2003; Elliott et al. 2008). This has been observed
in several diving animals (Glen et al. 2001). Diving birds
may adjust their surface time to attain just enough air to
reach the targeted depth of the ensuing dive (Sato et al.
2002; Wilson 2003; Wilson and Quintana 2004) (e.g.
Brünnich’s guillemots, Uria lomvia Elliott et al. 2008,).
The time spent at the surface to prepare for the next
dive seems to be open to adjustment if the animal gains
knowledge relevant to the foraging situation, such as prey
patch depth and anticipated foraging effort. A decrease in
the time spent at the surface between dives of king and
macaroni penguins (Fig. 5), following a dive with a high
foraging effort suggests a behavioural response aimed at
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increasing energy gain per unit foraging time to make efficient use of a prey patch (Stephens and Krebs 1986).

Adjustment of surface times: PCA bouts
Surface times were slightly negatively correlated with
the size of PCA bouts, i.e. penguins spent less time at the
surface in between dives during long PCA bouts (Fig. 4).
Longer PCA bouts were associated with a higher foraging
effort (number of wiggles per dive), which induced greater
energy expenditure at depth. The reduction of surface time in
addition to the increase of foraging effort over a long period
could result in harmful effects (Butler 2004); however,
diving predators may postpone their complete physiological recovery from dives until the end of the bout (Cornick
et al. 2006; Fahlman et al. 2008), allowing them to reduce
their surface time and maximise their feeding time when a
profitable patch is encountered. The abdominal and stomach
temperatures of king penguins have been shown to decrease
during long bout (Handrich et al. 1997). A reduction in body
temperature could reduce the metabolic rate and the oxygen
demands during diving bouts (Butler 2004). Both behavioural and physiological adjustments, therefore, contribute
to optimization of foraging in penguins.

Adjustment of transit times: PCA bouts
In diving predators, descent and ascent phases correspond
to vertical and horizontal displacement (Wilson 2003). The
penguins tracked in this study reduced their time spent in
descent and ascent phases (i.e. increased their speed of
travel) during dives exhibiting a high number of wiggles,
indicating active foraging during PCA bouts (Fig. 4). The
minimization of travel time when patch quality is high has
been observed in other diving predators (Sato 2004; Thums
et al. 2013). If diving predators encounter prey they can
shorten their transit time, maximising the time spent in the
patch and the number of capture attempts, thereby increasing the energy expenditure during the bottom phase while
decreasing expenditure in the transit phases. Transit phases
can be reduced by adjusting body angle or swim speed,
both of which increase the energy expenditure and, therefore, reduce aerobic dive duration. Reducing transit time,
therefore, does come at some cost to the time spent at depth,
but allows the animals the greatest chance of spending time
foraging while the prey are still there. Carroll et al. (2014)
found that descent rate did not significantly influence foraging success of little penguins at the single dive scale. At the
bout scale, we found that transit time was negatively correlated with the number of dives conducted within a PCA bout
and level of foraging activity (Fig. 4). Thus, king and macaroni penguins likely adjust their descent rate in response to
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the size or density of the prey patch previously encountered,
and modulate their ascent rate in accordance with the foraging activity or bottom time of the current dive (see Hanuise
et al. 2013). The adjustment of descent rate might be, therefore, an anticipatory reaction, while ascent rate adjustment is
reactive (Hanuise et al. 2013). The reduction in surface time
despite increased energy expenditure during transit suggests
that birds prioritize prey capture over complete physiological recovery when they have encountered a profitable prey
patch. It seems that they postpone complete physiological
recovery until patch profitability declines, they reach their
physiological limits or become full, ending the dive bout
(Ydenberg and Forbes 1988).

Interspecies differences
Differences in prey behaviour affect the foraging strategy of
macaroni and king penguins during PCA bouts. Our study
shows that both macaroni and king penguins each follow a
distinct diving strategy. We found little overlap in the targeted depth range of birds, since macaroni penguins typically forage at medium depth, while king penguins target
prey at a greater depth. Foraging depth is related to the depth
distribution of the targeted prey and to the physiological
capacities of the species (Froget et al. 2004; Green et al.
2003). Crustaceans are typically found at shallower depths
than myctophids. Myctophids are found in mesopelagic
waters (Duhamel et al. 2000; Collins et al. 2008) and are
typically concentrated at depths between 50 and 150 m during daylight (e.g. for K. anderssoni). Themisto gaudichaudii
and Euphausia vallentini, the main crustacean components
of a macaroni penguin’s diet, often occur at great densities
and biomass and are very mobile (Bost et al. 1994; Bocher
et al. 2001). These crustacean aggregations are, therefore,
more susceptible to dispersion than myctophids (Collins
et al. 2008) and may constrain the duration of PCA bouts
in macaroni penguins. Mesopelagic fish patches are relatively stable, even in the presence of external disturbances
(Kaartvedt et al. 2012). Hence, the lethargic behaviour of
myctophids (Catul et al. 2011) would enable breath-hold
divers, like king penguins to successfully target the same
prey patch repeatedly, especially during a PCA bout.
Size also affects foraging behaviour, due to differences
in physiological capacities related to body mass. A number of studies have linked penguins’ body mass to dive
performance (Watanuki and Burger 1999; Ponganis and
Kooyman 2000; Halsey et al. 2006). In general, larger species are able to dive longer and deeper because oxygen
stores scale isometrically with body mass, while oxygen
consumption during diving scales allometrically with an
exponent < 1 (Kooyman 1989; Halsey et al. 2006). Hence,
the aerobic diving capacity of larger/heavier king penguins
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is considerably greater than that of the smaller macaroni
penguins (cADL: calculated aerobic dive limits =  ~ 242 s
for king penguins and ~ 130 s for macaroni penguins) (Culik
et al. 1996; Green 2003). These differences in physiological
capacity lead to differences in foraging strategies. However,
while the physiological constraints of macaroni and king
penguins are different, we found that their diving adjustments were similar. Both species reduced their transit times
during dives with greater foraging activity and changes in
both of these parameters intensified as PCA bout length
increased (Fig. 4). Thus, the behavioural adjustments were
similar in both species, and might be similar also in other
breath-hold divers.

Conclusions
Macaroni and king penguins adjusted their foraging
behaviour once they encountered a profitable prey patch.
In accordance with optimal foraging theory, the penguins
reduced their surface recovery time once they encountered
a prey patch and then targeted the same depth during ensuing dives. The adjustment of transit time during a PCA bout
seemed to be linked to the patch quality. These adjustments
of surface and transit times may remain stable until foraging costs exceed the potential energetic gain or the need or
ability to continue feeding. Further work combining the use
of high frequency heart rate recorders, accelerometers and
video-borne deployments should provide new insights on
how physiological constraints shape optimal foraging behaviour in breath-hold divers such as penguins.
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