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Abstract
Central place foragers such as pelagic seabirds often travel large distances to reach profitable foraging areas. King penguins 
(Aptenodytes patagonicus) are well known for their large-scale foraging movements to the productive Antarctic Polar Front, 
though their fine-scale travelling and foraging characteristics remain unclear. Here, we investigated the horizontal movements 
and foraging patterns of king penguins to understand their fine-scale movement decisions during distant foraging trips. We 
attached multi-channel data loggers that can record depth, speed, tri-axis acceleration, tri-axis magnetism, and environmental 
temperature of the penguins and obtained data (n = 8 birds) on their horizontal movement rates from reconstructed dive paths 
and their feeding attempts estimated from rapid changes in swim speed. During transit toward main foraging areas, penguins 
increased the time spent on shallow travelling dives (< 50 m) at night and around midday, and increased the time spent on 
deep foraging dives (≥ 50 m) during crepuscular hours. The horizontal movement rates during deep dives were negatively 
correlated with maximum dive depths, suggesting that foraging at greater depths is associated with a decreased horizontal 
travelling speed. Penguins concentrated their foraging efforts (more deep dives and higher rates of feeding attempts) at twi-
light during transit, when prey may be more accessible due to diel vertical migration, while they travelled rapidly at night and 
midday when prey may be difficult to detect and access. Such behavioural adjustments correspond to a movement strategy 
adopted by avian deep divers to travel long distances while feeding on prey exhibiting diel vertical migration.

Keywords Seabirds · Penguins · Dive path · Optimal foraging · Movements · Diel vertical migration · Bio-logging

Introduction

Breeding seabirds are central place foragers dependent 
on patchily distributed marine resources (Ashmole 1963). 
Pelagic species often need to commute a large distance over 
the course of several days between their breeding sites and 
productive foraging areas. Many seabird species that breed 
in the Southern Ocean travel several hundred kilometers to 
mesoscale oceanic features (e.g. fronts and eddies) charac-
terized by physical properties such as a large gradient in 
sea-surface temperature (SST) where productivity and prey 
availability increase (Weimerskirch 2007; Bost et al. 2009). 
During these trips, flying seabirds such as albatrosses and 
petrels can quickly travel a large distance (e.g. 300–500 km 
per day; Shaffer et al. 2003) at a low energetic cost (Weimer-
skirch 2007). Owing to their ability to travel quickly and effi-
ciently, flying seabirds reduce the time spent travelling and 
the energetic cost of moving to and from productive foraging 
areas. In contrast, flightless seabirds such as penguins can 
travel only 20–120 km per day (e.g. Bost et al. 1997; Hull 
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et al. 1997; Trathan et al. 2008) due to their slower mode 
of locomotion (i.e. swimming). Swimming is slower and 
incurs a higher energetic cost per unit travel distance (Davis 
et al. 1989; Green et al. 2002) than flying or gliding (Maina 
2000). Therefore, how penguins must balance time spent 
travelling and foraging is an important constraint in endur-
ing long-distance journeys to and from productive foraging 
areas. Larger penguin species can dive to depths of 100 m 
to > 500 m (Wilson 1995; Charrassin et al. 2002; Wienecke 
et al. 2007) during foraging dives in search of prey (Charras-
sin and Bost 2001; Bost et al. 2009). Therefore, penguins are 
expected to develop movement strategies for long-distance 
travel with behavioural adjustments that differ considerably 
from those of flying seabirds.

The king penguin (Aptenodytes patagonicus) is the sec-
ond-largest, and second-most deep-diving penguin, after the 
emperor penguin (A. forsteri). King penguins can dive to 
depths of over 360 m for foraging (Charrassin et al. 2002; 
Pütz and Cherel 2005; Shiomi et al. 2016; Proud et al. 2021) 
and travel more than 400 km between their breeding sites 
and foraging zones during summer (Bost et al. 1997; Pütz 
2002). During their long-distance travels, king penguins 
rapidly move toward their main foraging areas such as 
oceanic fronts and eddies (Cotté et al. 2007; Trathan et al. 
2008; Scheffer et al. 2010; Bost et al. 2015). Although the 
large-scale foraging movements of king penguins according 
to mesoscale oceanic features are well known (Bost et al. 
2009), the fine-scale movement characteristics of their trav-
elling and foraging behaviours during long-distance trips 
remain unclear, due to the technical challenges of directly 
linking underwater movement paths of penguins and prey 
captures. Thus, it has been poorly documented how prey 
accessibility affects the local movement patterns of king 
penguins during their long-distance trips.

King penguins mainly forage for small mesopelagic fish, 
myctophids, in summer (Cherel and Ridoux 1992). Myct-
ophid fish exhibit diel vertical migration, being distributed 
at deep depths (i.e. depth > 100 m) during the daytime, 
and at shallower depths during the nighttime when forag-
ing on zooplankton (Zaselsky et al. 1985; Perissinotto and 
McQuaid 1992; Collins et al. 2008). As visual foragers, king 
penguins need sufficient light intensity to detect and pursue 
their prey underwater (Wilson et al. 1993; Pütz et al. 1998; 
Bost et al. 2002). The level of light intensity during the day-
time, even at the great depths that king penguins forage, 
is greater than that at shallow depths during the nighttime 
(Bost et al. 2002). This supports the hypothesis of the ambi-
ent light level while foraging, explaining why king penguins 
primarily forage at depths > 100 m during the daytime, and 
less at shallower depths during the nighttime (Bost et al. 
2002). Furthermore, foraging during twilight may be much 
more effective than during the daytime for penguins if there 
is sufficient light to detect and pursue their prey (Pütz and 

Cherel 2005). These crepuscular hours indeed correspond to 
the periods of myctophid vertical migration from the upper 
water column to greater depths during dawn, and vice versa 
during dusk; therefore, myctophids may be much more 
accessible in the shallower depths during the twilight than 
during the daytime.

This study aimed to understand the fine-scale movement 
decisions of king penguins during their foraging trips in 
relation to feeding opportunities. We investigated their 3D 
dive paths and the timing of feeding attempts using multi-
channel data loggers, which allowed us to investigate the 
relationship between the availability of prey as indicated by 
feeding behaviour and finer-scale movement patterns. We 
hypothesized that during long-distance travel, king penguins 
continuously adjust their fine-scale travelling and foraging 
behaviours in response to the large-scale spatial distribu-
tion of their prey associated with sea temperature and diel 
changes in feeding opportunities. Specifically, we predicted 
that (i) penguins concentrate their foraging behaviours dur-
ing twilight when feeding opportunities are expected to be 
higher, and (ii) focus on travelling behaviours during the 
middle of the day and nighttime when feeding opportunities 
are expected to be lower.

Methods

Fieldwork

This field study was performed at Possession Island 
(46°25′S, 51°45′E), Crozet Archipelago, South Indian Ocean 
between late January and early March 2011.

Nine chick-rearing king penguins were gently captured 
using a hooked pole before their departure for foraging trips. 
To record their diving behaviours, each bird was equipped 
with a multi-channel data logger (W1000L-3MPD3GT, 
Little Leonardo Ltd., Tokyo, 166 mm in length, 26 mm in 
diameter, weighing 132 g in the air, i.e. 1.2% of the mean 
body mass of equipped king penguins), using waterproof 
tape (Tesa tape, 4651; Tesa), stainless steel cables (4.5 mm 
in width, STB-360S; Hellermann Tyton), and instant glue 
(Loctite, 401; Henkel, Germany). The multi-channel data 
logger recorded swim speed (m·s−1), depth (m), ambient 
temperature (°C), tri-axis magnetism (nT) at a rate of 1 Hz, 
and tri-axis acceleration (m·s−2) at a rate of 8 Hz for two 
birds (K6 and K9) and 16 Hz for all other birds. Two out 
of the nine penguins (K3 and K5) were equipped with GPS 
data loggers (CatTrack, recustomized with a 1500 mAh 
lithium-iron phosphate battery and a deep depth casting; 
final size was ca. 60 × 40 × 25 mm, 50 g in air), together 
with the multi-channel data loggers (GPS data not used in 
this study due to short battery lifetime and limited available 
data). One out of the nine penguins (K8) was equipped with 
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an oesophageal temperature logger in addition to the multi-
channel data logger. The temperature sensor of this logger 
was set in the oesophagus and the body of the logger was set 
in the stomach (see methods in Charrassin et al. 2001; Bost 
et al. 2007). The deployment procedure for each penguin 
was completed within an hour. Attaching data loggers can 
affect diving behaviours in king penguins (Ropert-Coudert 
et al. 2000a). In previous studies and this study, the forag-
ing trip duration of king penguins with loggers was longer 
than that of penguins without loggers (e.g. Bost et al. 1997; 
Charrassin et al. 2001, 2002). Nevertheless, the range and 
mean of diving depths in our penguins (1–366 m, 52 ± 74 m) 
were similar to that reported in a previous study (3–343 m, 
55 ± 16 m, mean ± standard deviation) that used smaller log-
gers (e.g. 98.5 × 20 × 10 mm, 30 g: Pütz and Cherel 2005). 
Thus, we expect the effect of our data loggers on diving 
capacity to be relatively limited. After their foraging trips, 
birds were recaptured upon their return to their colony, and 
the data loggers were retrieved.

Diving behaviour

Data analysis was performed using IGOR Pro 8 (WaveM-
etrics, USA) with the program package Ethographer (Saka-
moto et al. 2009). Submersions with a depth ≥ 1 m that 
lasted ≥ 30 s were considered dives. Deep dives were defined 
as dives of ≥ 50 m depth (Charrassin et al. 1998, 2002; Pütz 
et al. 1998; Ropert-Coudert et al. 2000a; Hanuise et al. 2013) 
and shallow dives were defined as dives of < 50 m depth. 
It is well known that the foraging movements of the king 
penguins at Crozet are associated with the areas of relatively 
low SST (4–5 °C) in summer (Park et al. 1993, 1998; Bost 
et al. 1997). We, therefore, calculated the SST experienced 
by the birds as the mean ambient temperature recorded by 
the loggers during 1–10 m depths (Charrassin and Bost 
2001). Diving data were analyzed with respect to the time 
of day (night, dawn, daylight, dusk). The times for sunset 
and sunrise were downloaded from the Hydrographic and 
Oceanographic Department of Japan Coast Guard website 
(www1. kaiho. mlit. go. jp/ KOHO/ autom ail/ sun_ form3. html), 
which are determined as the instant uppermost portion of 
the sun is at the horizon when viewed from the position of 
the breeding colony. During the experimental period (27 
January–01 March 2011), sunrise and sunset times were 
05:17–06:07 and 19:23–20:14, respectively, per the local 
time (GMT + 4 h). Dawn and dusk were defined as 1 h before 
sunrise and after sunset, respectively. The period between 
dawn and dusk was defined as “daytime,” while “nighttime” 
was the period between the end of dusk and the onset of 
dawn. “Twilight” refers to the combined periods of dawn 
and dusk. We used sunrise and sunset times at the breed-
ing colony for the corresponding dates because we do not 
know the accurate locations of birds at sea. The sunrise and 

sunset times at the breeding colony could deviate from those 
at the foraging locations of the study birds, but the devia-
tions would be less than 20 min within a typical latitudinal 
movement range (up to 5° south of the breeding colony). 
Therefore, we considered that the use of sunrise and sunset 
times at the breeding colony would have a minimal impact 
on the main results in this study.

Swim speeds were calculated from the rotations of a pro-
peller (rev·s–1), which was located at the front part of the 
multi-channel logger. To convert the number of rotations 
into absolute speeds (m·s−1), we set a constant value for 
each bird using the calibration method described by Shiomi 
et al. (2008). First, using the number of propeller rotations 
per second and the angle of the logger’s longitudinal axis 
(relative to the horizontal plane), which was calculated from 
gravitational acceleration (Sato et al. 2003), the ‘simulated 
vertical movement rate’ (penguin’s depth change per second) 
was obtained. Then, the simulated vertical movement rate 
at each second was summed from the start to the end of 
each dive to reconstruct the simulated depth profiles. Then, 
the attachment angle of the logger relative to the penguin’s 
body axis was estimated so as to make the simulated depth 
at the end of the dive zero (see Fig. 3 in Sato et al. 2003). 
Finally, the simulated depth profiles were compared with 
the actual depth profiles measured by a pressure sensor. We 
then chose the optimal constant value for each dive so that 
the simulated depth profiles were consistent with the actual 
depth profiles (see Fig. 1 in Shiomi et al. 2008). The constant 
values obtained for all dives of each bird were averaged, and 
the average value was used to calculate actual swimming 
speeds for all dives.

After converting propeller rotations into swim speed, the 
mean swim speed within a dive was calculated to identify 
dives with speed recording failures. Speed data from some 
dives were compromised due to propeller failure (e.g. tem-
poral intrusion of materials such as algae or feathers). These 
dives (3.2% of all dives) with a mean swim speed below a 
threshold of 1.0 m·s−1 were excluded from further analyses. 
We chose this threshold by visually checking a plot of aver-
age swim speed against stroke rate within a dive (Shiomi 
et al. 2016).

Feeding behaviour

To estimate the timings of the feeding activities of penguins 
during dives, the following approach was used. First, the 
oesophageal temperature data obtained from one king pen-
guin (K8) was used to measure feeding activities. A decrease 
in oesophageal temperature was considered a reliable index 
for ingestion events since king penguins feed on ectother-
mic prey (Charrassin et al. 2001; Hanuise et al. 2010). We 
defined a decrease of 0.06 °C·s−1 in oesophageal temperature 
as a feeding event as described by Charrassin et al. (2001). 

www1.kaiho.mlit.go.jp/KOHO/automail/sun_form3.html
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Next, a steep increase and decrease in swim speeds were 
considered to be related to feeding events such as the pur-
suit and capture of prey (Wilson et al. 2002; Shiomi et al. 
2016; Brisson-Curadeau et al. 2021). Steep increases in 
swim speeds (up to 4.0 m·s−1) that interrupt cruising speed 
(approximately 2.0 m·s−1) were often observed in the swim 
speed profiles and were termed “dashes” (Ropert-Coudert 
et al. 2000b). To quantify the dashes in swim speeds of other 
instrumented penguins, swim speed, U, was converted into 
accumulated values of acceleration following Ropert-Coud-
ert et al. (2000b):

where U't is the function describing the increase of the 
swim speed as a function of time (t). The threshold value 
on acceleration peaks (dashes) was determined based on 
the number of dashes per dive to match the number of 
feeding events estimated from oesophageal temperature 
changes and a value of ≥ 0.68 m·s−2 (y = 0.93x + 0.06, 
R2 = 0.75, n = 1442 dives, Fig. S1) was defined as a 

U�
t
= U�

t−1
+ (dU∕dt), if (dU∕dt) ≥ 0

U�
t
= 0, if (dU∕dt) < 0

Fig. 1  Changes in sea-surface temperature (SST), travelling, and foraging characteristics for a king penguin (K6) during a foraging trip. Param-
eters include SST, depth, horizontal movement rate, and the number of feeding attempts per day
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“feeding attempt”. This value was applied to all the indi-
viduals and used for further analysis of feeding behaviour. 
We note that the number of oesophageal temperature drops 
may underestimate the actual number of prey captures, 
i.e. a single decrease in oesophageal temperature may 
reflect up to several prey captures when penguins catch 
small myctophid prey (less than 2 g) (see Hanuise et al. 
2010). Feeding dives were defined as dives in which at 
least one feeding attempt occurred. The number of feed-
ing attempts per minute submersed was calculated as a 
feeding attempt rate (n·min−1) for each feeding dive. The 
feeding attempt depth refers to the depth where each feed-
ing attempt occurred.

Assuming that breeding king penguins travel to reach 
distant foraging areas at the Polar Front (PF), we divided 
their foraging trips into two phases: a “low-feeding phase” 
representing the transit period and a “high-feeding phase” 
representing periods of intense feeding in main foraging 
areas based on the total number of feeding attempts per 
day. Based on rapid changes in swim speed, we estimated 
king penguins made 3–665 feeding attempts daily (Figs. 
S2, S3), with a higher number of feeding attempts in the 
middle of their foraging trips (Figs. 1, S3). The frequency 
distribution of the total number of feeding attempts per 
day was bimodal (Fig. S2). This enabled the separation 
between the two trip phases. We defined ‘high-feeding 
phases’ as the phases when the birds made more than 300 
feeding attempts per day and the ‘low-feeding phases’ 
as the phases when the birds made less than 300 feeding 
attempts per day (Figs. 1, S2). However, one bird (K8) 
made 286 feeding attempts on day 8 and 400 and 665 
feeding attempts on days 7 and 9, respectively (Fig. S3). 
We, therefore, considered day 8 of K8 as a high-feeding 
phase (Fig. S3). We did not analyze inward and outward 
low-feeding phases separately (Bost et al. 1997) because 
the logger data mostly covered outward but not inward 

low-feeding phases due to the limitation of battery and 
memory capacity (Fig. 1; Table 1).

Horizontal movement

The 3D dive paths were reconstructed from the following data: 
tri-axis magnetism, tri-axis acceleration, swim speed, and 
depths using the dead-reckoning method (Johnson and Tyack 
2003; Shiomi et al. 2008). A tri-axis acceleration sensor in the 
logger recorded the following two components of acceleration: 
(i) dynamic acceleration related to propulsive activities, and 
(ii) static acceleration derived from gravity related to posture 
changes. First, we used a low-pass filter with a threshold value 
of 0.69 Hz to extract only static accelerations from tri-axis 
accelerations. The threshold value of the filter was determined 
by analyzing the power spectral density of the raw accelera-
tion data. We then used the freeware macro available online to 
reconstruct 3D dive paths (Narazaki and Shiomi 2010; Shiomi 
et al. 2010). Using this macro, 3D dive paths were estimated 
by the following procedure (Johnson and Tyack 2003; Shiomi 
et al. 2008). Firstly, the pitch and roll angles of the penguins 
were calculated from tri-axis static accelerations (Johnson and 
Tyack 2003; Shiomi et al. 2008). Then, the heading was cal-
culated from the pitch, roll, and tri-axis magnetism as angles 
between the vector of the horizontal component of the total 
geomagnetic intensity and that of the longitudinal axis of 
the animal. Headings relative to true north were obtained by 
adding the declination of earth’s magnetism at the breeding 
colony, − 49.6° (the International Geomagnetic Reference 
Field model; https:// www. ngdc. noaa. gov/ geomag/ calcu lators/ 
magca lc. shtml# decli nation). Finally, the 3D dive paths were 
reconstructed from heading, swim speed, and depth recorded 
every second with a dead-reckoning method. From the recon-
structed 3D dive paths, the horizontal straight-line distance 
from the start to the endpoints of each dive was calculated. 
The horizontal straight-line distance was divided by dive dura-
tion to calculate the horizontal movement rate (m·s−1) for each 

Table 1  Summary of bio-logging data coverage for equipped king penguins (Aptenodytes patagonicus) from Crozet Islands

Bird
ID

Trip
length 

(d)

Data
length 

(d)

Data
cover 

(%)

Number of days from 2011/01/27 (d)

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

K1 12.5 6.7 54

K2 14 6.7 48

K3 22.3 6.4 29

K4 10.7 7.3 68

K5 22.5 6.1 27

K6 11.6 11.6 100

K8 17 7.3 43

K9 14.7 12.9 88

Data recording of K8 started 96 h after deployment
Solid lines represent the time range when the bio-logging data were obtained for each trip. Broken lines represent the time range with no bio-
logging data. Closed and open circles represent the start and the end of the trips, respectively. The bold lines represent the period of the high-
feeding phase (≥ 300 feeding attempts per day). Dates are given in the yyyy/mm/dd format

https://www.ngdc.noaa.gov/geomag/calculators/magcalc.shtml#declination
https://www.ngdc.noaa.gov/geomag/calculators/magcalc.shtml#declination
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dive, which was used as an index of travelling behaviour (Fig. 
S4). The horizontal movement rate indicates that the speed of 
horizontal movement per unit time. High values indicate that 
the penguins move rapidly in a horizontal dimension. We also 
calculated path straightness as an index of the tortuosity of 
dive paths. The horizontal straight-line distance was divided 
by the cumulative horizontal distance travelled from the start 
to the end points of each dive (Fig. S4). Straightness values 
range from 0 to 1, with higher values indicating that the path 
is more linear (Benhamou 2004).

Statistical analysis

Statistical analysis was performed using R software (R Core 
Team 2020). A Brunner-Munzel test was used to compare 
the median dive depths in deep dives (≥ 50 m), feeding 
attempt rates, feeding attempt depths, and horizontal move-
ment rates between two trip phases (low-feeding phase and 
high-feeding phase) for each bird using the R package law-
stat (Gastwirth et al. 2020). This statistical test was selected 
because the distributions of behavioural parameters were 
not normally distributed. A generalized linear mixed model 
(GLMM) with Poisson error distribution was fitted to deter-
mine the effect of the mean SST per day on the number 
of daily feeding attempts. We selected Poisson error distri-
bution because the dependent variable (number of feeding 
attempts per day) was count data. We determined the effect 
of maximum dive depth in deep dives on the horizontal 
movement rate using a linear mixed model (LMM). In this 
LMM model, we included the trip phase (low-feeding or 
high-feeding phase) as a categorical fixed factor and ‘maxi-
mum dive depth × trip phase’ as an interaction term. We also 
determined the effect of the number of feeding attempts per 
dive on the path straightness using LMM. In this model, we 
included trip phase as a categorical fixed factor, and ‘number 
of feeding attempts per dive × trip phase’ as an interaction 
term. We included BirdID as a random factor in all GLMM 
and LMM models. We used the glmer and lmer function, for 
GLMM and LMM, respectively, from the R package lme4 
(Bates et al. 2015). We obtained the p-value of GLMM and 
LMM models using the glht function from the R package 
multicomp (Hothorn et al. 2008). In addition, we calculated 
marginal R2 and conditional R2 using r.squaredGLMM func-
tion from the R package MuMIn (Barton 2020). The mar-
ginal R2 and conditional R2 components are interpreted as 
the variance explained by the fixed effects only and the entire 
model, respectively (Nakagawa and Schielzeth 2013). Values 
are shown as the mean ± the standard error of the mean.

Results

Data recovery

We recaptured the equipped birds and retrieved the loggers 
from 8 of the 9 birds after their foraging trips (trip duration: 
15.7 ± 1.6 d, range 10.7–22.5 d). One bird (K7) did not leave 
the colony after deployment and hence foraging data could 
not be obtained. The logger data from the 7 birds covered 
27–88% of the whole trip due to onboard memory and bat-
tery limitations of the loggers, while those from another bird 
(K6) covered a whole trip (Table 1). For two of the 8 birds 
(K2 and K8), tri-axis magnetism data were not available 
because of technical problems and thus 3D dive paths could 
not be calculated.

Diving behaviour

The median dive depths in deep dives (≥ 50 m) of king pen-
guins did not differ clearly between the trip phases (Table 2). 
Among 5 birds, the median dive depths were significantly 
shallower in the high-feeding phase in 2 birds, while the 
opposite pattern (significantly shallower dives in low-feed-
ing phases) was observed in 2 other birds, with no significant 
differences between trip phases in another bird (Table 2). As 
previously reported, diving depths showed a diurnal rhythm 
(Figs. 2, 3), with only shallow dives (< 50 m) occurring dur-
ing the nighttime, and both deep and shallow dives occurring 
during the daytime. Dive depths gradually increased at dawn 
and decreased at dusk (Fig. 2).

Notably, the general diel pattern of deep and shallow 
dives differed between the two phases (Figs. 2, 3). In the 
low-feeding phase, deep dives occurred throughout the 
daytime but were often interspersed with shallow dives 
(Figs.  2a, 3a). Deep dives with some feeding attempts 
occurred intensively for several hours after sunrise and sev-
eral hours before sunset (Figs. 2a, 3a) during this phase. In 
contrast, deep dives continuously occurred throughout the 
daytime in the high-feeding phase (Figs. 2b, 3b).

Feeding behaviour

The daily number of feeding attempts estimated from swim 
speed data was higher in colder water masses (Fig. 1) with a 
significant effect of SST on feeding activity (GLMM: y = exp 
(–0.48 x + 8.28), n = 57 days from 8 birds, p < 0.001, random 
effect = BirdID, Fig. S5). This indicated that penguins fed 
actively when they reached the low SST area (Fig. 1), pre-
sumably near or in the PF area. The median feeding attempt 
depths (depths of feeding attempts) did not differ clearly 
between the trip phases: the median feeding attempt depths 
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of 2 of the 5 birds were shallower in the high-feeding phase 
than in the low-feeding phase, and deeper in the other birds 
(Table 2). In the high-feeding phase, the feeding attempt 
depths during all dives were concentrated at 100–140 m 
(Figs. 4a, S6). In contrast, in the low-feeding phase, the feed-
ing attempt depths during deep dives showed more dispersed 
distributions (range of coefficient of variation: 30–45% in 
the low-feeding phase and 25–31% in the high-feeding 
phase, Figs. 4a, S6).

Feeding attempts predominantly occurred during 
the daytime (80.2% ± 2.0%, n = 8 birds) and twilight 
(19.0% ± 2.1%, n = 8 birds), and during deep dives (≥ 50 m 
depth, 94.4% ± 0.9%, n = 8 birds, Fig. 4b). Feeding attempts 
occurred rarely during the nighttime (0.8% ± 0.2%, n = 8 
birds, Fig. 4b), which occurred only at depths shallower than 
50 m. The feeding attempt rates during feeding dives were 
relatively higher for several hours after sunrise and before 
sunset than during the nighttime and the daytime (Fig. 5). 
In the high-feeding phases, the feeding attempt rates during 
feeding dives were higher during the daytime than during 
the nighttime (Fig. 5b). In contrast, in the low-feeding phase, 
the feeding attempt rates during feeding dives were lower Ta
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during the middle of the daytime than other daytime hours 
and during the nighttime (Fig. 5a).

Horizontal movement

The median horizontal movement rates during all dives 
were higher in the low-feeding phase than those in the 
high-feeding phase (Fig.  1; Table  2). Shallow dives 
showed a higher horizontal movement rate than that 
deep dives (1.62 ± 0.0002 m·s−1 in the shallow dives vs. 
0.98 ± 0.01 m·s−1 in the deep dives, p < 0.001). During 
deep dives, the horizontal movement rates decreased 
with an increase in maximum dive depths (LMM: 
y =  − 0.03x + 1.1, n = 3498 dives from six birds, mar-
ginal R2 = 0.35, conditional R2 = 0.46, p < 0.001, random 
effect = BirdID, Figs. 6a, S7). In addition, the horizontal 
movement rate in deep dives (≥ 50 m) for a given depth 
was higher in the low-feeding phase than in the high-feed-
ing phase, and a significant ‘maximum dive depth × trip 
phase’ interaction effect was observed (p < 0.01, Fig. 6a). 

Path straightness in deep dives (≥ 50 m) decreased with 
an increase in the number of feeding attempts per dive 
(LMM: y =  − 0.04x + 0.83, n = 2714 dives from three 
birds, marginal R2 = 0.48, conditional R2 = 0.5, p < 0.001, 
random effect = BirdID, Figs. 7, S8). In addition, the path 
straightness in deep dives (≥ 50 m) for a given number 
of feeding attempts was higher in the low-feeding phase 
than in the high-feeding phase, and a significant ‘number 
of feeding attempts × trip phase’ interaction effect was 
observed (p < 0.001, Fig. 7).

Discussion

This study examined the fine-scale patterns in the travel-
ling and foraging behaviours of a deep-diving avian preda-
tor based on the rapid changes in swim speed and horizon-
tal movements estimated by 3D dive path reconstruction. 
This novel approach shows that deep avian divers such 
as king penguins adjust fine-scale travelling and feeding 

Fig. 3  Diel patterns in the time proportion of shallow and deep dives in king penguins. Mean proportion of time spent in shallow (< 50 m) and 
deep (≥ 50 m) dives were shown for every hour, during low-feeding (a, n = 8 birds) and high-feeding (b, n = 5 birds) phases
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Fig. 5  Mean feeding attempt rates and the standard error during feeding dives (dives with at least one feeding attempt) per hour for king pen-
guins as a function of time of day during the low-feeding (a, n = 8 birds) and high-feeding (b, n = 5 birds) phases
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patterns in relation to the distribution of their prey at dif-
ferent spatial and temporal scales. In this section, we dis-
cuss how king penguins adjust their local travelling and 
foraging behaviours in relation to (1) large-scale distribu-
tion of their prey associated with sea temperature changes, 
and (2) diel changes in feeding opportunities.

Low‑feeding phase vs. high‑feeding phase of trips

King penguins are well known to rely on prey resources 
present in distant but predictable frontal areas such as the 
PF area, which are 300–500 km away from their colonies 
(Bost et al. 2015). They feed mainly on myctophids, which 
are abundant in the PF area and distributed near the water 
surface at nighttime but in deeper depths during the day-
time (Sabourenkov 1991; Pakhomov et al. 1994). The prey 
ingestion rate of king penguins, based on oesophageal tem-
perature and dive profile records (i.e. ‘wiggles’) is higher 
in the PF area (Bost et al. 2015). Our results confirmed a 
higher feeding activity in the middle of the trips, where the 
penguins experienced low SST, corresponding to the PF area 
(Table 2; Fig. 1). King penguins dive typically to and below 
thermocline depths where myctophids are thought to be 

distributed during the daytime, and their dives become shal-
lower as they travel toward the PF area as a response to the 
relatively shallower thermocline (Charrassin and Bost 2001). 
Feeding attempt depths are considered to reflect the depth 
distribution of available prey for a given dive (Fig. 4b). A 
higher concentration of feeding attempt depths to particular 
depth zones (100–140 m depths) in high-feeding phase than 
in the low-feeding phase (Figs. 4, S6) suggests that myct-
ophids might be more aggregated at these depths. Our new 
results reinforce the hypothesis that prey is more accessible 
and predictable for king penguins in the PF area (Bost et al. 
2009).

The travelling behaviour of king penguins appears to 
reflect the high prey availability in the PF area. Higher hori-
zontal movement rates in the low-feeding phase than in the 
high-feeding phase (Table 2; Fig. 1) suggest that penguins 
swam horizontally which favor a rapid transit rapidly to the 
PF area. A pattern of decreasing path straightness with an 
increasing number of feeding attempts per dive (Figs. 7, S8) 
suggests that penguins performed area-restricted search, 
with increased search effort associated with prey encounters 
(Kareiva and Odell 1987). Higher path straightness adjusted 
for the number of feeding attempts per dive (Figs. 7, S8) 

Fig. 6  Comparison of horizontal movements between low-feeding 
and high-feeding phases for a king penguin (K6). a Relationship 
between horizontal movement rates and maximum dive depth during 
deep dives (≥ 50 m) for a king penguin (K6). Deep dives during low-
feeding (black coloured circle) and high-feeding (red coloured circle) 
phases are shown separately, with linear regression lines (low-feed-
ing phase: y = –0.006x + 1.5, high-feeding phase: y = –0.003x + 1.6). 

Statistical analysis was conducted with a linear mixed effect model 
(see ‘Result’). Gray circles indicate shallow dives. b–e Examples of 
horizontal movement paths (b, c) and depth profiles (d, e) for dives 
during low-feeding (b, d) and high-feeding (c, e) phases. Closed and 
open circles represent the start and end of the dives, respectively. 
Arrows indicate travelling direction. Orange circles indicate the 
occurrence of feeding attempts
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and higher horizontal movement rates during deep dives 
(≥ 50 m) for a given depth (Figs. 6a, S7) in the low-feeding 
phase than in high-feeding phase suggest that deep dives in 
the low-feeding phase may be intended for both travelling 
and opportunistic foraging (Fig. 6b–e). In the high-feeding 
phase, relatively low horizontal movement rates and path 
straightness reflected the increased foraging activity in the 
profitable PF area. Lower horizontal movement rates are 
likely to be the result of steeper diving body angles and 
lower straightness of dive paths of penguins (Fig. 6b–e). 
These results are in accordance with the previous findings 
that penguins use steeper diving body angles during the 
descent and ascent phases of their dives when they experi-
ence relatively high-feeding success, even for comparable 
maximum dive depths (Sato et al. 2004; Hanuise et al. 2013). 
Thus, our results suggest that king penguins may shift their 
prey search behaviour in relation to the high prey availability 
in the more distant but profitable PF area.

Diel changes in foraging and travelling behaviour

Myctophids perform diel vertical migration (Zaselsky et al. 
1985; Perissinotto and McQuaid 1992; Collins et al. 2008), 
which results in diel changes in the feeding opportunities for 
visual foragers such as king penguins (Wilson et al. 1993; 
Bost et al. 2002). Higher feeding attempt rates around dawn 

and/or dusk than during the nighttime and around midday 
(Fig. 5) suggest that feeding opportunities are high for king 
penguins during twilight when myctophids transit between 
deep depths and the near-surface water column (Pütz and 
Cherel 2005; Scheffer et al. 2010). During the nighttime, 
penguins made few feeding attempts, as has been previously 
reported (Pütz and Bost 1994; Pütz et al. 1998; Shiomi et al. 
2016). This has been attributed to the low light intensity 
available during nighttime for foraging penguins (Wilson 
et al. 1993; Pütz et al. 1998; Bost et al. 2002). During the 
daytime, penguins made more feeding attempts at deep 
depths where myctophid are thought to be distributed (Pütz 
and Bost 1994; Bost et al. 2002). Lower feeding attempt 
rates during daytime in the low-feeding phase than in the 
high-feeding phase (Fig. 5) probably reflect that thermo-
cline depths where myctophids are distributed may be deeper 
and more difficult to reach by penguins in the low-feeding 
phases, presumably before penguins reach the PF area 
(Charrassin and Bost 2001). Thus, feeding opportunities are 
likely to be higher during dawn and dusk because prey are 
accessible at shallower depths with sufficient light intensity 
for visual detection of prey (Piersma et al. 1988; Zimmer 
et al. 2008; Regular et al. 2010). Furthermore, during these 
periods, penguins spend more time on relatively deep dives 
(Figs. 2, 3), suggesting that king penguins concentrate their 
foraging efforts when feeding opportunities are high, such 
as around dawn and dusk.

Overall, the travelling behaviour of king penguins appears 
to reflect the diel changes in feeding opportunities. At night-
time, penguins increased the time spent on shallow dives per 
hour (Fig. 3), suggesting that penguins may concentrate their 
travelling behaviour at nighttime when feeding opportuni-
ties are relatively low due to low light intensity for detect-
ing their prey. During the daytime, penguins spent less time 
on shallow dives in the high-feeding phases (Fig. 3b), sug-
gesting that they performed less travelling in the PF area 
(Cotté et al. 2007). In contrast, in the low-feeding phase, the 
time spent for shallow dives per hour tended to be high after 
dawn and during the middle of the daytime (Fig. 3a). This 
suggests that penguins may increase their travelling time 
when feeding opportunities are low (Fig. 5a). During deep 
dives (≥ 50 m), the horizontal movement rate decreased with 
increased dive depth (Figs. 6a, S7), indicating that foraging 
at greater depths is associated with a decreased horizontal 
travelling speed when penguins only have a limited time to 
prospect at a greater depth. These results showed that king 
penguins travelling to and from the PF area made behav-
ioural adjustments by increasing their travelling behaviour 
during periods of low-feeding opportunities such as during 
the nighttime and the middle of the daytime due to the pos-
sible difficulty in detecting and accessing prey.

Fig. 7  Relationship between path straightness and number of feeding 
attempts per dive for a king penguin (K6). Dives during low-feeding 
(black coloured circle) and high-feeding (red coloured circle) phases 
are shown separately, with linear regression lines (low-feeding phase: 
y = – 0.04x + 0.88, high-feeding phase: y = – 0.02x + 0.66). Statistical 
analysis was conducted with a general linear mixed effect model (see 
‘Result’)
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Conclusions

This study provides new insights into the fine-scale pat-
terns of travelling and foraging of an avian deep diver, the 
king penguin, during foraging trips using multiple types 
of bio-logging measurements. At the scale of a foraging 
trip, king penguins appear to modify their travelling and 
foraging behaviours in relation to the large-scale spatial 
distribution of their prey. Thus, king penguins maximise 
horizontal travel and opportunistic foraging to main forag-
ing areas and then fed intensively near or in the PF area 
throughout the daytime. At the diel scale, king penguins 
travelling to and from the PF appear to adjust travelling 
and foraging in relation to the diel changes in feeding 
opportunities associated with the diel vertical migration 
of prey. King penguins concentrate their foraging efforts 
during dawn and dusk when feeding opportunities are 
likely to be high because prey is much more accessible at 
shallow depths. The behavioural adjustments reported here 
might be an important movement strategy adopted by king 
penguins to travel long distances while foraging on prey 
exhibiting diel vertical migration. Diving predators can 
search for their prey in the three dimensions of the water 
column when travelling toward profitable foraging areas 
(Bost et al. 2009). Therefore, diving seabirds could take 
advantage of spatiotemporal changes in feeding opportu-
nities underwater more easily than flying seabirds which 
are surface feeders. Such abilities might compensate for 
the higher energy costs of swimming and have developed 
a characteristic movement strategy in diving seabirds. 
Concurrent measurements of feeding activities and fine-
scale movements are a promising tool to better understand 
the dynamics movement decisions of long-ranging diving 
predators.
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