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Abstract

In many aquatic taxa, formation traveling can reduce the energetic expenditure of locomotion by exploiting the vorticity trails
shed by neighbors or through drafting. Cetaceans, especially odontocetes, often swim in groups; nevertheless, the possibil-
ity that whales gain energetic benefits from swimming in formation remains poorly studied, apart from mother-calf pairs.
Between June and September in 2019 and 2021, we recorded aerial videos of Southern Resident killer whales (Orcinus orca)
in the Salish Sea (USA) travelling in groups. We estimated whale tailbeat and breathing frequencies as proxies of the rela-
tive energetic costs of swimming, and tested the effect of swimming speed, relative positioning (e.g., leaders, whales in the
middle of groups, or followers), sex and estimated size on these observed proxies. Our results reveal a complex relationship
between physical characteristics, relative positioning, and energetic proxies. Intervals between respiration lasted longer in
large-sized trailing individuals, but the overall breathing frequency was similar for all whales regardless of their position. The
tailbeat frequency was mainly associated to whale sex, size, and swimming speed; in addition, tailbeat frequency showed a
decreasing trend as the number of individuals in the formation increased. We found moderate evidence that position-based
energetic effects may be present in the formation swimming of killer whales, and it is likely that additional factors such as
social ties and hierarchies, play a key role in determining individual positioning in travelling groups.

Significance

Swimming in formation has been extensively studied in fish and other aquatic animals and has been documented to provide
energetic advantages. Our understanding of the potential energetic benefits of wild cetacean formation swimming has been
constrained by the difficulties of studying the movement of whale groups from traditional observation platforms. In recent
years, non-invasive observations of cetaceans using unoccupied aerial systems have significantly improved the observation
of these species in the wild, providing an exciting opportunity to better understand their behaviors and habits. Our results
show a tendency for formation swimming to affect two energetic proxies (tailbeat frequency and the duration of underwater
intervals between surfacing events). The results of this study set the stage for further research to identify the multiple deter-
minants affecting killer whale formation swimming which go beyond purely energetic advantages, e.g. social relationships.
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Introduction

Living in groups can provide animals with numerous ben-
efits, such as lower vulnerability to predators or higher feed-
ing efficiency (Krause and Ruxton 2002; Acevedo-Gutier-
rez 2009), greater navigational abilities through collective
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decision making (Simons 2004), and the possibility of
sharing knowledge and skills (Riesch et al. 2006; Ashton
et al. 2019). A further potential benefit for groups is reduced
cost of locomotion during travelling. For aquatic species,
individuals swimming in groups may exhibit “drafting”
i.e., exploiting zones of low pressure beside their neighbors
(Weihs 2004), and may take advantage of the vorticity shed
by swimming neighbors (Fish 1999). The energetic advan-
tages of moving in groups have been demonstrated in mul-
tiple taxa, including crustaceans (Bill and Herrnkind 1976)
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and birds (Fish 1995; Weimerskirch et al. 2001; Portugal
et al. 2014), and have been widely studied in fish schools
(Fish 1999; Liao 2022). Trailing individuals within a fish
school were found to experience lower drag and gain an
energetic benefit by exploiting the vortices from the side-
by-side thrust wakes shed by their neighbors (i.e., exploiting
the reverse Karman vortex street; Herskin and Steffensen
1998; Marras et al. 2015; Li et al. 2020; Saadat et al. 2021).

Like fish, many species of marine mammals typically
travel in groups (Norris and Johnson 1994; Simard and
Gowans 2008; Santos et al. 2019; Dans et al. 2022). Ceta-
ceans are known to adopt a number of swimming strategies
aimed at reducing their cost of transport, such as exploit-
ing the thrust of natural waves or those created at the bows
of boats (Williams et al. 1992; Wiirsig 2009). In addition,
cetaceans may alternate high-speed swimming with ballistic
jumps to take advantage of the reduced drag they experi-
ence while leaping out of water (“porpoising”’; Weihs 2002).
Nevertheless, the energetic advantages of cetacean formation
swimming have been widely analyzed only in mother-calf
pairs, and it has been documented that calves can reduce
their locomotion costs by swimming alongside their moth-
ers in echelon position (Fish and Rohr 1999; Weihs 2004;
Noren et al. 2008; Noren and Edwards 2011; Shoele and Zhu
2016). Feeding adult bowhead whales (Balaena mysticetus)
have also been observed swimming in echelon position (Fish
et al. 2013), which was suggested to provide energetic ben-
efits. Nevertheless, our knowledge about cetacean formation
swimming is hampered by the difficulty of studying these
mammals in the wild from traditional observation platforms
(e.g., observations from a research vessel). Although the use
of individual tags provide interesting details on the swim-
ming energetics and swimming pattern of many cetaceans
(Aoki et al. 2007; Durban and Deecke 2011; Segre et al.
2019; Watanabe and Goldbogen 2021), these techniques
usually do not provide direct data on entire groups. Aerial
observations with unoccupied aerial systems (UAS) have
allowed researchers to follow formations of travelling whales
with high-definition footages (Fiori et al. 2017; Hartman
et al. 2020; Chung et al. 2022).

We focused on the endangered Southern Resident killer
whale population (Orcinus orca, SRKW) in the northeastern
Pacific Ocean, which has been studied for decades and is
closely monitored given its endangered population status
in both U.S. and Canada (Krahn et al. 2004; Fisheries and
Oceans Canada 2021; National Marine Fisheries Service
2021). Because individuals can be consistently identified
and repeatedly sampled, this population represents a poten-
tially powerful model system to study formation swimming
in wild cetaceans. This population is composed of 75 indi-
viduals at the time of writing, which can be individually
recognized from natural markings from aerial observations
(Weiss et al. 2021b), and comprises three cohesive pods
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(J, K, and L pod), which are sub-structured into closely
bonded matrilineal social units (Parsons et al. 2009; Center
for Whale Research 2023).

Here we aimed to test the hypothesis that traveling in
formation reduces the cost of locomotion in trailing indi-
viduals in cetaceans, in line with similar findings on other
aquatic animals (Fish 1999). For this purpose, we quanti-
fied the relative energetic costs of individual killer whales
occupying different positions in a swimming formation (i.e.,
differentiating between leading individuals and trailing indi-
viduals) by considering the following energetic proxies: the
tailbeat frequency, the breathing frequency, and the duration
of the underwater intervals between surfacing events.

We hypothesize that trailing whales within a formation,
both pure followers at the rear of groups and individuals in
the middle of groups, display a lower frequency of both tail
beating and breathing (therefore longer intervals between
emersions) compared to leading individuals at any given
swimming speed.

Methods

The SRKW were observed between June and September in
2019 and 2021 through aerial surveys around the San Juan
Islands archipelago in the central Salish Sea (Supplementary
Fig. 1). All drone flights were carried out with a DJI Phan-
tom 4 Pro V2 quadcopter, under National Marine Fisheries
Service federal permit (permit number 21238) whenever
environmental conditions allowed data collection: i.e., in
the absence of rain, with winds below 10 knots, and with a
sea state below Beaufort 3. The aircraft was launched from
a small research vessel at a distance of 100—400 m from
groups of whales, and then flown at an altitude between 30
and 90 m. During these flights, we recorded high-definition
videos of focal groups (3840 x 2160 format, 30 frames-per-
second). The recording of each video started as soon as the
whales were visible in the filming frame of the drone’s cam-
era and was continued as long as they remained observable.
Videos were stopped if whales dove and were no longer vis-
ible, when physical obstacles in the field did not allow the
flight to continue (e.g., the presence of other vessels or seal
haul outs in the area), or due to the drone’s battery life. In
parallel, the aircraft recorded flight data, including latitude,
longitude, altitude above take off, and camera pitch, every
tenth of a second.

All data were collected in the wild from live animals, thus
it was not possible to use blinded methods.

Video processing and data extraction

All video footage was processed on a 1920 x 1080 resolu-
tion screen through the software Kinovea (Charmant 2004).
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For the purposes of our study, we selected all the videos in
which a group of at least three whales displayed a directional
and regular cruising swimming pattern i.e., without sharp
changes in direction, chasing prey, social interactions, or
surface-active behaviors (e.g., breaches). Whales that were
resting, i.e. not exhibiting any visible displacement were
excluded from the analysis. Within each video, we identi-
fied as an analyzable sequence (hereafter sequence) the time
frame in which whales’ swimming behavior met these estab-
lished criteria. If additional whales joined the group after the
start time of the sequence or were no longer visible before
the end of the sequence, the period during which they were
not visible was not considered for calculating their prox-
ies (see below). All individuals in a selected sequence were
identified prior to the video processing. Individuals were
identified using unique markings and the size and shape of
the saddle patch. Aerial images were compared to the indi-
vidual photographic database available for this population
at the Center for Whale Research (CWR), which provided
information on age, sex and kinship for all individuals.

Swimming speed data

Swimming speed and body length were estimated using a
series of frames captured every 10 s in each sequence. Posi-
tions were determined by marking individuals on both the
rostrum tip and on the middle tip of the caudal flukes: points
were set using xy-coordinates in pixels and transformed to
coordinates which lied between -1 and 1 in both axes. These
xy-points were matched with the flight logs recorded by the
aircraft during the shooting to estimate the whale’s geo-
graphical position. The change in position between frames
was used to estimate swimming speed. Specifically, the
xy-positions of rostrum were imported into a custom three-
dimensional trigonometry function in R Studio (R Core
Team 2023) which considered the flight altitude above take
off point, aircraft latitude and longitude, and camera shoot-
ing specifications (i.e. camera angle relative to the vertical,
camera bearing relative to north, and horizontal and vertical
field of view of the lens used).

Whales’ positions were first adjusted to balance the image
distortion due to the shooting angle of the drone’s camera.
We estimated the difference in position between the whale
and the drone in both the vertical and horizontal dimen-
sions. Whale y-coordinates were adjusted according to the
vertical field of view of the camera, the framing angle, and
the altitude of flight; whereas the x-coordinates were bal-
anced by knowing the estimated whale-to-drone distance
along the y axis, and depending on camera’s horizontal field
of view and drone’s altitude The adjusted coordinates were
used to estimate the GPS position of each whale knowing
the GPS location of the drone (Supplementary Fig. 2 and
detailed swimming speed data extraction in Supplementary

Materials). Whale GPS positions obtained every 10 s were
used to calculate the distance traveled in the time unit and
then estimate both the average speed for each 10-s interval
and the overall average speed for the entire sequence. How-
ever, given the error of our estimates of distances between
xy-points from GPS locations, the calculated speeds were
translated into body-lengths-per-second (BL/s) taking into
account the estimated length of each individual within each
sequence.

The adjusted xy-points derived from the custom three-
dimensional trigonometry function were used to estimate the
individual head-to-tail distance every 10 s. However, given
the potential measurement variability over a sequence, due
to water depth or the whale body position, the individual
length was averaged within each sequence to increase the
reliability of our estimation and provide a better analysis
of the relationship between speed and energetic proxies (in
particular that of tail beats; Webb et al. 1984; Fish 1998).
In addition, we estimated the error in our lengths measure-
ments by capturing drone images of an object of known size
at the surface and at various known depths (Supplementary
Table 1, errors range 3-24% in a depth range from 0.6 to
3.6 m).

Proxies of relative energetic costs

Breathing frequency (BF) was calculated in breaths-per-
minute by counting the number of emersions of each indi-
vidual, as soon as the blow puff started while surfacing. For
individuals only visible during a portion of the sequence
(e.g., joining the group after the start of a sequence or no
longer visible before the end of the sequence), the periods
during which they were not visible were not considered
for calculating the proxies. Moreover, we followed whales
breathing events also by timing the duration of each under-
water interval (UI, in seconds), to take into account for pos-
sible shifts of individual positioning during a sequence (see
below). For those whales that were visible only for part of a
sequence (i.e., individuals which joined the formation after
the starting time of a sequence, or which were no longer vis-
ible before the end of a sequence) we considered a reduced
observation time to calculate the BF.

Tailbeats were measured by playing the video frame-
by-frame and visually counting the number of swimming
cycles per second (tailbeat frequency, TBF). The timing of
each beat was traced with a stop-watch tool in the digitizing
software, by identifying as tailbeat starting/ending point the
moment in which the flukes reached the maximum eleva-
tion along the dorsoventral axis of the whale (based on the
apparent shape of the flukes; Supplementary Fig. 3 and Sup-
plementary Video 1). However, since underwater visibility
did not always allow us to follow the tailbeats for the entire
duration of a sequence, we opportunistically observed series
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of consecutive beats whenever the flukes were sufficiently
visible. Moreover, given the short duration of the intervals in
which the tailbeats were visible, TBF was measured in mul-
tiple intervals per sequence whenever possible, to achieve a
more reliable estimation of swimming effort. The TBF data
were then adjusted to avoid an overestimation of this proxy,
by applying the criterion used by Kriete (1995) for tracking
whale breathing: since the TBF tracking started and ended
necessarily with a tailbeat, we calculated the TBF consider-
ing the observation time of each series without counting the
first tailbeat to avoid overestimation of TBF. The BF inter-
vals started instead at beginning of a sequence regardless of
the occurrence of a surfacing event, thus not incurring in an
overestimation of the number of surfacings over time.

Whale spatial arrangement

The BF, Ul, and TBF were associated with each whale’s
relative positioning data in order to test for the effect of
whale position on the relative costs of swimming. Individu-
als which were at front of the formation were classified as
pure leaders (L); trailing individuals which were not fol-
lowed by other whales were identified as pure followers (F),
and all individuals in the middle of the group which could
be simultaneously leaders and followers relative to others in
the group were categorized as middle-group whales (MG).
Since the BF measurements were obtained from entire
sequences within which position shifts could occur, for
each BF observation, we established the modal positional
category for each whale, i.e., the position maintained for
longest time during the sequence. To account for potential
effects due to temporary positioning shifts, we associated
a positional category to each UI. Specifically, if a nearest
neighbor shift occurred during an U, this was divided into
multiple portions according to the timing of the positioning
shifts. We reported whether the surfacing event of a given
individual occurred during an UI, or UI portion, while being
in L, F, or MG position. The UI without position shifts were
considered with a surfacing event occurring at the end, and
only the final portion of a subdivided UI was classified as the
one in which the surfacing event took place (Fig. la). TBF
data were classified in the same way, according to the three
positional categories and accounting for potential shifts in
whale spatial arrangement as described above. Series of tail-
beats in which there was a nearest neighbor shift were subdi-
vided as done for the UI, and whenever a tailbeat straddled
two portions this was considered part of the portion which
comprised at least the 50% of its duration (Fig. 1b).

In addition, we calculated the lateral and longitudinal
distance between neighboring whales for each UI and TBF
measurement, since the proximity between whales could
have affected their hydrodynamics, as showed by Rattana-
siri et al. (2012) for the simulated motion of two underwater
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hulls near each other. We initially identified all pairs of near-
est whales within a formation depending on the lateral dis-
tance between their heads. For each of these neighbor pairs,
we calculated the longitudinal distance between their heads.

All measured proxies (i.e., BF, Ul, and TBF), classified
according to whale positioning, were also associated with
the corresponding swimming speed of each proxy observa-
tion period. For BF measurements, we considered the aver-
age speed of an entire sequence, or of a reduced observa-
tion time in case the whale was visible for a shorter period
(Fig. 2a, b). Because of the short duration of both UI and
TBF intervals compared to the duration of a sequence, we
matched the average speed calculated from the 10-s intervals
with the corresponding observation time of these two prox-
ies. When a UI or TBF observation was comprised within
a 10-s speed interval (Fig. 2c, d), the proxies’ values were
directly matched with the speed of that interval. If the Ul or
TBF interval was longer than 10 s, we calculated the average
speed of the 10-s intervals which overlapped with the prox-
ies” observation timing for at least the 50% of their duration
and excluded speed intervals included overlapping for less
than the 50%.

Statistical analysis

Statistical analyses were performed in R (R Core Team
2023).We aimed at estimating the effect of positioning on
UI, BF, and TBF while accounting for swimming speed (in
BL/s) and the physical characteristics of the whales. The
analysis of both the Ul and the TBF also took into account
both the lateral and longitudinal distance from the nearest
neighbor. All models referred to pure leaders as the baseline
and took into account whale sex and the interactive effect of
whale positioning and length (to test whether individuals of
different sizes in the same position could have led to differ-
ences in relative energy expenditure); moreover, since the
presence of multiple closely spaced whales within a group
may have affected the swimming hydrodynamics of each
individual, we accounted for the number of whales in the
formation. The analysis took into account as random factors
the sightings of each of the observed whales within each of
the selected sequences. In addition, the models were per-
formed by refining the set of included variables if some of
the considered factors did not influence the main results of
the analysis.

We analyzed the occurrence of a surfacing event at the
end of each UI through a mixed-effects Cox model using
the “coxme” R package (Therneau 2022, see Supplemen-
tary Table 2 for full mixed-effects Cox models). The BF
and TBF were both initially analyzed with a generalized
linear mixed-effect Poisson model, accounting for observa-
tion time by including an offset term for log(time). We first
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Fig.1 Outline of the methodology used to study energetic prox-
ies in relation to the relative positioning of free ranging Southern
Resident killer whales (Orcinus orca) during swimming in forma-
tion (aerial drone-based observations between June and September
in 2019 and 2021). Panel A, the starting time of underwater inter-
vals (UI) between consecutive emersions was set immediately after
an emersion (t;) and lasted until the following surfacing event (t;). In
case the focal orca (in black) changed its position relative to forma-
tion neighbor (as in t,), the interval was divided into portions UI 1
and UI 2; the ending time of portion UI 1 (t,) corresponded with the

| i | |
Interval 2 in MG position

starting time of the portion UI 2. The final portion (UI 2) ended at t;
when a surfacing event took place. Panel B, observation of tail beats
(TB) depending on positioning within the group. The point of maxi-
mum elevation of the flukes along whale dorsoventral axis was iden-
tified as the starting/ending point of each TB. In case a positioning
shift occurred during the sequence, a first TB interval was considered
ending with the positioning shift. When a given TB overlapped with
two consecutive intervals, the interval considered was the one which
lasted > 50% of the total duration of the TB (two examples, case I and
case II, reported)
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Fig.2 Diagram of the criterion followed to match tracks of swim-
ming energetic proxies with different detection timings and speed
measurements from regular 10-s intervals in free ranging Southern
Resident killer whales (Orcinus orca) during swimming in forma-
tion (aerial drone-based observations between June and September
in 2019 and 2021). Tracked energetic proxies: breathing frequency,
BF; under water intervals between consecutive emersions, UI; tail
beat frequency, TBF. The BF was related to the average speed of the
entire sequence (A). If an individual was visible for a shorter time
than its formation neighbors (e.g., joining the group after the start
of a sequence or no longer visible before the end of the sequence), a

attempted to fit these models using a frequentist framework
using the “lme4” R package (Bates et al. 2015). However,
both models resulted in singular fits (Bates et al. 2023). In
order to have more reliable inferences, we conducted the
BF and TBF analyses in a Bayesian framework (McElreath
2018). Both Bayesian models were fit using the “brms”
package (Burkner 2017). We set weakly informative priors
using a standard normal distribution. We used four Monte
Carlo Markov Chains with 10,000 iterations per chain,
and model performances were evaluated using graphical
posterior predictive checks, i.e. comparing the distribution
of observed data with the simulated posterior predictive
distributions (Gelman et al. 2013; Gabry et al. 2019). The
BF was analyzed through a Poisson model by counting the
number of breathing events within the observation time in
minutes (offset time variable). The TBF data was found to
be significantly underdispersed relative to a Poisson dis-
tribution and was therefore analyzed through a Gaussian
Bayesian model weighting the observed frequency values
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reduced sequence duration was considered (B: example of a shorter
sequence for individuals only visible during a portion of it). Each UI
was matched with the average speed of the corresponding 10-s inter-
vals (C), only speed intervals which overlapped with the UI for at
least 50% of their duration were taken into account to calculate the
average speed. The TBF observations were matched with the speed
interval within which they occurred (D left), TBF observations that
occurred across multiple 10-s intervals were associated to the average
speed of the 10-s interval which comprised at least the 50% of the
TBF interval time

depending on the duration of the tailbeat series (see Sup-
plementary Tables 3 and 4 for full Bayesian models).

Both Bayesian model outputs were interpreted by non-lin-
ear hypothesis testing to optimize their evaluation (algorithm
implemented in the “brms” package, Burkner 2017). Starting
from the positive or negative value obtained for each fixed
effect coefficient, we estimated the probability of having an
effect of the same sign in model’s posterior samples (i.e.,
posterior probability, hereafter pp). Specifically, when the
pp was confirmed in at least the 95% of the posterior samples
we considered the result as strong evidence of an effect.

Results

A total of 49 sequences were analyzed in which the South-
ern Residents demonstrated a regular swimming pattern:
36 sequences in 2019, and 13 sequences in 2021, totaling
an overall observation time of 84 min. Overall, including
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the entire J pod and the L54 matriline with individual L88,
we could identify 27 different individuals, among which 15
were females and 12 were males (further details in Sup-
plementary Table 5). Formations were composed of 3 to 18
individuals, with a modal size of 4. The estimated individu-
als size ranged between 2.00 and 6.28 m with an average
whale length of 4.66 m (SEM =0.06; Supplementary Fig. 4).

Whales breathing frequency was measured in all the
49 sequences, generating 300 individual BF scores whose
duration ranged between 20 s and 5:17 min, with 2.83
breaths-per-minute on average (SEM =0.07), and an aver-
age swimming speed between 0.02 and 1.01 BL/s (i.e., 0.07
—3.93 m/s). In total we recorded 1429 UI within which we
observed 331 positioning shifts, and whales surfaced after
an average of 23.4 s (considering the total duration of all
portions of an underwater interval). The tailbeat frequency
was measured in 367 intervals lasting between 2.4 and 10.8 s
and ranged from 0.3 to 1.28 beats-per-second (average
TBF=0.55 Hz, SEM =0.01), with a swimming speed com-
prised between 0.02 and 1.32 BL/s (i.e., 0.08 — 5.51 m/s).
The swimming speed values used for both BF and TBF
were both within the range expected for sustainable speeds
in killer whales, in line with our choice of recording killer
whale swimming variables while cruising.

Underwater intervals

The analysis of UI through a mixed-effects Cox model
showed that underwater intervals were significantly longer
at higher speeds (f=-2.57, SE+0.33, Hz=0.08, p <0.001).
The duration of the UI was also affected by the interactive
effect of whale relative positioning and whale length: UI
lasted longer for all trailing whales (i.e., both F and MG indi-
viduals) with a greater effect as the size of whales increased.
Both pure followers and middle-group whales had a pre-
dicted lower chance of an Ul ending, i.e. an estimated lower
hazard ratio of ending an underwater interval by surfacing
(Fig. 3). Specifically, F individuals of 2 m in length pre-
sented a predicted hazard ratio of ending an UI of 0.60 com-
pared to leaders, and this hazard ratio decreased to 0.25 for
large-sized F individuals (of 6 m in length). The predicted
hazard ratio of an UI ending for MG individuals, from 2 to
6 m in length, ranged between 0.46 and 0.11 respectively.

The main results of the Ul model were not affected by
either the lateral or longitudinal distance from the near-
est neighbor and were not affected by excluding these two
factors from the model’s set of variables (Supplementary
Table 2).

Breathing frequency

The results of the BF Bayesian model were consistent
with those of the Ul model. The BF was not affected by
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Fig. 3 Relative estimated chances of a killer whale ending an under-
water interval (UI) by surfacing at a given time point, i.e. estimated
hazard ratio of surfacing (hazard ratio UI ending), by a mixed effects
Cox model formulated for free ranging Southern Resident killer
whales (Orcinus orca) during swimming in formation (aerial drone-
based observations between June and September in 2019 and 2021;
trends obtained from the analysis of 1429 intervals between consecu-
tive surfacing events during formation swimming). Hazard ratio (with
95% confidence interval, gray shaded areas) estimated depending on
whale body length for (A) pure followers within a formation and (B)
middle-group individuals, compared to pure leaders at formation head
(dashed lines)

excluding both the lateral and longitudinal distances from
the nearest neighbor from the model’s factors (Supple-
mentary Table 3). The model showed strong evidence of a
decrease in the breathing rate as swimming speed increased
and the effect of speed had a pp=0.99 of being negative
(B=-0.47+0.20, lower 95% credible interval, CI,=-0.86,
upper 95% CI=-0.08). Nevertheless, no significant effect
due to the positioning or physical characteristics of the indi-
viduals was found (Fig. 4a).

Tailbeat frequency

The TBF model estimated a decrease in the frequency
for larger individuals and for males compared to females,
with a pp > 0.99 for both effects (p=-0.10+0.03, 1-95%
CI=-0.16, u-95% CI=-0.04, for whale size effect;
f=-0.08+0.02,1-95% CI=-0.12, u-95% CI=-0.04, for
sex effect). As expected, the TBF was found to increase
with swimming speed with a pp =0.99 for the speed effect
to be positive (f=0.15+0.06, 1-95% CI=0.04, u-95%
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Fig.4 Effects of different variables (reported along the y axis) on
breathing frequency (A) and tail beat frequency (B) of free ranging
Southern Resident killer whales (Orcinus orca) during swimming in
formation (aerial drone-based observations between June and Sep-
tember in 2019 and 2021). Density plots obtained for each variable
from Bayesian model posterior sample distributions (models per-
formed with four Monte Carlo Markov Chains, 10,000 iterations per
chain). Strong evidence of negative or positive effects (i.e., variable
coefficients respectively less than or greater than zero along x axis)
were taken into account when at least the 95% of the distribution

CI=0.27). In terms of the effect of positioning, we found
moderate evidence of differences in the TBF between pure
followers and leading whales, even when considering the
interaction effect between positioning as a follower and
whale length (p=-0.03+0.03, 1-95% CI=-0.09, u-95%
CI=0.04, pp=0.79). The TBF predicted from the model
for F whales was similar to that of leaders regardless of
their size (Fig. 5a), with an estimated pp of gaining an
energetic benefit (i.e., pp of presenting a lower TBF com-
pared to pure leaders) always < 0.8 (Fig. 5¢). Nevertheless,
when considering the interaction between being positioned
in the middle of a group and whale length, the TBF of
MG individuals was lower than that of the leaders as their
size increases (p=-0.06+0.03, 1-95% CI=-0.12, u-95%
CI=0.00, pp=0.97). Specifically, the predicted TBF of
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was different from zero. The analyzed effects included killer whale
sex and length, formation size, average swimming speed (in body-
lengths-per-second) maintained during the observation, and the inter-
active effect of whales relative positioning within the formation and
length (i.e., F: Wh. length, and MG: Wh. length). Both the breathing
and the tail beat frequency were compared between leading whales
within formations, pure followers (F), and whales in the middle of the
group (MG). Positioning during breathing frequency observations is
reported as the modal positioning maintained for most observation
time (F mod, MG mod) due to possible position shift of the whales

MG whales > 5 m in size was reduced of almost 10% com-
pared to that of leaders, with a pp > 0.9 (Fig. 5b and d).

The model also presented a decreasing trend for the
TBF as the number of whales in formation increases,
with pp=0.94 (8=-0.01+0.01, 1-95% CI=-0.03, u-95%
CI=0.00; Fig. 4b). In addition, the TBF was not influenced
by the lateral and longitudinal distance from the nearest
neighbor (Supplementary Table 4).

Discussion

The results of this study show moderate evidence that the
formation swimming of killer whales affects their ener-
getic proxies. Breathing frequency and the duration of the
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Fig.5 Comparison of the
predicted individual tail beat

>

frequency (TBF) and poste-
rior probability (pp) trends of
observing the predicted TBF
ratio, obtained via posterior pre-
dictions from a Gaussian Bayes-
ian model performed with four
Monte Carlo Markov Chains
(10,000 iterations per chain),
during formation swimming of
free ranging Southern Resident
killer whales (Orcinus orca;
aerial drone-based observations
between June and September in
2019 and 2021). TBF com-
pared between followers at the
rear of formations and leaders
(A), and between individuals

in the middle of a group and
leaders (B), in relation to whale
length for both cases (TBF

ratio reported in red with 95%
confidence interval). The pp of
observing the predicted TBF
ratio depending on whale length
(i.e., pp of observing a reduced
TBF compared to that of forma-
tion leaders, thus of having an
energetic benefit), is reported
relative to both followers versus
leaders (C), and middle-group
individuals versus leaders (D)
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underwater intervals were primarily affected by swim-
ming speed, although the analysis of the latter suggested
some positioning effect linked to body length. The tailbeat
frequency was affected by both swimming speed and the
physical characteristics of the whales (i.e., sex and size),
but the model also presented some evidence of a formation
size effect, and of a middle-group positioning for large sized
individuals.

The lack of a strong difference in the overall breathing
frequency (BF) of pure followers or middle-group whales
compared to leaders could be due to multiple factors which
may have contributed to masking any positioning-based
effect. First, breathing events were opportunistically tracked
over limited periods, reporting higher BF values compared
to previous studies on wild killer whales (see Supplementary
Fig. 5a; Kriete 1995; Williams and Noren 2009), character-
ized by a high variability especially in the shortest intervals
(Supplementary Fig. 6a). Any effect of activity prior to our
measurements may have confounded our results; in addition,
whale positioning was assigned according to the position
maintained for longest time during the sequence irrespec-
tive of individual intra-formation movements. Hence, these
factors may have smoothed out any differences. The lack of

14
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differences in the BF in whales occupying different positions
could also be due to the tendency to synchronize surfacing
events as commonly documented in cetaceans (Aoki et al.
2013; Actis et al. 2018; Boileau et al. 2023). Despite some
differences in the duration of the underwater intervals (i.e.,
the interactive effect of whale positioning and length on the
UI predicted by the mixed-effects Cox model), the overall
surfacing rate (described by the BF) may present phase/
antiphase or more complex synchrony patterns which may
mask any differences in BF. According to our Cox model
results, trailing individuals show longer UI, which may be
due to their positioning in the wake of leading whales. How-
ever, the overall BF may still tend to be synchronized among
all group members, due to its importance in maintaining
cohesion during travelling, especially in highly anthropized
areas (Hastie et al. 2003).

Our results show that breathing rate (considering both
the UI and BF) decreased with swimming speed, resulting
in longer UI and a lower BF at higher speeds. Although
this may be counter intuitive as high speeds are gener-
ally associated with higher energetic expenditures (Wil-
liams and Noren 2009), there are a few additional factors
that may help explain such results. Since swimming near
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the surface requires a high energy expenditure compared
to swimming fully submerged (Blake 1983; Fish 1994), it
is possible that killer whales swim further away from the
surface when travelling at high speed, though we could not
measure swimming depth in our work. Roos and colleagues
(2016) also found that, during high-level activity, killer
whales breath most efficiently by reducing the number of
surfacings, thus avoiding to incur in increased surface drag
(Blake 1983). Furthermore, oxygen uptake can vary greatly
between breathing events and is not constant at different
speeds (Kriete 1995; Sumich 2001; Fahlman et al. 2016;
Roos et al. 2016). Although over relatively long-time scales
oxygen consumption must be balanced by oxygen uptake,
significant deviations between oxygen consumption and field
metabolic rate can occur over a relatively short time scale as
in the case in our study (Goldbogen et al. 2012). Roos and
colleagues (2016) showed that the best model of the relation-
ship between oxygen consumption and speed (U%) is based
on the “broken-stick O,—uptake function” in which oxygen
uptake depends upon the store at the time of the respiration.
Therefore, a higher oxygen extraction during high activity
can, at least in part, explain why the observed breathing rate
decreased with speed.

The observed frequency of tailbeats confirmed an increas-
ing trend with speed as already documented in the literature,
although our data are limited to a relatively small range of
swimming speeds (with 83% of the data between 0.2 — 1
BL/s, Supplementary Fig. 7) and show lower TBF values at
any given speed than previous work carried out in captivity
(Supplementary Fig. 5b; Fish 1998; Rohr and Fish 2004).
This may be related to a number of factors: (1) The captive
killer whales observed in previous work were swimming
along the curved walls of elliptical pools (Fish 1998), and
therefore they may have experienced additional costs due
to swimming along a curved path (Weihs 1981). (2) Our
estimates of TBF from a top view in the wild may have
underestimated the TBF compared to the side view meas-
urements carried out on captive whales (Fish 1998). (3) A
lower TBF as found here may suggest a lower energetic costs
of swimming in formation compared to solo swimming as
observed in captive whales. (4) It is possible that favora-
ble currents may have reduced the TBF for any given speed
in killer whales swimming the wild, compared to captive
whales swimming in still water.

Our study found moderate evidence of the effect of posi-
tioning on the TBF when comparing leaders, followers, and
middle-group whales, and only when considering the posi-
tioning factor in interaction with whale length. Although the
TBF was measured through a shorter period of time than the
breathing frequency and resulted in a high data variability
(Supplementary Fig. 6b), tailbeat is known to be directly
related to speed (Fish 1998) and it is arguably not affected by
prior activities. Similarly, the potential presence of currents
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is unlikely to have had an effect on the relative swimming
efforts of whales in different positions in the group as cur-
rents would be experienced in the same way by all the indi-
viduals in the group.

Our finding that the effect of position on energetic prox-
ies represented only a moderate trend (and only in some of
the proxies when considering multiple factors at play) may
be related to a number of explanations. The killer whales
we observed are unlikely to swim in the vorticity wake of
their formation neighbors due to their swimming dynam-
ics. Unlike in fish, in whales the reverse Karman vortices
are released dorsally and ventrally to the body (Fish 1999).
Thus, to benefit from their neighbors’ vortices, killer whales
should ideally be arranged along a vertical plane in the water
column, rather than horizontally (as in most species of fish,
Herskin and Steffensen 1998; Burgerhout et al. 2013), which
would make it difficult to surface and was not observed here.
Alternatively, for drafting (Weihs 2004; Noren and Edwards
2011), individuals need to swim at a relatively short distance
from each other, which occurred rarely in our observations
(91% of the observations with a lateral distance of more than
2 m; Supplementary Fig. 8). Adult feeding bowhead whales
(Balaena mysticetus) were observed in the wild while being
rolled on their flank at an interindividual distance much
shorter than that observed here, i.e. 0.98 m, less than one
body width apart, which was suggested to decrease the cost
of locomotion and increase feeding efficiency (Fish et al.
2013). Our results do not exclude that, in certain configu-
rations (e.g., mother-calf pairs, Noren et al. 2008), killer
whale calves may derive considerable energetic advantages
by swimming near their neighbors. This may be a specific
phenomenon restricted to mother-calf interactions, which
was not commonly observed in our videos. Moreover,
given that calves tailbeat measurements were only possible
when they were not in echelon position, it is possible that
the TBF observed in those cases was higher than expected
due to their effort to recover the potentially more advanta-
geous positioning alongside their mothers. Nevertheless, the
Bayesian model shows a trend for reduced TBF in whales
swimming in larger formations. An effect of group size was
found in cyclists who reduced their energetic expenditure
when travelling behind larger groups (Hagberg and McCole
1990). A similar effect of group size may apply to leaders.
Work on fish (Marras et al. 2015) and underwater hulls (Rat-
tanasiri et al. 2012) suggests that individuals travelling ahead
of their neighbors may experience a moderate reduction in
drag due to the pressures exerted by the followers. Thus, at
least potentially, a group that includes a larger number of
followers may cause a larger drag reduction in their leaders.

Given that energetic benefits during formation swim-
ming for killer whales could be observed only when con-
sidering multiple factors at play (i.e., whales relative posi-
tion depending on their length, or the presence of multiple
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closely spaced individuals in formation), energetic saving
may not be the main driver of swimming in the wake of
conspecifics. Kin relationship is likely to be one of the
factors playing a key role in determining the positions and
spacing between whales (e.g., calf near mother, sisters
next to each other). Given the tight population structures
typical of odontocetes species (Gowans et al. 2008; Smith
et al. 2020; Weiss et al. 2021a), kinship ties are likely
crucial in dictating whale positioning within the formation
(Parsons et al. 2003; Colbeck et al. 2013). Maintaining
spatial proximity between individuals with strong social
ties may optimize communication among formation mem-
bers and the processing of the stimuli network (i.e., coordi-
nation between stimuli from the external environment and
from formation neighbors; Karenina et al. 2010; Strand-
burg-Peshkin et al. 2013; Poupard et al. 2021). Forma-
tion positioning could also be dictated by intra-population
hierarchies and whales could arrange themselves closer to
specific individuals with leading roles (i.e., matriarchs).
This arrangement could be fundamental to make oriented
moves (Strandburg-Peshkin et al. 2018), such as towards
food-rich areas (Foster et al. 2012; Brent et al. 2015). The
hierarchical arrangement of a formation could also be cru-
cial for SRKW calves or physically weaker individuals of
the population to be able to travel in the Salish Sea area
while avoiding anthropic threats (Sobocinski 2021).

Hence, given the moderate evidence of energy saving
during formation swimming for the SRKW in some spe-
cific conditions and considering the multiple non-energetic
drivers potentially at play (e.g., the possibility that the
spacing pattern is mainly dictated by kinships and social
bonds), it will be crucial to investigate in detail the mul-
tiple determinants of killer whale formation swimming
to better understand the adaptive significance of this
behavior, which may lead to the development of manage-
ment measures that permit its full expression in highly
anthropized areas.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00265-024-03492-1.
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