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Abstract
Difficulties quantifying in situ prey patch quality have limited our understanding of how marine predators respond to varia-
tion within and between patches, and throughout their foraging range. In the present study, animal-borne video, GPS, accel-
erometer and dive behaviour data loggers were used to investigate the fine-scale foraging behaviour of Macaroni penguins 
(Eudyptes chrysolophus) in response to prey type, patch density and temporal variation in diving behaviour. Individuals 
mainly dived during the day and utilised two strategies, targeting different prey types. Subantarctic krill (Euphausia val-
lentini) were consumed during deep dives, while small soft-bodied fish were captured on shallow dives or during the ascent 
phase of deep dives. Despite breeding in large colonies individuals seemed to be solitary foragers and did not engage with 
conspecifics in coordinated behaviour as seen in other group foraging penguin species. This potentially reflects the high 
abundance and low manoeuvrability of krill. Video data were used to validate prey capture signals in accelerometer data 
and a Support Vector Machine learning algorithm was developed to identify prey captures that occurred throughout the 
entire foraging trip. Prey capture rates indicated that Macaroni penguins continued to forage beyond the optimal give up 
time. However, bout-scale analysis revealed individuals terminated diving behaviour for reasons other than patch quality. 
These findings indicate that individuals make complex foraging decisions in relation to their proximate environment over 
multiple spatio-temporal scales.

Introduction

Optimising foraging efficiency is paramount to maxim-
ising reproductive success, especially for animals that 
are restricted in their foraging range during offspring 

provisioning (Baylis et al. 2015; Cook et al. 2012; Doniol-
Valcroze et al. 2011; Hart et al. 2010). The availability and 
type of prey play a central role in foraging efficiency and 
patterns of energy flow within an ecosystem (Brose et al. 
2008). For example, a predator’s decisions of where and 
when to search for food, and how much energy to expend in 
doing so, are greatly influenced by the abundance and dis-
tribution of prey in the environment (Higginson and Ruxton 
2015). The challenge for predators is to locate and exploit 
prey aggregations in a way that best limits the overall ener-
getic cost of foraging, while prey should seek out locations 
of low predator densities (Fauchald 2009). Previous studies 
have provided insight into how predators utilise the expe-
rience of other foragers to locate prey (Clark and Mangel 
1986; Thiebault et al. 2014), adjust their search trajectories 
in response to prey (Higginson and Ruxton 2015; Lescroël 
et al. 2004; Weimerskirch et al. 2007) and move between 
prey patches in response to changing quality (Mori and Boyd 
2004a). However, without direct observation of the prey field 
(i.e., prey type and abundance), understanding predator–prey 
interactions remains limited.
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In the marine environment, prey is distributed across a 
wide range of spatial and temporal scales (Fauchald 2009). 
Due to the often cryptic nature of marine species, prey 
abundance and distribution has long been inferred from 
mesoscale oceanographic features (e.g., eddies, fronts and 
upwellings) and quantified using proxies of primary pro-
ductivity (e.g., sea-surface temperature and Chlorophyll-a 
concentration) (Grecian et al. 2016). However, these may not 
necessarily be associated with prey availability (Grémillet 
et al. 2008). Furthermore, remotely sensed Chlorophyll-a 
and SST information are often obtained at coarse resolu-
tions, which limit their applicability to fine-scale foraging 
data.

Linkages between prey and predator foraging behaviour 
have been revealed through the use of animal-borne data 
loggers (Bon et al. 2015; Bost et al. 2009; Goulet et al. 2019; 
Humphries 2015). Air-breathing marine predators, such as 
seals and diving seabirds, may increase their prey encounter 
rate by spending more time at depth (Mori 1998; Mori and 
Boyd 2004a). However, due to physiological constraints of 
diving, the depth at which prey are encountered may also 
influence the efficiency of patch exploitation (Doniol-Val-
croze et al. 2011). Animal-borne video data loggers have 
allowed greater insight into the foraging behaviour of some 
marine predators (Sakamoto et al. 2009b; Takahashi et al. 
2004b; Volpov et al. 2015; Watanabe et al. 2019). However, 
information on factors influencing foraging success over 
various temporal scales (i.e., dive-by-dive or patch-by-patch) 
still remains limited. Determining these, and the strategies 
individuals use to increase foraging success can provide 
valuable information about how they adapt to changes in 
prey abundance and distribution (Boyd et al. 2017).

The Macaroni penguin (Eudyptes chrysolophus) is the 
most abundant of the Spheniscidae family. While this spe-
cies is thought to predominately consume krill (Euphausia 
spp.), myctophid fish and amphipods commonly occur in 
their diet during later stages of chick-rearing (Deagle et al. 
2007). However, it is not known how changes in prey type 
may influence the foraging strategies of this species. Maca-
roni penguins are thought to adjust their dive depth in rela-
tion to the vertical diel migration of krill (Hart et al. 2010). 
However, behavioural responses to prey fields are inher-
ently difficult to measure and have not yet been quantified 
at finer scales (i.e., dive-by-dive, patch-to-patch). According 
to the marginal value theorem (MVT), prey patch quality 
and the travel time between foraging patches should influ-
ence how long a forager remains at a patch (Charnov 1976; 
McNair 1982). Therefore, Macaroni penguins are expected 
to increase their patch residency times when encountering 
patches of high quality in accordance with the MVT.

In penguins, group foraging has been shown to have both 
positive and negative consequences depending on the prey 
targeted and heterospecifics present (Sutton et al. 2020, 

2015). Individuals may benefit from the presence of others 
by concentrating schools of fast-moving prey, thereby mak-
ing it easier to catch. While the majority of group foraging 
studies in penguins have investigated its consequences in 
fish-eating species, less information is available for species 
that predominately consume krill. As Macaroni penguins 
breed in densely populated colonies (Deagle et al. 2007; 
Sato et al. 2004; Woehler 1993), it is likely that individuals 
may encounter one another at sea, especially when com-
muting or foraging close to the colony. However, as krill is 
less mobile than schooling fish and may not require concen-
trating, individuals may not display the coordinated at-sea 
behaviour observed in fish-hunting penguin species. While 
a recent study with limited video footage (7 dives) indicated 
Macaroni penguins dived in the presence of conspecifics 
(Thiebault et al. 2019), information on how close to the col-
ony this occurred, or whether the presence of conspecifics 
influenced foraging success was lacking. Such knowledge is 
necessary for understanding how changes in prey distribu-
tion and abundance may influence foraging behaviour and 
energy expenditure. A greater understanding of Macaroni 
penguin foraging behaviour is vital for predicting how the 
population may respond to environmental variability as a 
consequence of climate change and/or increased human 
exploitation of marine resources.

The aims of the present study, therefore, were to: (1) 
investigate the fine-scale foraging effort and efficiency of 
Macaroni penguins in relation to prey type and patch quality; 
(2) assess temporal variability in foraging effort and effi-
ciency and; (3) determine the potential role of conspecifics 
in foraging.

Materials and methods

Data collection procedures

The study was conducted at Cape Cotter, located on the 
northern coast line of Coubert Peninsula, Kerguelen archi-
pelago, in Dec 2017. Approximately 73,000 pairs of Maca-
roni penguins breed at this location, which is one of many 
colonies on the archipelago (Barbraud et al. 2020). Individu-
als were sampled during early chick-rearing period during 
which time females forage and males guard offspring at the 
nest. Females were identified from a breeding pair based on 
their smaller body and bill size in comparison to their male 
partner (Warham 1975).

Individuals were captured at the nest after feeding their 
chicks, weighed in a cloth bag on a digital scale (±10 g) 
and axillary girth was measured with a flexible tape meas-
ure (±0.5 cm). Individuals were then instrumented with 
three devices for a single foraging trip: (1) a video data log-
ger (Catnip Technologies, Bird Cam, 25 × 45 × 15 mm, 30 
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frames per second, 24 g), which was housed within a cus-
tom made 3D-printed housing and programmed to switch 
on 20 h after deployment (to avoid recording on-land or 
transiting periods) and record on a 30 min on: 30 min off 
schedule; a combined tri-axial accelerometer and depth 
recorder (Technosmart, Axy-Depth, 12 × 31 × 11 mm, 7.5 g) 
sampled acceleration and depth at 25 and 1 Hz, respectively; 
and GPS (Mobile Action Technology, I-gotU, GT-120, 
44.5 × 28.5 × 13 mm, 20 g) which sampled at 2 min inter-
vals and was packaged in heat shrink tubing for waterproof-
ing. The devices were attached to feathers along the dorsal 
mid-line with waterproof tape (Tesa 4651, Beiersdorf, AG, 
GmbH, Hamburg), with the camera in front of the other 
devices so as to streamline the package in an effort to mini-
mise hydrodynamic drag (Bannasch et al. 1994; Ludynia 
et al. 2012). Together, the package was < 3% body mass 
(average body mass = 3655 ± 77 g) and < 0.3% cross-sec-
tional surface area. Efforts were made to minimise handling 
time with all procedures lasting < 10 min. Furthermore, a 
small drawstring hood was used to cover the penguin’s head 
to reduce stress (Cockrem et al. 2008) and, after handling, 
the individual was released back to its nest where it remained 
with its partner and chicks until voluntarily departing for a 
foraging trip.

After a single foraging trip, individuals were recaptured 
and the devices were removed. Body mass and axillary girth 
were again recorded and additional morphometric meas-
urements were taken with Vernier callipers (bill length, 
bill depth, bill width; ± 0.1 mm) and metal ruler (flipper 
length; ± 1 mm). These measurements were used to assess 
structural size and body condition of individuals.

Data processing and statistical analyses

Video data were initially viewed in media player software 
and a list of all behaviours, prey types, conspecifics and het-
erospecifics that individuals encountered were noted. These 
were included as “buttons” on a custom video annotation 
sheet created in Solomon Coder (Budapest, Hungary, Ver-
sion 16.06.26) where videos were coded frame-by-frame. 
Video camera data were used to determine prey type, prey 
captures and whether they occurred in the presence or 
absence of conspecifics or other predators. Coding sheets 
were aligned with corresponding accelerometer/depth data 
in IgorPro (Wavemetrics Inc, Portland OR, USA, version 
6.3.7.2) using Ethographer (Sakamoto et al. 2009a) and all 
further analyses were conducted in the R statistical environ-
ment (version 3.5.2) (R Core Team 2018).

The tri-axial acceleration data (X: surge; Y: sway; and Z: 
heave) were filtered using a 1 s running mean to dissociate 
static acceleration (due to the animal’s position in space in 
relation to gravity) from dynamic acceleration (accounting 
for animal movement). Vectorial dynamic body acceleration 

(VeDBA), an index of energy expenditure (Qasem et al. 
2012) ,  was  e s t ima ted  us ing  t he  equa t ion : 
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 , where  Xdyn,  Ydyn and  Zdyn 
correspond to the dynamic surge, sway and heave acceler-
ometer data. The values were then summed and averaged 
across each dive and used as proxies for rate and total energy 
expenditure, respectively.

Video data only accounted for a portion of the foraging 
trip and low light levels resulted in some unclear footage. As 
such, a two-class support vector machine (SVM) classifier 
was developed from the aligned camera and accelerometer/
depth data using the package e1071 (Meyer et al. 2019) to 
detect prey captures across the full foraging trip. Data cor-
responding to depths shallower than 0.5 m were removed to 
limit investigation to underwater periods only. Based on the 
camera data, a known behaviour (swimming or prey capture) 
was assigned to each data point. A total of 4166 prey capture 
events and 659,382 swimming events were identified in the 
aligned data and a stratified random sample was taken as 
a dataset to train the model. In accordance with previous 
studies (Carroll et al. 2014; Chessa et al. 2017; Lara and 
Labrador 2012), a rolling window of eight (corresponding 
to ~ 0.32 s) was used to extract statistics for each acceler-
ometer axis and VeDBA. The best model utilised a radial 
kernel where tuning parameters gamma and cost were 0.01 
and 10, respectively. To ascertain model performance, a ten-
fold cross validation was performed. Data were randomly 
split into 10 groups (folds) and for each fold, the SVM was 
trained with a data set corresponding to 70% of the fold 
and tested using the remaining 30%. Model performance 
was evaluated using the following three metrics obtained 
from each fold, and the mean and standard error (SE) were 
reported: (1) Accuracy—The number of correct predictions 
made by the model; (2) Recall (or Sensitivity)—The number 
of positive predictions divided by the total number of posi-
tive class values in the test data and (3) False Positive rate—
The number of times the model incorrectly identified swim-
ming as a prey capture event (Table 1) (Wei and Dunbrack 
2013). Only dives > 1.5 m and with a duration > 10 s were 
retained to further reduce potential erroneous prey captures 

Table 1  Results of cross-validated SVM model used to detect swim-
ming behaviour vs. potential prey captures events in Macaroni pen-
guins.

Weighted model utilised a radial kernel and was 75% accurate in cor-
rectly identifying between swim and prey capture events with a low 
false-positive rate

Metric Mean ± SE (%)

Accuracy 75 ± 0.07
Recall 75 ± 0.07
False-positive rate 19 ± 0.3
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associated with surface activity or transiting. These values 
were chosen as conservative thresholds based on observed 
successful prey capture dives.

The GPS data were restricted to locations at sea and a 
speed filter was applied to the data to removed erroneous 
fixes (McConnell et al. 1992). To correct for irregular fix fre-
quencies, all tracks were linearly interpolated to 1 min inter-
vals using the adehabitatLT package (Calenge 2011). This 
was merged with the SVM prey capture results to provide 
bout locations and distances between consecutive foraging 
bouts. The average foraging trip bearing (degrees) was cal-
culated using the geosphere package (Hijmans et al. 2019). 
To determine the relationship between foraging efficiency 
and distance from the colony, a Spearman rank correlation 
was calculated between the total number of prey captured 
divided by total VeDBA and the maximum distal point from 
the colony (km).

Raw dive data were processed using diveMove package 
(Luque 2007) and zero-offset corrected to account for pres-
sure transducer drift. The following metrics were calculated 
per dive: maximum depth, dive duration, post dive duration, 
mean ascent and descent rates. Penguins are known to com-
plete multiple dives at a single prey patch in bouts of forag-
ing. Therefore, each dive was grouped into foraging bouts 
defined as a dive or series of consecutive dives where surface 
periods lasted < 2.5 min which was determined through dive 
bout criterion analysis using the diveMove package (Luque 
and Guinet 2007). Each foraging bout represented patch 
residency time (PRT) and time between foraging bouts or 
“inter-bout time” was defined as the duration between the 
end of the previous bout and the beginning of the next bout.

According to the MVT, the optimal time to leave a prey 
patch is when the return rate reaches, and begins to drop 
below, the average return rate (McNair 1982; Watanabe et al. 
2014). To determine if individuals followed the MVT, the 
cumulative number of prey captures was calculated for dives 
and foraging bouts. Six mathematical equations were fit-
ted to determine the best fitting trend. These relationships 
were further categorised into three types of prey capture 
rates: diminishing (sigmoid and decelerating); increasing 
(logit and accelerating); constant (linear and accelerating-
to-linear) following the methods of Watanabe et al. (2014). 
The most parsimonious regressions, determined by akaike 
information criterion (AIC), were fitted to the data. Trends 
were also visually assessed and where there was no clear 
pattern and regression lines fitted poorly, dives or dive bouts 
were categorised as “other”. Additionally, to determine if 
individuals followed the MVT at the bout-scale, the cumu-
lative number of prey captures was determined for each 
dive and cumulated over the bout. The same mathematical 
equations were fitted to determine the best fitting trend and 
the proportion of each trend is presented for both dives and 
bouts. Dives with < 10 prey captures and bouts of < 10 dives 

were not used to determine prey capture rates curves as the 
resolution was too low to ascertain relationships.

According to a previous study, the diving behaviour of 
Macaroni penguins may change according to daylight levels 
(Hart et al. 2010). Therefore, Generalised Additive Mixed 
Models (GAMMs) were fitted using the mgcv package 
(Wood 2004) to allow for non-linear relationships between 
time of day (hour) and the response variables dive frequency 
(dives·h−1) and mean maximum depth (m). In addition, 
GAMMs were performed to determine the factors influenc-
ing mean prey capture depth, rate of effort (mean VeDBA, g) 
and efficiency (total prey captures divided by total VeDBA) 
per dive. Separate splines for time of day were fitted for 
each prey type, and the following parametric coefficients 
were included in these models: dive-patch quality (number 
of prey captures/mean VeDBA per dive), prey type (fish or 
krill), number of prey captures and individual body condi-
tion (mass divided by flipper length). Preliminary investi-
gation indicated that individuals altered their diving depth 
according to prey type. As such, an interaction between prey 
type and dive depth was also included in the model to exam-
ine this further. Morphometric measurements bill depth, bill 
width, head length and bill length were positively correlated 
with other parametric coefficients (r2 = > 0.8) and, therefore, 
were excluded from further analysis to avoid collinearity 
between predictor variables.

To determine factors influencing patch residency time 
(PRT, calculated as the total duration of a bout), linear 
mixed-effects (LME) models were fitted using the lme4 
package (Bates et al. 2014). A LME model was selected 
after initial GAMM modelling determined that there were 
no temporal relationships present in the data. The predictor 
variables modelled against patch residency time were mean 
dive depth for the bout (m), bout-patch quality (total prey 
captures/total VeDBA/bout), prey type, time between bouts 
(inter-bout time), and an interaction term between prey type 
and bout-patch quality. To account for pseudo replication, 
individual was used as a random factor in all models. In 
each case, the best fitting models were determined using a 
stepwise backwards selection of the full model (Table S1) 
where the coefficient with the largest non-significant p value 
was removed (Zuur et al. 2009). This process was repeated 
until all retained coefficients were statistically significant 
(at a significance level p < 0.05). Unless otherwise stated, 
results are presented as mean ± SE

Results

Video, accelerometer and diving behaviour data loggers 
were deployed on a total of ten female Macaroni penguins. 
However, due to device malfunctions, video data were 
obtained from only six individuals for 4.7 ± 0.2 h (range 
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4.0–5.4 h). As the video data were set to record on a delay 
start, the data obtained was of daylight periods between the 
hours of 06:00 and 17:00 (local time) and represented 13% 
of the average foraging trip duration (Table 2). The GPS 
data loggers failed during the outward commute in two 
individuals, during the inbound commute to the colony in 
three individuals and three did not record at all due to water 
damage. As such, maximum distance from the colony was 
calculated as the maximum distance reached for birds that 
were returning to the colony before the GPS failed (N = 5) 
and trip duration was determined from the complete acceler-
ometer–depth records (N = 7). Two individuals did not have 
video camera data due to water damage to devices. How-
ever, their accelerometer, depth and GPS data were retained 
for analysis. Mean dive depth (24.6 ± 0.3 m, max 119.2 m) 
and foraging trip duration (35.5 ± 8.2 h) were similar to that 
previously reported for Macaroni penguins at this breeding 
site (Sato et al. 2004).

Dive‑scale analysis

A total of 961 dives were observed in the video data, 15% 
of the total 5942 foraging dives recorded. Individuals were 
observed resting/preening on the surface in small groups or 
close to the colony. However, penguins foraged in the pres-
ence of conspecifics on only four occasions (< 0.1% of dives 
observed in video data). In addition, a single occurrence of 
a heterospecific, a Kerguelen shag (Phalacrocorax verruco-
sus), was observed during a single dive. Prions (Pachyptila 
spp.) and storm petrels (Oceanitidae spp.) were regularly 
seen flying overhead but did not appear to influence the 
direction individuals travelled in.

Dive frequency increased throughout the day, peak-
ing between 17:00 and 19:00 where individuals com-
pleted ~ 200 dives·h−1 (Fig.  1). These dives reached 

Table 2  Deployment summary for Macaroni penguins at Cape Cotter during the 2017 breeding season.

Trip duration is underestimated for MP6, MP9 and MP10 as both GPS and accelerometer data were incomplete. The following letters signify 
incomplete GPS data (a) or accelerometer–depth data (b). No camera data were obtained for MP6 or MP8

ID Mass 
deployment 
(g)

Trip dura-
tion (h)

Total distance 
travelled (km)

Average 
bearing (°)

Mean VeDBA (g) Prey captures Mean dive depth (m) Prey capture 
depth (m)

MP1 3300 19.2 415.8 40.7 0.20 ± 0.0 5037 24.4 ± 1.1 16.1 ± 0.7
MP2a 3600 45.7 403.9 55.8 0.24 ± 0.0 14,145 6.0 ± 0.3 4.1 ± 0.2
MP3a 3700 18.1 413.5 70.7 0.19 ± 0.0 3196 43.3 ± 2.9 28.2 ± 1.9
MP4 4150 17.0 402.9 24.0 0.23 ± 0.0 14,262 44.7 ± 1.5 31.5 ± 1.1
MP5a 3600 24.0 – – 0.19 ± 0.0 11,046 14.2 ± 0.7 9.9 ± 0.5
MP6ab 3350 70.3 403.2 74.3 0.20 ± 0.0 19,086 29.0 ± 0.8 20.0 ± 0.6
MP7a 3850 21.0 393.6 93.5 0.20 ± 0.0 5886 58.6 ± 2.1 39.0 ± 1.3
MP8a 3550 71.2 173.4 49.1 0.20 ± 0.0 41,020 16.1 ± 0.5 11.1 ± 0.3
MP9ab 3650 5.0 – – 0.19 ± 0.0 1017 9.2 ± 0.9 6.2 ± 0.6
MP10ab 3800 6.0 – – 0.19 ± 0.0 3128 8.2 ± 0.6 5.6 ± 0.4

Fig. 1  Temporal variation for dive frequency and mean maximum 
depth per hour predicted by generalised additive mixed models 
(GAMMs). Shaded areas along the curves represent 95% CI and grey 
shaded areas represent twilight and night periods
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depths of between 20 and 30 m and lasted on average 
1.35 ± 0.03 min. Dive depth was deepest in the middle of 
the day (between 09:00 and 12:00) where mean maximum 
depth was between 35 and 40 m, and individuals spent 
longer durations underwater (1.82 ± 0.03 min). Both dive 
frequency and mean depth were markedly reduced during 
twilight and night periods (Fig. 1).

Within the video-recorded dives, individuals were 
observed to consume a total of 4238 subantarctic krill 
(Euphausia vallentini, henceforth referred to as krill) and 
318 larval fish (species unknown) in prey-specific foraging 
strategies (Fig. 2). When targeting krill, birds dived > 40 m 
(mean 42.9 ± 0.4 m) and were observed to travel through the 
patch, rapidly capturing large numbers of single prey items 
(max 153 krill within a dive), with individual captures last-
ing < 0.5 s. During the ascent phase of some dives (i.e., when 
the bird was no longer in the krill prey patch), individuals 
travelled passively to the water’s surface and opportunisti-
cally captured fish as they ascended. In contrast, when tar-
geting small fish, birds completed shallow horizontal dives 
(mean depth 2.9 ± 0.1 m), searching for prey in the water 
close to the surface. Once a fish was detected, the individ-
ual ascended rapidly to capture it, then descended again to 
repeat the process, capturing multiple fish in a single shallow 

dive. Irrespective of prey type, all observed prey capture 
attempts appeared to be successful.

Applying the SVM to the accelerometer and depth data, 
a total of 112,609 prey captures were identified. Individu-
als consumed an average of 14,650 ± 4921 prey items per 
foraging trip equating to 236 ± 88 prey·h−1 (Table 3). Video 
data revealed that the majority (> 90%) of fish prey cap-
tures occurred at depths < 12 m (Fig. 2). As such, captures 
identified by the SVM that occurred in waters ≤ 12 m were 
labelled as fish captures and the remaining, as krill captures.

Prey capture response curves (i.e., temporal pattern of 
cumulative prey captures within each dive) were deter-
mined in 2974 dives. The majority of dives (80.9%) showed 
a diminishing curve (i.e., decreasing rate of prey cap-
tures). During these dives, individuals captured on average 
43.1 ± 0.6 prey and dived to an average of 33.0 ± 0.5 m. Indi-
viduals continued to forage beyond the optimal give up time 
according to optimal foraging theory (Charnov 1976; Wata-
nabe et al. 2014) (Fig. 3a). The second most common prey 
capture response curve was a constant curve, representing 
8.94% of dives. Increasing response curves and dives that 
displayed irregular capture patterns (categorised as ‘other’) 
were the least common and accounted for 5.35 and 4.77% 
of dives, respectively (Fig. 3).

Fig. 2  Representative dive profile with associated prey captures as estimated by SVM (indicated by red dots). Individuals were observed con-
suming subantarctic krill (bottom right) on deep dives and small fish (top right) on shallow dives
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Where data for the inbound commute were not available, 
the maximum distance reached before the GPS failed was 
used as a proxy for the maximum distance from the colony 
(N = 7). Individuals travelled an average maximum distance 
of 77.8 ± 14.5 km in a north north-easterly direction (average 
bearing of 58.3 ± 0.1°, Fig. 4). There was a strong positive 
correlation between maximum distance from the colony and 
total prey consumed (Spearman rank correlation ρ = 0.86, 
p < 0.05). To determine if distance between foraging patches 
was an important factor in predicting foraging behaviour, 
modelling was performed on individuals with GPS data. 
Results indicated that distance between foraging patches 
was not retained in any of the most parsimonious models 
(p > 0.05 in all cases) and was excluded from further mod-
els, thus enabling the inclusion of data from all individuals 
(N = 10).

GAMMs revealed significant influence of all predictor 
effects on prey capture depth, rate of effort (Mean VeDBA 
values) and efficiency (number of prey captures divided by 
total VeDBA per dive; Table 4; SI Fig. 1, 2, 3). Overall, indi-
viduals captured more prey per dive when hunting krill com-
pared to when hunting for fish. Capture depth for krill was 
significantly deeper than for fish. In addition, prey capture 
depth increased significantly with higher dive-patch qual-
ity. Individuals with a higher body condition index captured 
prey at deeper depths; however, this should be interpreted 
with caution due to low sample size in the present study.

Foraging effort and efficiency varied significantly 
between prey types with effort being higher when captur-
ing fish and efficiency being higher when foraging on krill 
(Table 4; SI Fig. 2, 3). Both effort and efficiency decreased 
significantly with increasing dive depths. However, when 
accounting for prey type, foraging effort remained rela-
tively constant for krill across the depth range, while effort 
decreased significantly with increased depth when foraging 
on fish. Conversely, efficiency decreased significantly with 
depth for individuals foraging on krill, while this trend was 
less apparent for individuals foraging on fish. The number of 
prey captures and dive-patch quality had a significant effect 
on foraging effort and efficiency, respectively, with effort 
increasing in response to the number of prey caught per dive 
and efficiency increasing at higher patch quality.

Time of day had a significant effect on prey capture depth, 
effort and efficiency. For krill, the depth of capture and effi-
ciency was greater during daylight hours; whereas, this 
trend was less apparent for effort. In comparison, fish prey 
captures did not greatly vary in depth, effort or efficiency 
throughout daylight hours. Across prey types, trends in effort 
and efficiency diverged during the twilight hours when effi-
ciency on krill captures decreased due to increasing effort, 
while effort on fish captures decreased and was mirrored by 
increased efficiency (Fig. 5).

Bout‑scale analysis

A total of 207 foraging bouts were identified throughout 
the foraging trips. On average, foraging bouts consisted of 
28 ± 7 dives and lasted 23.4 ± 4.4 min, during which indi-
viduals captured 548 ± 116 prey items during the course of 
a bout. Prey captures occurring outside of identified bouts 
accounted for only 1.34 ± 0.38% of total prey captures. In the 
majority of bouts, prey capture rates were constant through-
out the bout (48.3% of bouts) followed by diminishing rates 
of capture (31.6% of bouts), and increasing rates of cap-
ture (7.9% of bouts). A further 12.3% of bouts showed no 
clear relationship (Fig. 3). The GPS data revealed the time 
between bouts was not always spent commuting to a new 
patch, with individuals resting on the surface and then for-
aging again close to the previous patch. To investigate this 
further, the 207 foraging bouts were further grouped into for-
aging zones where multiple foraging bouts occurred within 
consecutive radii of 1 km (N = 84). Within these zones, indi-
viduals completed an average of 2.5 foraging bouts and trav-
elled on average 423.5 ± 33.9 m during 33 ± 8.2 min at the 
surface between consecutive foraging bouts. All other bouts 
were punctuated with commuting periods of 70.7 ± 8.3 min 
during which individuals travelled on average 3.8 ± 0.6 km 
(Fig. 4).

The model that best explained PRT included prey type, 
patch quality, inter-bout time, and an interaction between 
prey type and patch quality as explanatory variables 
(Table 4; SI Fig. 4). Overall, individuals spent more time at 
prey patches of higher quality and when feeding on krill than 
when individuals were feeding on fish. Mean dive depth did 

Table 3  Prey capture summary for Macaroni penguins. Prey captures were determined using a two-class SVM.

Prey types were inferred from depth of capture. Means ± SE presented

Prey type Number of dives Number of prey captures Prey captures per dive Mean max 
dive depth 
(m)

Depth of 
prey capture 
(m)

VeDBA (g) Ascent rate  (ms−1)

Fish 3394 16,848 5.0 ± 0.0 2.9 ± 0.1 2.13 ± 0.03 0.22 ± 0.0 0.39 ± 0.0
Krill + fish 1843 Krill: 85,935

Fish: 10,771
26.6 ± 0.3 42.9 ± 0.4 29.17 ± 0.3 0.21 ± 0.0 0.84 ± 0.0

No captures 705 – – 1.5 ± 0.1 – 0.23 ± 0.0 0.48 ± 0.0
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Fig. 3  Representative examples of prey capture rate shapes (a) for 
diminishing (a1), sigmoid (a2), accelerating to linear (a3), linear 
(a4), logit (a5) and accelerating (a6) for Macaroni penguins. Shaded 
area represents the prey patch and arrow indicates the approximate 

optimal give up time according to the Marginal Value Theorem (on 
diminishing and sigmoid curves only). Proportion of prey capture rate 
curves observed per dive (b, left) and per bout (b, right) for each indi-
vidual
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not have a significant effect on patch residency time and was 
not retained in the final model. There was a strong positive 
relationship between inter-bout and foraging bout duration 
indicating that individuals spent more time in a foraging 
bout when the travel time between the current and the previ-
ous patch was longer (Fig. 6).

Discussion

Macaroni penguins are the most abundant penguin species 
and are the leading consumer of marine resources among 
seabirds (de Brooke 2004). Therefore, fine-scale information 
on their foraging behaviour is essential to gaining a better 
understanding of their role in regulating prey availability 
in the environment (Guinet et al. 1996). The combination 
of accelerometer, depth recorder, GPS and animal-borne 
video cameras used in the present study revealed prey-spe-
cific foraging strategies, indicating that this species may be 
a solitary forager and that it adapts its behaviour to exploit 
various prey types. Temporal differences in diving behav-
iour, effort and prey captures were evident, suggesting that 
Macaroni penguins make foraging trip decisions according 
to their proximate environment in order to maximise intake 
and efficiency. For the majority of dives, individuals con-
sumed prey past the optimal point of each dive while on a 

bout-scale, penguins ceased foraging before the optimal give 
up time. However, inter-bout interval and patch quality was 
found to influence patch residency time suggesting that, on a 
bout-scale, the foraging behaviour of Macaroni penguins met 
the assumptions of the MVT (Charnov 1976). This study 
highlights the importance of investigating foraging decisions 
over multiple spatial and temporal scales and in relation to 
prey type and availability.

Quantifying fine‑scale foraging behaviour

For marine predators, dive metrics have been used to infer 
foraging activity and prey type (Elliott et al. 2008) while 
GPS and satellite tracking data have been used to identify 
key oceanographic features which may be important forag-
ing areas (Fauchald 2009; Hindell et al. 2020; Humphries 
2015). More recently, the combination of depth record-
ers and accelerometers has indicated that the dives with 
increased bottom durations may not always indicate foraging 
success (Viviant et al. 2010). Recent technological advance-
ments in the miniaturisation of data loggers has enabled 
the use of animal-borne video cameras to provide greater 
insight into the foraging behaviour of penguins (Handley 
et al. 2018; McInnes et al. 2017; Sutton et al. 2015, 2017; 
Takahashi et al. 2008, 2004b; Thiebot et al. 2017; Watanabe 
and Takahashi 2013) and other seabirds (Sakamoto et al. 

Fig. 4  GPS tracks obtained from seven Macaroni penguins from Kerguelen Islands. Isobaths represent the 200, 1000 and 2000  m contours. 
Locations of foraging bouts are indicated by red dots along the foraging track
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2009b; Tremblay et al. 2014; Watanuki et al. 2007; Yoda 
et al. 2011). In conjunction with GPS, accelerometers and 
depth recorders, animal-borne video cameras in the present 
study have provided new information about the environment 
animals experience and how they might adjust their foraging 
patterns in response to environmental variation.

Macaroni penguins occupy a wide geographic range and 
inter-colony differences in foraging behaviour have been 
well documented. For example, individuals at Bird Island, 
South Georgia forage exclusively over the continental shelf 
in the pelagic zone, exploiting depth ranges of up to 30 m 
(Barlow and Croxall 2002; Green et al. 2005; Trathan et al. 
2006). In contrast, some individuals from Heard Island 
undertake short foraging trips, venturing only 5 km from 
the colony, and conduct benthic diving in the shallow waters 
surrounding the island (Deagle et al. 2008). In the present 
study, the average foraging range was significantly broader 
with most individuals foraging range extending to ca 77 km 

from the colony. In addition, some individuals travelled fur-
ther, and in a north-easterly direction, past the 200 m iso-
bath, possibly to forage in waters in closer proximity to the 
highly productive subantarctic front (Bon et al. 2015).

Macaroni penguins forage predominantly on krill 
(Euphausiid spp.), with myctophid fish and amphipods com-
prising a smaller proportion of their diet (Deagle et al. 2008, 
2007). In the current study, individuals consumed two main 
prey types and displayed prey-specific foraging strategies. 
On dives when krill was consumed, individuals travelled 
down through the water column to the prey layer (~ 30 m) 
and captured multiple prey items before ascending to the 
surface. In contrast, dives where only fish were consumed 
were significantly shallower and individuals travelled hori-
zontally through the water column searching for prey.

Although it was not possible to identify the fish species 
consumed on shallow dives, being a small soft-bodied fish, 
it is likely that they were partially or completely digested 

Table 4  Model estimates for the most parsimonious models predicting capture depth, effort (mean VeDBA, g), efficiency (number of prey cap-
tured/total VeDBA) and patch residency time (total duration of foraging bout, min).

Bold text indicate those parameters which were significant (p < 0.05) and “colon” indicates an interaction between terms

Response variable Parametric coefficients Approximate 
significance of 
smoothed terms

p value

Variables Estimate SE t value Edf F

Capture depth Intercept − 72.4 32.1 − 2.3  < 0.001
Prey type(krill) 17.2 0.4 38.6  < 0.001
Dive-patch quality 0.02 0.001 18.7  < 0.001
Body condition 0.4 0.2 2.4  < 0.05
Hour(fish) – – – 5.9 5.4  < 0.001
Hour(krill – – – 8.7 184.4  < 0.001

Effort Intercept − 0.2 0.006 33.6  < 0.01
Prey type(krill) − 0.04 0.004 − 9.1  < 0.001
Prey captures 0.001 0.0001 19.7  < 0.001
Maximum dive depth − 0.004 0.0003 − 11.8  < 0.001
Prey type(krill): maximum dive depth 0.004 0.0001 11.1  < 0.001
Hour(fish) – – – 8.6 23.0  < 0.001
Hour(krill) – – – 6.6 24.1  < 0.001

Efficiency Intercept 0.06 0.004 14.9  < 0.001
Prey type (krill) − 0.03 0.002 − 11.2  < 0.001
Dive-patch quality 0.002 0.0001 39.5  < 0.001
Maximum dive depth − 0.003 0.0002 − 18.5  < 0.001
Prey type(krill): maximum dive depth 0.003 0.0002 16.0
Hour(fish) – – – 8.5 68.1  < 0.001
Hour(krill) – – – 2.3 5.3  < 0.01

Patch residency time Intercept − 6.6 3.7 − 1.8 0.1
Bout-patch quality 2.1 0.2 11.1  < 0.001
Prey type (krill) 13.2 6.8 1.9  < 0.05
Inter-bout time 0.3 0.03 8.8  < 0.001
Bout-patch quality: prey type (krill) 3.6 0.8 4.2  < 0.001
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before individuals returned to the colony (Jackson and Ryan 
1986; Votier et al. 2003). Consequently, these prey items are 
likely to have not been detected in previous diet analyses. 
Sato et al. (2004) showed that during the upper periods of 
ascent phase of dives, individuals stopped beating their flip-
pers and passively floated up to the surface. Results of the 
present study revealed that individuals were opportunisti-
cally consuming fish during this period and were observed 

angling their bodies in the path of fish with minimal flipper 
beats. Furthermore, individuals only made a capture attempt 
if their ascent pathway coincided with prey items, thereby 
obtaining prey items with little effort involved. Studies often 
use dive thresholds to remove shallow dives or exclude 
ascent/descent periods which are assumed to be largely 
absent of prey (Deagle et al. 2008; Duhamel et al. 2000; Falk 
et al. 2000; Green et al. 2005, 1998; Tremblay et al. 2003). 
The present study indicates that this is not appropriate for 
Macaroni penguins as the majority of fish captures in this 
study occurred on the ascent phase or during shallow dives 
within the first few metres of the water column. As such, 
future studies should consider modifying dive thresholds and 
take into account that prey captures may occur throughout 
the entire water column.

Mean and total VeDBA have been found to be positively 
correlate with the rate and total amount of energy expended 
in a number of free-ranging species (Gleiss et al. 2011; 
Laich et al. 2011; Qasem et al. 2012). In the present study, 
they were used to assess effort and efficiency during the 
foraging periods of individuals. Individuals used more effort 
in capturing fish than krill. This may be because fish were 
consumed close to the surface and, as solitary prey items, 
more effort is needed to capture the individual prey. These 
results suggest that individuals do discriminate between 
prey types and adjust their foraging effort according to the 
potential returns. This could also indicate that fish may 
have higher energetic content than krill. However, there is 

Fig. 5  Temporal variation for foraging Macaroni penguin capture 
depth (a), mean VeDBA (b) and efficiency (c) predicted by general-
ised additive mixed models (GAMMs) calculated on an hourly basis 
for prey types: krill (red) and fish (blue). Blue and red shaded areas 
along the curves represent 95% CI, while dark and light grey areas 
represent twilight and night periods

Fig. 6  Observed values with predicted trend of Patch residency time 
(total time spent in a foraging bout) against inter-bout time (total time 
between two consecutive foraging bouts). Grey shaded area around 
the predicted trend line representing the 95% CI
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limited information available with regard to energy values 
or mass estimates for the prey species identified in this study 
(Schaafsma et al. 2018).

Krill vertically migrate up through the water column in 
response to low light conditions (Hamame and Antezana 
2010). Therefore, it might be expected that individuals feed-
ing on these prey should show increased foraging effort and 
efficiency as prey are more easily accessible. However, with 
penguins being visual predators (Cannell and Cullen 1998; 
Poupart et al. 2019), Macaroni penguin diving behaviour 
and efficiency was markedly reduced in response to low 
light levels. In the present study, temporal variation in dive 
frequency and depth was apparent, with individuals diving 
deepest in the middle of the day. Diving depth was shallower 
towards the end of the day and dive frequency increased 
before individuals rested on the surface overnight. While 
prey captures of krill did occur during twilight periods, indi-
viduals were less efficient. The increase in foraging effort 
towards the end of the daylight period and during twilight 
may reflect individuals making a final attempt at consuming 
prey, before resting on the surface overnight.

Several penguin species have been shown to forage in 
groups, which is thought to assist with concentrating school-
ing prey, decreasing search effort or reducing the risk of pre-
dation (McInnes et al. 2017; Sutton et al. 2017; Takahashi 
et al. 2004a, c, 2008; Tremblay and Cherel 1999; Wilson 
et al. 1986). Therefore, it might be expected that Macaroni 
penguins also forage in groups. However, in the present 
study conspecifics were observed during foraging activity 
on only four occasions. While the foraging range of Maca-
roni penguins during the breeding season was estimated to 
be 150 km by Guinet et al. (1996), GPS tracking indicated 
individuals foraged within a bearing range of 65–356° from 
the colony and travelled a mean distance of 50.4 km. This 
corresponds to an approximate foraging area of 2190 km2. 
Based on a breeding population at the Cape Cotter colony 
of 75,000 pairs and accounting for individuals at the nest, 
the number of Macaroni penguins in the area equates to ~ 17 
individuals·km−2. Consequently, it was surprising that even 
random encounters were not more prevalent in the video 
data. A potential reason for the lack of foraging associations 
could be the sheer size of the krill swarms. Alternatively, in 
comparison to fast-moving schooling prey such as pelagic 
fish, subantarctic krill are slower and exist in already dense 
aggregations (Hewitt and Lipsky 2009), which may negate 
the need for conspecifics to assist in concentrating prey to 
facilitate capture.

Dive‑level prey capture dynamics

While animal-borne video cameras can provide a greater 
insight into the behaviour of penguins in the presence of 
prey and other species at sea, limitations on battery life and 

memory capacity of such devices are still prevalent. Further-
more, ability to detect prey captures are reduced on deeper 
dives due to poor visibility. Therefore, camera and accel-
erometer data were utilised to develop a machine learning 
algorithm in order to identify prey captures across the entire 
at-sea period. Prey capture identification models have been 
developed for Adélie penguins, Pygoscelis adeliae (Wata-
nabe and Takahashi 2013) and little penguins, Eudyptula 
minor (Carroll et al. 2014), with comparable model accu-
racy. However, the current study’s slightly lower accuracy 
rates could be attributed to the rapid prey capture rate of 
subantarctic krill in comparison to larger prey items. Simi-
lar to Watanabe and Takahashi (2013), it was possible in 
the current study to separate capture events into two prey 
types based on their occurrence at depth in the water column 
which was validated using observations from the camera 
data.

In the present study, the majority of individual prey cap-
ture response curves indicated the rate of captures decreased 
as the dive progressed and that individuals continued for-
aging beyond the optimal point of the dive. However, the 
diminishing curve observed over the dive-scale is more 
likely a reflection of within-patch prey density variation and 
opportunistic prey captures under physiological constraints. 
For example, a Macaroni penguin may dive down to a patch 
and begin to consume prey at the patch edge where density 
would be lower. They then travel through the patch, consum-
ing prey where density is presumed to be the highest, and 
continue to capture prey to the edge of the patch where prey 
is supposedly less dense and during the ascent phase. Oxy-
gen reserves limit the amount of time individuals can remain 
at depth, therefore, once out of the prey patch, opportunistic 
captures of small fish during ascent is beneficial to the indi-
vidual. Therefore, this behaviour resulted in a disproportion-
ately large number of diminishing prey capture rate curves.

Patch exploitation and residency time

The MVT suggests that, in a resource-rich environment, the 
value of leaving a depleting patch in search of new patches 
is higher than staying (Charnov 1976). Hence, when animals 
cease foraging in a bout, it is generally assumed that they 
leave the area to search for a new foraging patch or due 
to physiological constraints. However, in the present study, 
GPS data revealed that in 59% of foraging bouts, individuals 
rested on the surface after a foraging bout and then com-
pleted consecutive foraging bouts within 1 km, potentially 
utilising the same prey patch. Alternative hypotheses for div-
ing animals giving up foraging and returning to the surface 
has been related to individuals drawing near or exceeding 
their Aerobic Dive Limit (ADL), where they require longer 
periods on the surface to clear the build-up of lactic acid 
(Ponganis and Kooyman 2000; Schreer et al. 2001). While 
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previous studies have suggested Macaroni penguins may 
conduct dives exceeding their ADL (Mori and Boyd 2004b), 
visual inspection of the relationship between post dive dura-
tion and dive durations (Ponganis et al. 1993) revealed no 
exponential increase in post dive durations. This suggests 
that individuals in the current study did not exceed their 
ADL.

The large proportion of linear response curves observed 
in bout-scale analysis, indicated that penguins ceased a for-
aging bout before the theorised optimal give up time. As 
individuals rested on the surface after a foraging bout and 
did not exceed their ADL, it is possible that individuals were 
satiated, requiring time to digest prey before the prey patch 
was depleted or scattered in response to predator activity. 
In the present study, no increase in patch quality with dis-
tance from the colony could be detected, suggesting that 
food appeared to be locally abundant. A possible explanation 
for individuals foraging further afield may be that from past 
experience, prey is more predicably available or that larger 
or superior nutritional content prey items can be found fur-
ther away (Soanes et al. 2014). Indeed, Macaroni penguins 
have been found to preferentially select larger krill from a 
prey swarm possibly in an attempt to reduce foraging effort 
(Hill et al. 1996). However, due to the short sampling period 
of the camera footage, it was not possible to assess the size 
of prey items or whether this varied between patches.

In summary, Macaroni penguins breeding at Cape Cotter 
were observed to adjust their foraging behaviour in response 
to prey type, prey patch quality and the time between forag-
ing bouts. Patch residency time was influenced by prey type 
and inter-bout interval, and negatively influenced by patch 
quality, conforming to the predictions of the MVT. While 
diminishing prey capture rates were most common for dive-
scale analysis, linear returns were the predominant response 
shape over a foraging bout. This may indicate that penguins 
leave patches for reasons other than patch depletion. This 
study has provided new insights into the foraging behaviour 
of Macaroni penguins revealing that, despite the presence of 
large numbers of conspecifics at a nearby colony, individu-
als do not forage in groups, potentially due to their main 
prey already being found in large concentrated aggregations. 
These findings suggest that individuals make complex forag-
ing decisions in relation to their proximate environment over 
multiple spatio-temporal scales.
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