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Abstract

Seabirds often engage in coordinated, cooperative foraging to improve detection and capture of prey. An extreme example
of such coordinated behavior is synchronicity, whereby the movements of individuals are aligned temporally and spatially.
Synchronous diving among penguins has been reported, but simultaneous observations of predation by synchronously diving
individuals have not. We instrumented chinstrap penguins (Pygoscelis antarcticus) during their incubation period in Decem-
ber 2019 from Cape Shirreff, Livingston Island, Antarctica (60.79°W, 62.46°S) with video and depth recorders to monitor
predator foraging behavior and prey consumption rates. Serendipitously, two instrumented individuals, accompanied by a
third, banded individual, engaged in synchronous foraging activities on Antarctic krill (Euphausia superba) for 9.25 h. This
group formed ashore, transited together to their foraging area, remained in close visual contact after dives, synchronously
timed diving behavior, and foraged at similar depths. Prey capture rates were positively correlated across dives and total
consumption estimates were equivalent for the two instrumented birds during the video observation period. Video loggers
confirmed that synchronous diving and foraging behavior are among the behavioral repertoire of chinstrap penguins and
demonstrated equivalent prey capture rates by synchronously foraging predators. The results further suggest that group forma-
tion while ashore and group cohesion during a foraging trip may facilitate shared foraging success among group members.

Introduction

Seabirds often engage in group hunting to improve detec-
tion and capture of dense, but patchy, prey resources (Got-
mark et al. 1986; Ballance and Pitman 1999; Sutton et al.
2015; Mclnnes et al. 2017). An extreme example of such
coordinated hunting behavior is synchronicity, whereby the
movements of individual predators in a group are aligned
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and anti-predator behaviors exhibited by the target prey
(Takahashi et al. 2004b; Thiebault et al. 2014, 2015; Hand-
ley et al. 2018). In particular, predator coordination may dif-
fer when targeting fish schools versus swarming crustaceans,
or when targeting dense versus loose aggregations of prey.
Such coordination, however, may not represent optimal for-
aging behavior for each participant in synchronous foraging
given variation in physical or morphological constraints of
individuals (Takahashi et al. 2004b). Simultaneous observa-
tions of predator behavior and prey consumption rates neces-
sary to assess foraging performance of predators engaged in
synchronous foraging behaviors within the same prey field
have not been reported previously.

The advent of video-logging equipment suitable for
use on diving seabirds has facilitated direct observations
of foraging behavior, including cryptic social interactions
and prey encounters that occur underwater (Ponganis et al.
2000; Takahashi et al. 2004a; Mattern et al. 2018). Further-
more, the identification of stereotypical behaviors readily
observed in video data, like the rapid movement of the head
during predation events (Kokubun et al. 2011; del Caiio et al.
2021), helps to quantify observable penguin—prey interac-
tions. Analyses of predation events recorded by animal-
borne video loggers have revealed foraging strategies that
vary by prey type and location (Handley et al. 2018; Mattern
et al. 2018; Takahashi et al. 2008), unique predation events
on large or rare prey (Pistorius et al. 2020), kleptoparasit-
ism (Handley and Pistorius 2015), and identified the wide-
spread, but under-appreciated, role of gelatinous animals in
the diets of several penguin species (Thiebot et al. 2017).
The stream of novel insights on predator—prey interactions
derived from video loggers underscore their utility for study-
ing foraging ecology and behavior.

Here, we report direct observations of diving and foraging
behavior from synchronously foraging chinstrap penguins
(Pygoscelis antarcticus) outfitted with video loggers and
depth recorders. Specifically, we ask if predation rates of
simultaneously foraging penguins are similar during their
period of synchrony. We compare dive characteristics of the
two instrumented companions during and after the period
of synchrony, quantify predation rates from video data to
compare individual foraging success, and explore the role of
visual contact in maintaining group cohesion and coordina-
tion while foraging.

Materials and methods
Study site
We studied the diving and foraging behavior of breeding

chinstrap penguins from Cape Shirreff, Livingston Island
(60.79°W, 62.46°S) in the northern Antarctic Peninsula
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region (Supplementary Fig. S1). Chinstrap penguins at
Cape Shirreff have been monitored by the United States
Antarctic Marine Living Resources Program (U.S. AMLR)
since 1996/97, during which time breeding populations have
declined from 7744 breeding pairs in 1997/98 to 2170 breed-
ing pairs in 2019/20. Data presented here were collected in
late December 2019, near the end of the incubation period,
when foraging trips typically last <3 days (Lishman 1985).

Instrumentation

We used a video logger (Little Leonardo DVL400MO065,
61x21x15 mm, 29 g) and a depth recorder (Lotek
LAT1800FP, 36 x 13x11 mm, 9 g) to record foraging behav-
iors of adult chinstrap penguins. The video loggers initiate
recording based on pre-set timers that were configured to
delay recording for several hours after release and then to
record continuously until battery exhaustion. The cameras
have an expected recording life of ~5 h at 30 frames per
second with a pixel resolution of 1280 x 960. The underwa-
ter field of view of the camera was 31° horizontally and 24°
vertically. Depth and wet/dry status of the tag were recorded
every second during deployment. The depth loggers have an
accuracy of +2 m and a resolution of + 0.1 m.

Birds selected for tagging were chosen from nests distrib-
uted across the colony. Each bird was captured at their nest
in the presence of their mate to ensure incubation of eggs
was uninterrupted during the tagging procedure. The tags
were attached to dorsal contour feathers over the spine with
cyanoacrylate glue. Small plastic cable ties (2.5 X 150 mm)
were threaded through underlying feathers and closed
over the tags as an additional fastener. Video loggers were
placed anterior to the depth logger and between the scapu-
lae to improve forward-looking views for capturing preda-
tion events. Birds were recaptured for tag recovery when
first encountered ashore at least 24 h after deployment. In
total, we tagged three chinstrap penguins with video and
depth loggers and report data from the two birds that were
observed behaving synchronously. For reference, we present
the dive data from the third chinstrap video logger deploy-
ment, along with the location and dive data from four other
chinstrap penguins that were tracked during the incubation
period of the same year with GPS and depth loggers in Sup-
plementary Fig. S1.

We note that tagging effects on behavior and foraging
performance are unavoidable when using external devices
to monitor that activity of free-ranging penguins (Culik and
Wilson 1991). Tag weight, shape, and placement are factors
that can affect the performance of free-ranging penguins. As
a rule of thumb, total instrument weight should not exceed
5% of bird weight (Kenward 2001) and our total instrument
weight (39 g in air) represented ~1% of bird weight in this
study. With respect to shape, the video logger presents a
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blunt face that is not an ideal hydrodynamic shape (Culik
et al. 1994). However, no instrument contained an exter-
nal antenna, which can also increase drag while swimming
(Wilson et al. 2004). To improve video capture, we placed
loggers more-anteriorly than recommended (Bannasch et al.
1994), which induces additional drag. On balance, nega-
tive effects on foraging performance of the penguins due to
instrumentation are expected. However, given short deploy-
ments for single trips, our analysis of similarly tagged indi-
viduals should provide valid comparisons of the synchro-
nous foraging behaviors observed here. In particular, both
penguins successfully fed during the trip and returned to
their nests weighing an estimated 500 g heavier than when
tagged (Table 1). Such weight gain is similar to the long-
term (1997-2014) mean diet mass of chinstrap penguins
(608 +£46 g, U.S. AMLR, unpublished data) collected via
stomach lavage (Wilson 1984) at the study site during the
chick-rearing period.

Analysis of dive data

We estimated the start time of each foraging trip as the time
when each bird initiated transit away from the beach, as
observed in the video. The estimate of the time when the
foraging trip ended was based on a visual analysis of the
dive data, including the wet/dry status of each reading, to
verify cessation of diving activity and return to land. We
then used the R (R Core Team 2020) package ‘diveMove’
(Luque 2007) to identify individual dives during the for-
aging trip. First, depth readings were adjusted to account
for potential sensor bias, drift, and variation in atmospheric
pressure at the ocean surface to ensure that surface read-
ings averaged 0 m depth. Visual analysis of the raw data
indicated that a constant bias, rather than drift or temporal

Table 1 Deployment summary for a female and a male chinstrap pen-
guin carrying video and depth loggers

Statistic Female Male
Pre/post deployment mass 3.4/3.9 4.15/4.65

(kg)
Deployment 12/20/2019 15:47 12/20/2019 16:07
Recovery 12/21/2019 15:43  12/22/2019 15:33
Trip start 12/20/2019 18:45 12/20/2019 18:45
Trip end 12/21/2019 15:27 12/22/2019 14:15
Trip duration (hours) 20.7 43.5
Video start 12/20/2019 18:30 12/20/2019 18:30
Video end 12/20/2019 23:05 12/20/2019 22:57
Video duration (hours) 4.58 4.45
Total dives recorded 495 1222
Maximum depth (m) 40 42.4

Times are given in universal coordinated time

variation, was the major factor affecting surface depth read-
ings for these relatively short deployments. Therefore, we
used a fixed correction factor for each tag, estimated as the
median recorded depth from each tag, respectively. We note
that > 50% of recorded depths occurred at the surface in
these deployments. We then specified a depth threshold of
5 m for dive identification, consistent with prior analyses of
diving behaviors for chinstrap penguins (Miller and Trivel-
piece 2008) and conforming with the manual video anno-
tations (see below) that consistently identified underwater
movements to depths>5 m as dives. Dive and dive phases,
including the descent, bottom, and ascent phases of the dive,
were identified by examining the rate of change in depths in
the dive data (Luque 2007). Once each dive was identified,
we paired the dives that were initiated within 10 s of one
another during the synchronous and asynchronous periods.
Pairing dives across the entire foraging trip enabled a quan-
tification of the degree of similarity in dive-level behavior
during the synchronous and asynchronous periods. We used
Pearson correlations and paired ¢ tests to assess differences
in the maximum depths achieved during the dive, the mean
depths used during the bottom phase of the dive, the dura-
tions the each dive, the duration of time spent in the bottom
phase of the dive, and the duration of the surface intervals
between dives.

Analysis of video data

Manual annotations of video recordings were conducted
by each of the authors, yielding five independent annota-
tions for each video. For each annotation, time stamps in
the depth records were aligned with the video time stamps.
Once aligned, each annotator viewed all videos using the
freely available VLC media player and annotated the cor-
responding depth records, to the nearest second, when video
observations indicated that a dive began and ended and when
a predation attempt occurred. We also noted the associated
prey type. A description of annotator training and examples
of the raw annotations are provided in Supplementary Fig.
S2.

Predation attempts, hereafter strikes, on krill (Euphausia
superba), fish, or unidentifiable prey were identified based
on clear observation of prey in the beak or, more commonly,
based on the rapid movement of the head into, and out of,
the video frame in the presence of prey items. Prior studies
using accelerometers suggest that such rapid head movement
is a reliable indicator of prey strikes (Kokubun et al. 2011;
Wantanabe and Takahashi 2013). Note that, given placement
of the camera, the head was either stationary or not visible
in the imagery while the penguin was swimming normally.

Krill generally represent the majority of prey eaten by
chinstrap penguins at the study site (Miller et al. 2010), so
we estimated the total mass of krill consumed during the
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video period based on the number of strikes observed and an
estimate of the mean mass of an individual krill. We based
our estimate of krill mass on the mean length of krill meas-
ured in a diet study conducted at the same site during the
2019-20 season. Stomach samples were obtained from 18
chick-provisioning penguins and krill lengths were measured
to the nearest mm (unpublished data). We then estimated the
wet weight of the average-length krill with a length—weight
relationship previously reported for the Antarctic Peninsula
region (Siegel et al. 2013).

Variability in strike rates (total strikes per dive) across
birds were assessed with linear mixed-effects models imple-
mented in R (R Core Team 2020) package ‘Ime4’ (Bates
et al. 2015). We considered a set of four nested models and
selected, via AIC, the best-fitting model for reporting results.
The base model included a fixed effect for bird identity as an
explanatory factor to assess differences between birds, and
random effects for the observers to account for differences in
krill strike rate arising from observer bias. The three alter-
native models were constructed to assess variation in strike
rates that might arise from changes in the accessibility of
prey during the foraging trip. Temporal trends in accessibil-
ity could occur, inter alia, from depletion of prey by preda-
tion, changes in prey behavior or distribution that limits their
vulnerability to predation (e.g., diel vertical migration), or
satiation of the predator that slows consumption over time.
Note we cannot differentiate these hypotheses with the data.
Nonetheless, we can assess general trends in consumption
rate and therefore included time of day, represented as min-
utes elapsed since the start of the first dive, in the model.
Similarly, longer dive durations could reflect changes in the
distribution of accessible prey that affect consumption rates
at the dive level. We, therefore, included dive duration as a
predictor of strike rates. The alternative models, therefore,
included one or both of the fixed effects for time of day and
dive duration. Time of day and dive duration were not highly
correlated (r=0.10), supporting their inclusion as potential
predictors of strike rate.

During manual video annotation, one annotator recorded
the presence of other individually identifiable companions
to the nearest second. Identifiable marks of other penguins
encountered during this study included the back-mounted
instrumentation from this study or a stainless steel flipper
band used in long-term demographic monitoring (Hinke
et al. 2007). These three companions were observed together
throughout the video record (Supplementary Fig. S5). We
assumed that variation in the proximity of companions,
quantified in the frequency of sightings, reflects behavio-
ral processes that affect group cohesion. For example, an
imbalance in sightings of group members may suggest a
social hierarchy, whereby a following individual may view
a leading individual more frequently. We used a chi-square
test to ask whether the individually identifiable companions
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were observed more frequently by one camera than the
other. Second, if visual cues help maintain group cohesion
and enhance synchrony, then we would expect sighting fre-
quency to increase prior to dive bouts as birds prepare for
coordinated diving. We tested this hypothesis with linear
regression and modeled trends in the sighting frequency of
companions during the six, relatively long surface inter-
vals (LSI) when the birds were at rest before diving bouts
(Fig. 1b). Average sighting frequency during the LSI was
estimated by binning all sightings of companions into 1-min
intervals and averaging the total sightings within each bin
across all LSIs in which that bin was present.

Results

We recorded synchronous diving and foraging behaviors
with video and depth loggers for a female and a male chin-
strap penguin during their incubation periods. The foraging
trip made by the female lasted 20.7 h, while the male spent
43.5 h at sea (Table 1). Note that we use the male and female
nomenclature to identify individual-level results, not generic
sex-based differences. Depth and video data demonstrated
that the two birds exhibited 9.25 h of synchronous move-
ments, including departure from the colony, transit to for-
aging areas, and foraging during dives to depths up to 30 m
(Fig. 1b, c). During the recorded foraging trip (18:45-23:00;
Table 1), each bird exhibited the same pattern of repeated
diving bouts interrupted by resting surface intervals that
averaged 12 min in duration (Fig. 1b). The pattern of syn-
chronous behaviors diverged at night (03:45), around the
time of local solar nadir (03:59; Fig. 1a, d).

Dive analysis

Dive durations, maximum dive depths, mean depth of the
bottom phase of the dive, and inter-dive surface intervals
were highly correlated during the period of synchronous
behavior, but not during the asynchronous period (Table 2).
Mean values for these paired dive parameters were more
similar across periods (Supplementary Table S1). The male
tended to dive deeper than the female (Table 2), but the
mean difference was within the accuracy limit of the pres-
sure sensor on the tag.

Video analysis—predation

The first 4.5 h of the foraging trip for each bird were
recorded with video loggers (Table 1). Annotators identi-
fied 85 synchronous dives in the video, excluding 3 short,
shallow dives that were identified in the analysis of the depth
records (Table 2). During most dives, both birds encoun-
tered and consumed prey, primarily krill (Table 3). Krill
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Fig. 1 Depth records of two chinstrap penguins from Cape Shirreff,
Livingston Island that include synchronous periods. a Depths
recorded from release until recovery. Grey polygons indicate the time
of local night. b Depths recorded during the period of video observa-
tions. Black bars indicate inter-bout surface intervals. ¢ Representa-
tive 30 min of synchronous diving behavior on 20 December 2019

strikes were recorded throughout the observed depth range,
including predation just below the surface, with a mean
depth of predation occurring at roughly 15 m (Table 3).
Strikes occurred regularly on lone krill encountered in
the water column, within swarms, and on the periphery of
swarms (Fig. 2). The female exhibited more prey strikes
early in the foraging trip relative to the end of the video
record (Fig. 3a), but krill strikes per dive were positively
correlated (r=0.56, p <0.01) between the birds (Fig. 3b).
The best-fitting mixed-effect model of krill strikes, based

with black bars as in panel (b). d Synchronous and asynchronous
diving behavior before and after, respectively, 03:45 on 21 Decem-
ber 2019. The dotted red line indicates the start of the video-logging
period. The dashed red line indicates the end of the video-logging
period. The solid red line indicates the end of synchronous diving
behavior

on AIC, included significant terms for time of day and dive
duration. Strikes decreased at a rate of — 0.043+0.004 (95%
CI) per minute over the observation period, while strike rates
increased by 0.14+0.02 (95% CI) per second of dive dura-
tion. There was no significant effect of bird identity on strike
rate (— 0.4+0.53; 95% CI). Further, the random effect of
observer identity (SD=0.47) was small relative to resid-
ual error (SD=3.9), suggesting no strong bias associated
with inter-individual variation in annotations. On average,
variation in total krill strikes among observers exhibited a
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Table2 Summary of

. . Period Instrument Synchronous Parameter r Difference
Ct.;)rrelatlons (r) and pair-wise dives (N)
differences (mean +95% CI)
bereen male ar.1d fe.n}ale Synchronous Video+TDR 88 Duration (s) 0.96* 3.33+0.99*
Chmst‘rap penguin diving Bottom phase time (s) 0.58* 0.56+1.8
behavior during synchronous
and asynchronous periods based Max. depth (m) 0.95% 1.05+0.4%
on analysis of depth logger Bottom phase depth (m)  0.95% 0.86+0.4*
(TDR) data Surface interval (s) 0.98* -13.4+8%*
TDR 122 Dive duration (s) 0.98%* 3.81+0.8*%
Bottom phase time (s) 0.74%* 2.18+1.3*
Max. depth (m) 0.99* 1.31+0.2%
Bottom phase depth (m)  0.98* 1.05+0.3*
Surface interval (s) 0.78%* —20.68+22.5
Asynchronous TDR 63 Dive duration (s) 0.03 —3.29+6.3
Bottom phase time (s) 0.04 2.56+3.3
Max. depth (m) 0.14 —227+23
Bottom phase depth (m)  0.12 —2.63+2.3%
Surface interval (s) 0.01 —76.61+109.3

Dive statistics include total dive duration (Duration), duration of time at the bottom phase of the dive (Bot-
tom phase time), maximum depth of the dive (Max. depth), mean depth across the bottom phase of the dive
(Bottom phase depth), and the inter-dive surface interval (Surface interval). The asterisk indicates a signifi-
cant (p <0.05) correlation or paired ¢ test result. Positive differences indicate greater male values

Table 3 Summary of dive behavior and predation manually annotated
from video observations

Aspect Statistic Female Male
Dive Duration (s) 66.5+10.8 67.9+10.4
Surface interval (s) 28.5 26.0
Max. depth (m) 29.5 33.8
Strike depth (m) 14.92 (0-29) 15.89 (0-31)
Predation  Krill (N) 473 +43 465 +43
sum-
mary
Fish (N) 1.4+0.5 0
Unknown prey (N) 22+1.6 2+1.87
Dives with prey strikes (N) 66 70
Dive efficiency (%) 0.77 0.82
Strike per dive 5.56 5.47
Strike per minute diving 5.09 4.84

Dive statistics include mean dive duration (Duration), median inter-
dive surface interval (Surface interval), maximum depth of the dive
(Max. depth), and the mean depth (and range) of prey strikes (Strike
depth). Summaries are presented as mean=+SD unless otherwise
noted

coefficient of variation of 8.9% (Supplementary Fig. S2).
Additionally, cumulative observed prey strikes were similar
at the end of the video record, with each bird having con-
sumed roughly 258 g of krill (Fig. 3c). On average, each
bird successfully captured krill in >77% of the dives, with
roughly 5.5 krill consumed per dive (Table 3).
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Video analysis—companions

Three identifiable individuals initiated the foraging trip
together. Two birds carried video loggers and one bird was
marked with a flipper band. At no time during the video were
more than 5 birds observed swimming together (Supplemen-
tary Fig. S5). This group formed ashore and remained in close
proximity for the duration of the video recording (Fig. 4a, Sup-
plementary Fig. S5). On average, sightings of identifiable com-
panions occurred regularly (2.6 sightings per minute), with
95% of sightings occurring within 2 m of the surface (Fig. 4b).
Sightings were most common while birds were at rest on the
surface (63%) and while transiting (25%). Sightings during for-
aging dives were less common (12%), and typically occurred
close to the surface during ascent or descent phases of the
dive. We did not observe companions during active foraging
within krill swarms. There was no difference in the number of
times a particular tagged or flipper-banded bird was observed
in the videos (;(2 =2.50, p=0.11), indicating no bias for one
camera to view other companions more frequently. During the
six long surface intervals (Fig. 2b), the frequency of sightings
increased as the time of dive bout initiation neared (RZ =0.36,
F14=7.77, p=0.015; Fig. 4c).

Discussion
Synchronous foraging behaviors in penguins have been

reported in several studies (Ainley 1972; Siegfried et al.
1975; Tremblay and Cherel 1999; Takahashi et al. 2004a, b;
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Piitz and Cherel 2005; Berlincourt and Arnould 2014) but
were limited to analysis of diving behavior. The miniaturi-
zation of video-logging equipment suitable for deployment
on small seabirds enabled us to contribute to this small, but
growing, body of observations with a serendipitous record-
ing of sustained, synchronous diving and foraging behaviors

of chinstrap penguins. Synchronous diving behavior may
indicate cooperative foraging (Tremblay and Cherel 1999),
whereby multiple predators coordinate their movements to
locate and disrupt prey swarms to improve capture efficiency
(Wilson and Wilson 1990; MclInnes et al. 2017). The video
and diving data presented here demonstrate a clear synchro-
nicity in diving behavior and foraging performance by the
two birds. Each bird was observed to repeatedly strike at
prey irrespective of location or apparent density of krill in
the vicinity, yielding positively correlated numbers of krill
strikes per dive and equivalent total consumption after 4.5 h
of video monitoring (Fig. 3). On balance, the synchronicity
observed among foraging chinstrap penguins likely enabled
similar capture efficiencies within the krill swarms they
encountered.

While the video did not capture clear examples of coor-
dinated underwater behaviors within or near krill aggre-
gations, it seems likely that the birds were aware of, and
reacted to, the other bird while foraging. In particular, we
note that depth use by both birds during the synchronous
period was correlated (Table 2) and both birds consistently
initiated ascent at the same time (Supplementary Fig. S3).
Such awareness of companion activity, even if not observed
in the video, could be explained by the primacy of prey pur-
suit and capture during active foraging, the visual field of
birds, and the limited field of view in the forward-looking
camera. For many birds, including penguins, the forward-
looking, binocular visual field is narrow relative to the
lateral, monocular visual field (Martin 2007). In particu-
lar, the functional binocular field for penguins is roughly
20° (Martin 2007) relative to the field of view of the cam-
era (31°). Based on our observations of predation occur-
ring only within the field of view of the camera, it seems
reasonable to assume that prey capture mainly occurs in a
forward-looking, binocular field of view. This suggest that
coordination with companions while foraging may depend
on their relatively larger, lateral field of view. A side-by-
side configuration and peripheral awareness of coordinating
birds would naturally limit observations of companions in
the forward-looking imagery obtained with a video logger
during active foraging.

An alternative explanation for the similar timing of dive
duration and depth use may owe to reaching physiologi-
cal limits of breath-hold diving. However, this appears to
be unlikely for several reasons. First, allometric estimates
of maximum dive duration suggest dive thresholds near
4 min for chinstrap penguins (Watanuki and Burger 1999).
Recorded maximum dive durations for chinstraps exceed
3 min, while typical dives are reported to be roughly one
minute (Bengston et al. 1993; Miller et al. 2010), similar
to the mean dive duration reported here (Table 3). Second,
the timing of ascent initiation was similar across the range
of observed dive durations (43-94 s). Taken together, the
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Fig.3 Krill strikes observed during paired dives for each bird. a
Mean and 95% CI for krill strikes per dive by each bird. b Relation-
ship of krill strikes per dive for the male and female chinstrap pen-
guins. A reference line and correlation coefficient are provided for

dive durations observed in the video are within physiologi-
cal limits that would constrain behavior across individuals
and we infer that the shared synchronous diving and forag-
ing behavior arise from behavioral coordination, rather than
physiological limitation.

Synchronous foraging behaviors in penguins are typi-
cally associated with relatively small groups where visual
and vocal cues are key factors that promote cohesion of
the group (Ainley 1972; Choi et al. 2017; Thiebault et al.
2019). For example, synchronous swimming was largely
absent among African penguins in groups larger than 17
birds (Wilson et al. 1986). The maximum number of birds
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(5) observed at one time in the video conforms to this small-
group constraint. We do not have recordings of vocaliza-
tions to assess their effect on group formation and cohesion,
but several lines of evidence suggest that visual cues were
important for maintaining group cohesion in this group.
First, sightings of each group member were frequent and
consistent throughout the video. This suggests that all group
members maintained visual contact, particularly at the sur-
face. Second, the synchronous diving behaviors ended near
the time of solar nadir. Reduced solar incidence and under-
water light attenuation could limit the ability of chinstrap
penguins to remain in visual contact while foraging at night.
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Fig.4 Timing, depth distribu-
tion, and trend in sightings of
identifiable individuals during
the video-logging period. a
Sightings over time, with the
six surface intervals that pre-
cede diving bouts highlighted
with gray polygons. b Depth
distribution of sightings prior
to departure (ashore), during
shallow, directed swimming
(transit), while resting at the
surface (surface), and dur-

ing underwater movements to
depths > 5 m (dive). ¢ Increas-
ing trend in average sightings
per minute during the six long
surface intervals prior to diving
bouts

? AN RIRY (e ST
5 WIIIWIIH ﬂlll i lH HHW
il Iy | L0 “ “

E - MH H’ ” [ I’ ‘
O I ettt S |
18:30 19:30 Tziz;zo(UTC) 21:30 99130

(b) " @ ashore
i 1 ’ ’ D(:pth tfin (m6) ! ° 9 10
(c) ™7 —

10 -

Sightings / Minute
(&)
|

1

16 15 14 13 12 11 10 9 8 7 6

| I—
5 4 3 2 1

Minutes before dive

@ Springer



135 Page 100f12

Marine Biology (2021) 168:135

Alternatively, dissolution of the foraging group during night
could arise from changes in prey distributions that make
group foraging less effective. Krill swarms generally shoal
at night, thus being more accessible to diving predators like
chinstrap penguins. Less clear, however, is whether krill
swarm density increases or decreases at night (e.g., Ever-
son 1982; Zhou and Dorland 2004; Bestley et al. 2018) and
how chinstrap penguin foraging behavior responds to such
variation in krill swarm density. Such uncertainty provides
opportunity for further research on factors that affect group
foraging dynamics. Finally, the trend for increasing sight-
ings of other identifiable individuals during the inter-bout
surface intervals strongly suggests that visual contact is a
key mechanism that maintains group cohesion.

The video data also shed light on the role of group for-
mation and cohesion over the course of transit and foraging
bouts that span several hours. The group of penguins we
tracked coalesced before transit from the breeding colony
began. The two birds with video loggers made several short
excursions into the surf zone, but returned to land each time
before acquiring the banded bird and finally initiating a
transit out to sea. Group formation, or flocking, on beaches
prior to departure is a common feature among Pygoscelis
penguins and thought to be primarily an anti-predator tactic
(Ainley 1972; Krause and Ruxton 2002). Indeed, leopard
seal (Hydrurga leptonyx) predation on penguins at the study
site is common (Krause et al. 2020). The risk of predation
while at sea, due primarily to ecotype-B killer whales (Orci-
nus orca) (Pitman and Durban 2010), is also a factor that
may favor group transit and group cohesion while foraging.
However, the relatively high rates of successful foraging
dives and the similar rates of prey capture within dives also
suggests that pre-trip flocking may help form stable forag-
ing groups that promote coordination of prey capture. For
example, little penguins (Eudyptula minor) can form small
groups with non-random membership prior to departure
from breeding beaches (Daniel et al. 2007). Such selective
group membership suggests that groups form for reasons
other than simply increasing the size of the group to dilute
predation risk. Among chinstrap penguins, our results indi-
cate that group formation while ashore may confer benefits
that include improved foraging success.

Conclusion

Video loggers confirmed that synchronous diving and forag-
ing behavior are among the behavioral repertoire of chin-
strap penguins. The birds transited together from shore to
their foraging area, remained in visual contact after dives,
and matched their timing of dive phases and depth use. Pre-
dation rates on krill were correlated across dives and total
consumption estimates were equivalent for the two birds
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during their period of synchrony. While generalization from
this small sample size is challenging, the results prompt
questions for further research. For example, is there evi-
dence for satiation in the flattening of consumption curves
estimated from the observed prey strikes? If coordinated
foraging benefits group members, how does dissociation of
the group affect subsequent foraging performance? Is the
similarity of foraging performance of group members sensi-
tive to variation in prey size structure or availability? Future
research using video loggers and other sensors (Watanabe
and Takahashi 2013) to continue monitoring in situ preda-
tor foraging behavior may help answer such questions and
expand our scope of knowledge of predator—prey interac-
tions in marine ecosystems.
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