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Abstract

Understanding how diving predators exploit prey in dynamic marine environments provides insight into their foraging
strategies, energetic trade-offs, and capacity to adapt to changing conditions. While traditional classifications of dive shape
have provided valuable albeit coarse insights, fine-scale behaviours embedded within dives, such as prey encounter/cap-
ture attempts, can be overlooked. We used time-depth recorders (TDR) deployed on Atlantic puffins (Fratercula arctica)
between 2021 and 2025 on Skellig Michael, County Kerry, Ireland (51.7707°N, 10.5405°W) to detect fine-scale vertical
undulations (“wiggles”) in dives as proxies for prey-capture attempts. We used a broken-stick model to divide dives into
segments and built a custom function to identify wiggles within segments. Wiggle occurrence differed significantly among
dive phases (p<0.001). Wiggles were most frequent during the ascent and bottom phases. Less than 10% of wiggles
occurred during descent phases, despite descent making up 30.3% of the time spent diving. Our findings indicate that
puffins, like other pursuit-diving predators, forage not only during the bottom phase but extensively while surfacing. More
broadly, the integration of broken-stick segmentation with wiggle detection provides a simple, transferable framework for
quantifying prey-capture attempts across pursuit-diving predators. This approach enhances inference from TDR data and
contributes to a comparative understanding of how diving predators partition foraging effort within dives.

Keywords Atlantic puffin - Seabird - Auk - Wiggles - TDR - Dive patterns - Foraging

Introduction

To meet their metabolic demands, marine predators must
locate and capture enough prey within vast and often unpre-
dictable environments. This challenge is amplified for spe-
cies that must also provision offspring, requiring efficient
foraging strategies to balance self-maintenance with paren-
tal care (Trillmich 1990; Wischnewski et al. 2019). Among
these predators, seabirds face particularly demanding
trade-offs as they search for prey in highly dynamic marine
systems while returning regularly to breeding colonies to
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provision chicks (Burke and Montevecchi 2009). Diving
behaviour provides one of the clearest behavioural windows
into at-sea foraging ecology of diving predators, with dive
shape and fine-scale movement patterns offering insight into
how predators exploit prey patches, adjust search effort, and
maximise energy intake (Chimienti et al. 2017; Heerah et al.
2019). For air-breathing marine predators, such as seabirds
and marine mammals, these behaviours are further shaped
by the need to regularly return to the surface to breathe, cre-
ating a trade-off between time spent foraging at depth and
the physiological limits of oxygen storage.

Dive profiles, reconstructed from time-depth recorders
(TDRs) or accelerometers, are typically described by their
overall shape, which reflects the allocation of time to dif-
ferent phases of the dive. Three general dive types are most
often recognised among pursuit diving predators: complex
W-shaped dives, V-shaped dives involving rapid descents
and ascents with minimal time spent at depth, and U-shaped
dives, which include a distinct bottom phase at or near max-
imum depth (Heerah et al. 2014). Typically, V-shaped dives
are interpreted as exploratory or targeted foraging dives

@ Springer
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and W-/U- shaped dives are considered foraging dives, as
this is where time is spent searching for or handling prey
(Schreer et al. 2001; Elliott et al. 2008; Shoji et al. 2015;
Cox et al. 2016). While this dichotomy has proven useful in
distinguishing between exploratory and foraging dives, any
dive can involve prey encounters, and coarse classification
does not capture the full behavioural complexity that occurs
within dives (Godard et al. 2020).

To address this limitation, there has been an increas-
ing focus on fine-scale behaviours embedded within dive
profiles (Heerah et al. 2014). Among these, vertical undu-
lations known as “wiggles” have emerged as promising
proxies for prey capture attempts (Bost et al. 2007; Halsey
et al. 2007). Wiggles represent rapid, small-scale rever-
sals in vertical direction, which are thought to correspond
to pursuit or handling of individual prey items. In marine
mammals, wiggles show strong correlations with indepen-
dently verified feeding events and have been used to infer
foraging success (Heerah et al. 2014; Carter et al. 2016).
Similarly, in penguins, wiggles have been linked to prey
encounters, as individuals adjust their trajectories to chase
or capture prey (Carroll et al. 2014; Del Cafio et al. 2021).
Beak opening events and oesophageal temperature drops in
King penguins (Aptenodytes patagonicus; (Hanuise et al.
2010; Brisson-Curadeau et al. 2021)) and Adelie penguins
(Pygoscelis adeliae; (Bost et al. 2007)) have also been used
to verify prey capture. Wiggle occurrence is considered a
more reliable proxy of prey capture in fish-eating species,
such as Magellanic penguins (Spheniscus magellanicus),
than in krill-eating species such as Chinstrap penguins
(Pygoscelis antarctica) (Takahashi et al. 2004; Heerah et al.
2014; Oosthuizen et al. 2025), suggesting its universality in
inferring successful prey capture may be limited. However,
depending on prey type, it still likely represents prey cap-
ture attempts.

Despite their potential, the use of wiggles as behavioural
indicators in pursuit-diving seabirds remains relatively
underexplored compared to marine mammals with most
work concentrating on flightless seabirds (i.e. penguins).
Integrating wiggle detection with dive shape analysis could
provide a much more nuanced picture of foraging effort,
distinguishing exploratory dives, prey-search phases, and
active capture attempts. This would be especially valuable
for both a range of far/free ranging species alongside small-
bodied animals (e.g. auks), for which direct observation at
sea is challenging and accelerometry data are often unavail-
able due to limitations in data transmission and tag size.

Atlantic puffins (Fratercula arctica) are small, deep
pursuit-diving seabirds that forage primarily on small
schooling fish, such as sandeels (Ammodytes marinus)
and sprat (Sprattus sprattus) (Piatt and Nettleship 1985).
As visual predators targeting discrete, mobile prey items,
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their foraging behaviour involves active pursuit and capture
of prey at fine spatial scales (Shoji et al. 2015). In other
seabirds as well as other pursuit diving predators, wiggle
occurrence has been shown to be a reliable proxy of prey
capture attempts particularly for fish-eating species (Taka-
hashi et al. 2004; Oosthuizen et al. 2025). Given similarities
in prey type and foraging mode, wiggles are therefore likely
to provide a meaningful indicator of prey pursuit or capture
attempts in puffins.

In this study, we develop a tailored algorithm to identify
wiggles in Atlantic puffin dives, separating fine-scale rever-
sals from the broader oscillations that define dive shape.
By detecting not only the occurrence but also the position
of wiggles within dives (descent, bottom or ascent), our
method provides a framework for inferring foraging strat-
egies and associated energetic trade-offs. We additionally
tested for potential diel variation in wiggle occurrence by
incorporating time of day into our analysis, as prey avail-
ability and visual conditions may change over the course
of the day. This approach offers new insight into the fine-
scale foraging ecology of puffins and other pursuit-diving
seabirds.

Methods
Data collection

A total of 38 Atlantic puffins were equipped with tags
on Skellig Michael, County Kerry, Ireland (51.7707°N,
10.5405°W) across four field seasons: 10 individuals in July
2021, 10 in June 2023, 8 in July 2024 and 10 in June 2025.
Birds were fitted with combined GPS-time-depth recorders
(TDR) devices (geoFIX, PathTrack), each weighing 3.5 g
(<1.5% of mean puffin body mass of 386 g (335 — 425 g)).
Capture and recapture were conducted during the chick-
rearing period by hand-extracting adults (‘grubbing’) from
their burrows, and in some cases the use of hand nets outside
burrows. Individuals were weighed to the nearest 5 g using a
spring balance, and devices were attached to the lower back
feathers using tesa® 4651 tape. TDRs sampled depth every
2 s when submerged below 1 m.

Deployment duration differed across years: tags were left
on for 2448 h in 2021, 2023 and 2025, and for 4-6 days in
2024. Of the 38 puffins tagged with TDRs, 10, 8, 7 and 5
were successfully recovered in 2021, 2023, 2024 and 2025
respectively (four recovered TDRs failed to record dive data
in 2025, leaving 1 working tag). All data processing and
analysis were conducted using R version 4.4.0.
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Data processing and analysis
Dive data processing

Individual dives were separated based on a minimum sur-
face interval of 5 s. Dives containing fewer than 4 data
points or with a maximum depth of less than 2 m were omit-
ted from analyses to exclude cleaning behaviour and poten-
tial recording errors near the surface (Bennison et al. 2019;
Petalas et al. 2024).

Wiggle identification function and application

To split dives into segments with overall consistent move-
ments patterns (e.g. descent, ascent, w-sections, etc.) within
which small vertical fluctuations (‘wiggles’) could be iden-
tified, we applied a broken stick model (BSM) to dive pro-
files (Photopoulou et al. 2015). Dives with fewer than 10
data points were excluded prior to analysis to aid model fit-
ting. For each dive, we applied an automated broken-stick
segmentation approach (Photopoulou et al. 2015) using
the optBrokenstick function (Le Bras, 2017), which imple-
ments an iterative optimisation process to approximate the
shape of a dive profile using a series of straight-line seg-
ments. The algorithm begins with a minimum of three
points (npmin=3) and sequentially adds breakpoints to
minimize the residual distance between the observed profile
and its piecewise-linear fit. Model improvement is evalu-
ated using a cost function (max_dist_cost), which quantifies
the maximum deviation between the segmented model and
the observed trajectory. To constrain model complexity so
that the small vertical movements attributed to wiggles do
not wrongly trigger the addition of breakpoints, we defined
a maximum number of allowed breakpoints (npmax=6) and
a stopping threshold (threshold=9), such that additional
breakpoints were only included if they produced a mean-
ingful reduction in model error. The algorithm terminated
when these criteria were met or when further additions no
longer improved the fit, as confirmed by visual inspection.
The BSM identified turning points in depth—time space,
partitioning each dive into distinct linear segments. This
approach effectively captured the major structural phases of
each dive; descent, bottom phase, and ascent while avoid-
ing overfitting of small-scale variability that is of interest
in wiggle identification. BSM segments containing fewer
than four data points were excluded from wiggle identifica-
tion as a minimum number of 4 points per BSM segment is
required to establish baseline direction of the segment and
changes in trajectory associated with wiggles.

We developed a custom R function to detect wiggles,
as small reversals in vertical movement within individual
broken-stick segments. For each segment, the function

calculated depth differences between successive time points
to identify local turning points in the vertical trajectory.
Depending on whether the segment represented a descent or
ascent, different criteria were applied to define a wiggle. A
wiggle was recorded when a local change in slope direction
(e.g., from descending to ascending or vice-versa) exceeded
a threshold of 0.25 m, and the bird subsequently returned
to its initial direction of movement within the BSM seg-
ment, ensuring that only complete reversals were classified
as wiggles. This threshold was chosen following an iterative
process, examining the trade-off between wiggle identifica-
tion and the recording frequency of the TDRs used. Dive
profiles were plotted with BSM segmentation and detected
wiggles highlighted, allowing visual assessment of whether
identified wiggles corresponded to clear, discrete reversals
in trajectory. Wiggles defined as a change and return to the
initial trajectory of the segment were consistently visible
in these plots at the chosen threshold. Lower thresholds
resulted in detection of minor fluctuations likely driven by
measurement noise or the 2 s sampling interval of the TDRs,
whereas higher thresholds omitted visually distinct rever-
sals. We therefore selected 0.25 m as the smallest threshold
that reliably captured meaningful vertical reversals while
remaining appropriate for the resolution of this data.

The start and end times of each wiggle were recorded,
alongside total duration, total depth change, and the dive
phase in which the wiggle occurred (i.e. descent, bottom, or
ascent; see classification of dives phases below).

Dive phase and wiggle allocation

Descent, bottom and ascent phase were identified for all
dives. The bottom phase was identified as 80—100% of the
maximum depth (Kuroki et al. 2003; Karnovsky et al. 2025),
“descent” was allocated to any point that came before the
bottom, and “ascent” assigned to points following the bot-
tom phase. Dives were standardised as percentage of dive
duration (start=0% and end=100%) and percentage of
maximum depth (surface is 0% and max depth 100%) to
visualize where wiggles occurred throughout the dives.
Each pre-identified wiggle was allocated a dive phase based
on when it occurred during the dive.

Generalized mixed linear model

We used generalized linear mixed models (g/mmTMB pack-
age in R) to test whether wiggle occurrence differed among
dive phases (descent, bottom, ascent) and with time of day.
Wiggle presence (0/1) within each phase was modelled as
a binomial response, with dive ID nested within bird ID as
random intercepts. The logarithm of phase duration was
included as an offset. A null model was compared to models

@ Springer
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Table 1 Summary of all dive data

Year n° of n° of Mean max depth Mean dura-
birds dives and range (in m) tion and
range (in s)
2021 10 4,131 26.8 (2.07-59.6) 69.6 (6-141)
2023 8 4,649 13.2 (2.02-39.8) 36 (5-125)
2024 7 7,724 13.3 (2-40.3) 43.5 (5-135)
2025 1 155 20.4 (2.1-34,4) 62.5 (6-110)

including dive phase and subsenquently, dive phase plus
time of day (scaled hour), using Akaike’s Information Crite-
rion (AIC) and likelihood ratio test. Model fit was assessed
by inspecting residual patterns and testing for overdisper-
sion, and the variance of random effects was examined to
confirm appropriate model structure.

Results

Dives were only recorded between 4 am and 10 pm and
puffins did not dive during hours of darkness. A total
of 16,659 dives were recorded by 26 TDRs, with 13,975
retained for further analysis following data cleaning and
processing (Table 1). 30.3%+0.07% of dive time was spent
in the descent phase, 38.2%+0.08% in bottom phase and
31.5%+0.07% in ascent phase (Fig. 1).

Dives were split into 28,939 broken stick segments
(Fig. 2b) suitable for wiggle detection, with 10,239

wiggles identified across 7,130 dives (51% of analysed
dives; Fig. 3). Within these dives, the number of wiggles
per dive ranged from 1 to 7, and an average of 1.45 wiggles
per dive (median=1).

Probability of wiggle occurrence differed significantly
among dive phases (GLMM, binomial logit; dive phaseB:
z=-12.95, P<0.001; dive_phaseD: z=—42.53, P<0.001;
Table 2, Fig. 4). Wiggles were more likely during a dive’s
ascent, with 53.7% of wiggles recorded during this phase
(Fig. 1). A concentration of wiggles was evident near the
surface, at the end of the dive (Fig. 3). 37.1% of wiggles
were recorded during bottom phases. Wiggles were least
likely during the descent, with only 9.2% of wiggles occur-
ring during this phase (Fig. 1, 2c).

Including time of day (scaled hour) did not improve
model fit relative to the dive phase model (AAIC=0.6),
indicating no strong evidence for a diel effect on wiggle
occurrence after accounting for dive phase. Although fewer
wiggles were observed during early morning and late night
hours, this pattern largely reflected reduced diving activ-
ity during these periods rather than a change in behaviour
(Fig. 4).

100%
40
750/0 TI)\
4 =
e ~ 30
.g _g
- 53.7% 0
5] 5 B Descent
o 50% o Bottom
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D B A D B A
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Fig. 1 Barplot and violin plot showing the percentage of wiggles occurring across different dive phases (left) and the mean time spent in each phase
across all dives (right) respectively. In both plots, colours correspond to phases; descent is blue, bottom is yellow and ascent is green
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Fig. 2 Dive profile plots of three example dives. Row a) shows phase classification with an 80% bottom phase. Row b) shows broken-stick seg-
mentation and row c¢) highlights where wiggles were recorded in the dives

Discussion

By developing a customised framework to identify fine-
scale vertical undulations or “wiggles” as proxies for prey
capture attempts, we show that while active foraging by a
pursuit-diving predator occurs in all three dive phases, it
is disproportionately concentrated during ascent and, to a
lesser extent, bottom phases. This allocation is dependent
on a coarse dive phase classification and may introduce

ambiguity in W-shaped dives, where portions of the third
(descending) segment could be misclassified as ascent.
However, W-shaped dives were relatively rare (n=47), and
only 10 wiggles (out of 10,239) were potentially affected
by this misclassification, suggesting minimal impact on
the overall results. Over half of all wiggles (53.7%) were
recorded on the ascent, compared to 37.1% in the bottom
phase and only 9.2% during descent. The predominance of

wiggles during ascents suggests puffins frequently forage
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Table 2 Results from GLMM of wiggle presence with dive phase and
hour of the day

Estimate Std. error AAIC  p-value
Dive phase - - 2195.2  <0.001
Ascent (intercept) -3.647 0.0226
Bottom -0.380  0.0291
Descent -1.569  0.0371
Time of day (scaled hour)
Hour (z) -0.017  0.0147 0.6 0.24

From left to right: estimate and standard errors from GLMM sum-
mary table, change in AIC relative to the null model (for the dive
phase model) and relative to the dive phase model (for the model
including time of day), p-value from likelihood ratio test against the
null model(for the dive phase model) and relative to the dive phase
model (for the model including time of day)

while returning to the surface, rather than concentrating
prey pursuit within descent phases. This pattern is consistent
with findings from other diving seabirds: African penguins
(Spheniscus dermersus) often herd fish schools upwards
and capture prey on the ascent (McInnes et al. 2017), while
Razorbills (Alca torda) and Guillemots (Uria aalge) also
exhibit prey capture attempts late in dives, including during
ascent dive phases (Chimienti et al. 2017). Several mecha-
nisms may explain why the ascent is an important forag-
ing window for puffins. First, prey items flushed upwards
from the bottom may remain accessible as the bird ascends
and escapees break off from their schools (Mclnnes et al.
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2017). Second, increasing light levels closer to the surface
may enhance prey contrast (i.e. downwelling light creating
a silhouette), improving detectability (Darby et al. 2022).
Atlantic puffins, like many other pursuit-diving seabirds,
are efficient visual predators whose foraging behaviour is
constrained to daylight hours, which is supported by the for-
aging patterns observed in our data and elsewhere (Croll et
al. 1992; Shoji et al. 2015). Third, ascent-foraging may rep-
resent an energy-efficient strategy, combining the locomo-
tion required for surfacing with buoyancy to aid prey pursuit
(Lovvorn et al. 2004; Wilson et al. 2011).

Wiggles recorded in the bottom phase likely correspond
to active prey search or handling within discrete prey
patches, potentially at or near the benthos. The relatively
low frequency of wiggles on descent aligns with this expec-
tation, as puffins are likely prioritizing efficient travel to
depth rather than engaging in prey capture (Hanuise et al.
2013). Many wiggles were observed near the surface at the
end of dives, suggesting that puffins may exploit prey lay-
ers or trapped individuals against the surface (Chimienti et
al. 2017; Mclnnes and Pistorius 2019) immediately before
re-emerging or as a strategy to avoid predators or minimise
interactions with other birds sitting on the water. The pres-
ence of dives with no detected wiggles indicates potential
exploratory dives or that puffins may employ alternative
foraging strategies, such as targeting benthic prey patches
without frequent reversals or capturing prey during smoother
trajectories. Overall, these patterns highlight the importance
of considering ascent behaviour as a key component of the
foraging ecology of visual, pursuit-diving seabirds such as
the Atlantic puffin.

Beyond puffins, our approach demonstrates the use of
combining broken stick segmentation with wiggle detec-
tion for studying fine-scale foraging behaviour across a
wide range of diving seabirds and marine predators. Many
air-breathing pursuit divers share the constraint of lim-
ited oxygen stores and must balance travel efficiency with
prey capture (Green et al. 2005). Applying a standardised
framework for identifying wiggles allows for comparisons
across taxa, study systems, and environments. However,
while wiggles provide a potentially useful proxy for prey-
capture attempts, a lack of accelerometer data prevents us
from identifying finer-scale ‘jerks’ (change of acceleration
over time in m.s), which can be indicative of prey capture
attempts (Viviant et al. 2014; Ydesen et al. 2014; Oosthui-
zen et al. 2025). Additionally, the inference of prey capture
attempt through wiggles as proxies provide conservative
estimates compared to accelerometer-derived approached
(Brisson-Curadeau et al. 2021) which identified 10-77%
more capture per unit time in a study on Magellanic pen-
guins (Del Cafio et al. 2021). Owing to stringent tag-
weight constraints in puffins, the deployment of cameras or
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additional high-resolution sensors was not possible. While
the interpretation of wiggles as prey-capture attempts is
supported by studies in other pursuit-diving seabirds and
marine predators, we cannot directly confirm these detec-
tions in the absence of on-animal validation. The 2-s sam-
pling interval of the TDR’s used here, although relatively
fine, may also underestimate the frequency of short-duration
events. Increasing the resolution of data recording to 0.5-1 s
would likely capture more subtle undulations. Nonetheless,
the wiggle framework presented here provides a valuable
tool for quantifying how diving predators partition forag-
ing effort across dive phases and how these strategies vary
with prey type, distribution, or depth. Combined with GPS
data, wiggle detection within dives can improve the identi-
fication of prey patches and core foraging areas, while also
enabling inference of fine-scale energetic strategies through
behavioural modelling approaches such as hidden Markov
models. More broadly, applying this approach to extensive
existing TDR datasets can enhance comparative analyses
across diving species and improve understanding of the
energetic and ecological drivers of underwater foraging.
This framework should therefore be adapted on a case-by-
case basis to the resolution of the dataset and species-spe-
cific diving behaviour, with wiggle thresholds defined as the
smallest vertically resolvable and visually verifiable rever-
sal in dive trajectory.

Conclusion

Our study demonstrates the value of combining dive shape
classification with fine-scale wiggle detection to investigate
the foraging ecology of Atlantic puffins. Puffins performed
wiggles disproportionately during bottom and, especially,
ascent phases, which likely reflects adaptive strategies to
balance prey capture and oxygen constraints. Wiggle iden-
tification offers a straightforward proxy for prey-capture
attempts, complementing conventional dive-shape metrics.
Future work integrating accelerometry, higher-resolution
sensors, and prey field data will refine wiggle-based proxies
and further elucidate links between diving behaviour, forag-
ing success, and ecological context.
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supplementary material available at https://doi.org/10.1007/s00227-0
26-04878-7.

Acknowledgements This research is funded by the Sustainable Energy
Authority of Ireland under the SEAI Research, Development & Dem-
onstration Funding Programme 2021 (Grant number 21/RDD/670)
and is publication #5 of the SEAI-funded CETUS Project. SL Cox
was funded through the European Union’s Horizon 2020 research and
innovation programme (101029802—SEAFICS). We would like to
thank the Office of Public Works for facilitating the fieldwork and all
those who helped collect the data, particularly Jamie Darby, Manon
Clairbaux and Emma Murphy. Additionally, we would like to thank
the two anynomous reviewres for providing comments and feedback
on earlier versions of this manuscript.

@ Springer


https://doi.org/10.1007/s00227-026-04878-7
https://doi.org/10.1007/s00227-026-04878-7

126 Page 8 of 9

Marine Biology (2026) 173:126

Author contribution Dr Mark Jessopp purchased the equipment. As-
trid Dedieu and Dr Mark Jessopp collected the data. Astrid Dedieu and
Dr Sam L Cox conceived the methodological approach and analysed
the data. Astrid Dedieu led the writing of the manuscript. All authors
contributed to the drafts and gave final approval for publication.

Funding Open Access funding provided by the IReL Consortium.
Sustainable Energy Authority of Ireland, 21/RDD/670, Mark Jessopp,
HORIZON EUROPE Marie Sklodowska-Curie Actions, 101029802,
Sam L Cox.

Data availability Both the data and the code are uploaded as separate
supplementary material with the following names: data—"puffin_
dives_labelled.csv"; code—"wiggles code.txt" and "functions for
wigglescode.txt". Code for this can also be found at the following
DOI: 10.5281/zen0do0.20309196. Additionally, the data is already
available upon request on the seabird tracking database (https://data.s
eabirdtracking.org/dataset/2244). Dataset ID 2244. The code and data
used for this project will be made freely available upon publication.

Declarations

Conflicts of interests The authors have no relevant financial or non-
financial interests to disclose.

Ethics approval The procedures were reviewed and approved by
the University College Cork animal ethics committee (application
#2019-001) and the British Trust for Ornithology Special Methods
Committee prior to being undertaken under permits from the BTO
(C/6143, C/7158) and National Parks & Wildlife Service (C145/2024,
044/2024, C114/2023, 020/2023, C155/2021, 54/2021).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Bennison A, Quinn JL, Debney A, Jessopp M (2019) Tidal drift
removes the need for area-restricted search in foraging Atlantic
puffins. Biol Lett 15:20190208. https://doi.org/10.1098/rsbl.201
9.0208

Bost CA, Handrich Y, Butler PJ, Fahlman A, Halsey LG, Woakes AJ,
Ropert-Coudert Y (2007) Changes in dive profiles as an indicator
of feeding success in king and Adélie penguins. Deep Sea Res
Part II Top Stud Oceanogr 54:248-255. https://doi.org/10.1016/
j.dsr2.2006.11.007

Brisson-Curadeau E, Handrich Y, Elliott KH, Bost C-A (2021) Accel-
erometry predicts prey-capture rates in the deep-diving king pen-
guin aptenodytes patagonicus. Mar Biol 168:156. https://doi.org/
10.1007/s00227-021-03968-y

@ Springer

Burke CM, Montevecchi WA (2009) The foraging decisions of a cen-
tral place foraging seabird in response to fluctuations in local prey
conditions. J Zool 278:354-361

Carroll G, Slip D, Jonsen I, Harcourt R (2014) Supervised accelerom-
etry analysis can identify prey capture by penguins at sea. J Exp
Biol 217:4295-4302. https://doi.org/10.1242/jeb.113076

Carter MID, Bennett KA, Embling CB, Hosegood PJ, Russell DJF
(2016) Navigating uncertain waters: a critical review of inferring
foraging behaviour from location and dive data in pinnipeds. Mov
Ecol 4:25. https://doi.org/10.1186/540462-016-0090-9

Chimienti M, Cornulier T, Owen E, Bolton M, Davies IM, Travis JMJ,
Scott BE (2017) Taking movement data to new depths: inferring
prey availability and patch profitability from seabird foraging
behavior. Ecol Evol 7:10252-10265. https://doi.org/10.1002/ec
e3.3551

Cox SL, Miller PI, Embling CB, Scales KL, Bicknell AWJ, Hose-
good PJ, Morgan G, Ingram SN, Votier SC (2016) Seabird diving
behaviour reveals the functional significance of shelf-sea fronts
as foraging hotspots. R Soc Open Sci 3:160317. https://doi.org/
10.1098/rs0s.160317

Croll DA, Gaston AJ, Burger AE, Konnoff D (1992) Foraging behav-
ior and physiological adaptation for diving in thick-billed murres.
Ecology 73:344-356. https://doi.org/10.2307/1938746

Darby J, Clairbaux M, Bennison A, Quinn JL, Jessopp MJ (2022)
Underwater visibility constrains the foraging behaviour of a div-
ing pelagic seabird. Proc Biol Sci 289:20220862. https://doi.org/
10.1098/rspb.2022.0862

Del Caiio M, Quintana F, Yoda K, Dell’Omo G, Blanco GS, Gomez-
Laich A (2021) Fine-scale body and head movements allow to
determine prey capture events in the magellanic penguin (Sphe-
niscus magellanicus). Mar Biol 168:84. https://doi.org/10.1007/s
00227-021-03892-1

Elliott KH, Woo K, Gaston AJ, Benvenuti S, Dall’ Antonia L, Davoren
GK (2008) Seabird foraging behaviour indicates prey type. Mar
Ecol Prog Ser 354:289-303. https://doi.org/10.3354/meps07221

Godard M, Manté C, Guinet C, Picard B, Nerini D (2020) Diving
behavior of mirounga leonina: a functional data analysis approach.
Front Mar Sci. https://doi.org/10.3389/fmars.2020.00595

Green JA, Halsey LG, Butler PJ (2005) To what extent is the forag-
ing behaviour of aquatic birds constrained by their physiology?
Physiol Biochem Zool 78:766—781. https://doi.org/10.1086/432
423

Halsey LG, Bost C-A, Handrich Y (2007) A thorough and quanti-
fied method for classifying seabird diving behaviour. Polar Biol
30:991-1004. https://doi.org/10.1007/s00300-007-0257-3

Hanuise N, Bost C-A, Handrich Y (2013) Optimization of transit strat-
egies while diving in foraging king penguins. J Zool 290:181—
191. https://doi.org/10.1111/jz0.12026

Hanuise N, Bost C-A, Huin W, Auber A, Halsey LG, Handrich Y
(2010) Measuring foraging activity in a deep-diving bird: com-
paring wiggles, oesophageal temperatures and beak-opening
angles as proxies of feeding. J Exp Biol 213:3874-3880. https://d
oi.org/10.1242/jeb.044057

Heerah K, Cox SL, Blevin P, Guinet C, Charrassin JB (2019) Vali-
dation of dive foraging indices using archived and transmitted
acceleration data: the case of the weddell Seal. Front Ecol Evol.
https://doi.org/10.3389/fev0.2019.00030

Heerah K, Hindell M, Guinet C, Charrassin JB (2014) A new method
to quantify within dive foraging behaviour in marine predators.
PLoS ONE 9:€99329. https://doi.org/10.1371/journal.pone.0099
329

Karnovsky NJ, Warzybok P, Cavalcanti A, Hardin J, Brown ZW, Caves
E, Flynn CM, Gallaher G, McDuffie N, McOmber K, Bradley
RW, Elliott ML, Saenz BT, Jahncke J (2025) A decade of diving:
responses of cassin’s auklets to variable foraging conditions in


https://data.seabirdtracking.org/dataset/2244
https://data.seabirdtracking.org/dataset/2244
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1098/rsbl.2019.0208
https://doi.org/10.1098/rsbl.2019.0208
https://doi.org/10.1016/j.dsr2.2006.11.007
https://doi.org/10.1016/j.dsr2.2006.11.007
https://doi.org/10.1007/s00227-021-03968-y
https://doi.org/10.1007/s00227-021-03968-y
https://doi.org/10.1242/jeb.113076
https://doi.org/10.1186/s40462-016-0090-9
https://doi.org/10.1002/ece3.3551
https://doi.org/10.1002/ece3.3551
https://doi.org/10.1098/rsos.160317
https://doi.org/10.1098/rsos.160317
https://doi.org/10.2307/1938746
https://doi.org/10.1098/rspb.2022.0862
https://doi.org/10.1098/rspb.2022.0862
https://doi.org/10.1007/s00227-021-03892-1
https://doi.org/10.1007/s00227-021-03892-1
https://doi.org/10.3354/meps07221
https://doi.org/10.3389/fmars.2020.00595
https://doi.org/10.1086/432423
https://doi.org/10.1086/432423
https://doi.org/10.1007/s00300-007-0257-3
https://doi.org/10.1111/jzo.12026
https://doi.org/10.1242/jeb.044057
https://doi.org/10.1242/jeb.044057
https://doi.org/10.3389/fevo.2019.00030
https://doi.org/10.1371/journal.pone.0099329
https://doi.org/10.1371/journal.pone.0099329

Marine Biology (2026) 173:126

Page9of 9 126

the california current system. Front Bird Sci. https://doi.org/10.3
389/fbirs.2025.1587072

Kuroki M, Kato A, Watanuki Y, Niizuma Y, Takahashi A, Naito Y
(2003) Diving behavior of an epipelagically feeding alcid, the
rhinoceros auklet (cerorhinca monocerata). Can J Zool 81:1249—
1256. https://doi.org/10.1139/z03-112

Le Bras Y (2017) rbl: Biologging tools for diving predators in R.
GitHub repository. Available at: https://github.com/SESman/rbl

Lovvorn JR, Watanuki Y, Kato A, Naito Y, Liggins GA (2004) Stroke
patterns and regulation of swim speed and energy cost in free-
ranging briinnich’s guillemots. J Exp Biol 207:4679-4695. https:/
/doi.org/10.1242/jeb.01331

Mclnnes AM, McGeorge C, Ginsberg S, Pichegru L, Pistorius PA
(2017) Group foraging increases foraging efficiency in a piscivo-
rous diver, the african penguin. R Soc Open Sci 4:170918. https:/
/doi.org/10.1098/rs0s.170918

Mclnnes AM, Pistorius PA (2019) Up for grabs: prey herding by pen-
guins facilitates shallow foraging by volant seabirds. R Soc Open
Sci 6:190333. https://doi.org/10.1098/rs0s.190333

Oosthuizen WC, Schoombie S, Chimienti M, Pistorius PA, Lowther
AD (2025) Dive wiggles as a proxy of prey consumption in krill-
feeding penguins. J Exp Mar Biol Ecol 590:152115. https://doi.o
rg/10.1016/j.jembe.2025.152115

Petalas C, Lavoie RA, Elliott KH (2024) Multidimensional niche dif-
ferentiation of chick-rearing sympatric auks in the gulf of st. law-
rence. Mar Biol 171:103. https://doi.org/10.1007/s00227-024-04
422-5

Photopoulou T, Lovell P, Fedak MA, Thomas L, Matthiopoulos J
(2015) Efficient abstracting of dive profiles using a broken-stick
model. Methods Ecol Evol 6:278-288. https://doi.org/10.1111/2
041-210X.12328

Piatt JF, Nettleship DN (1985) Diving depths of four alcids. Auk
102:293-297. https://doi.org/10.2307/4086771

Schreer JF, Kovacs KM, O’Hara Hines RJ (2001) Comparative diving
patterns of pinnipeds and seabirds. Ecol Monogr 71:137-162. h

ttps://doi.org/10.1890/0012-9615(2001)071[0137:CDPOPA]2.0.
CO;2

Shoji A, Elliott K, Fayet A, Boyle D, Perrins C, Guilford T (2015)
Foraging behaviour of sympatric razorbills and puffins. Mar Ecol
Prog Ser 520:257-267. https://doi.org/10.3354/meps11080

Takahashi A, Dunn M, Trathan P, Croxall J, Wilson R, Sato K, Naito Y
(2004) Krill-feeding behaviour by a chinstrap penguin pygoscelis
antarctica compared to fish-eating in magellanic penguins sphe-
niscus magellanicus: a pilot study. Mar Ornithol 32:47-54

Trillmich F (1990) The behavioral ecology of maternal effort in fur
seals and sea lions. Behaviour 114:3-20. https://doi.org/10.1163
/156853990X00022

Viviant M, Monestiez P, Guinet C (2014) Can we predict foraging suc-
cess in a marine predator from dive patterns only? Validation with
prey capture attempt data. PLoS ONE 9:e88503. https://doi.org/1
0.1371/journal.pone.0088503

Wilson RP, Quintana F, Hobson VJ (2011) Construction of energy
landscapes can clarify the movement and distribution of foraging
animals. Proc Biol Sci 279:975-980. https://doi.org/10.1098/rsp
b.2011.1544

Wischnewski S, Arneill GE, Bennison AW, Dillane E, Poupart TA,
Hinde CA, Jessopp MJ, Quinn JL (2019) Variation in foraging
strategies over a large spatial scale reduces parent—offspring con-
flict in manx shearwaters. Anim Behav 151:165-176. https://doi.
org/10.1016/j.anbehav.2019.03.014

Ydesen KS, Wisniewska DM, Hansen JD, Beedholm K, Johnson M,
Madsen PT (2014) What a jerk: prey engulfment revealed by
high-rate, super-cranial accelerometry on a harbour seal (Phoca
vitulina). J Exp Biol 217:2239-2243. https://doi.org/10.1242/je
b.100016

Publisher's Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.3389/fbirs.2025.1587072
https://doi.org/10.3389/fbirs.2025.1587072
https://doi.org/10.1139/z03-112
https://github.com/SESman/rbl
https://doi.org/10.1242/jeb.01331
https://doi.org/10.1242/jeb.01331
https://doi.org/10.1098/rsos.170918
https://doi.org/10.1098/rsos.170918
https://doi.org/10.1098/rsos.190333
https://doi.org/10.1016/j.jembe.2025.152115
https://doi.org/10.1016/j.jembe.2025.152115
https://doi.org/10.1007/s00227-024-04422-5
https://doi.org/10.1007/s00227-024-04422-5
https://doi.org/10.1111/2041-210X.12328
https://doi.org/10.1111/2041-210X.12328
https://doi.org/10.2307/4086771
https://doi.org/10.1890/0012-9615(2001)071[0137:CDPOPA]2.0.CO;2
https://doi.org/10.1890/0012-9615(2001)071[0137:CDPOPA]2.0.CO;2
https://doi.org/10.1890/0012-9615(2001)071[0137:CDPOPA]2.0.CO;2
https://doi.org/10.3354/meps11080
https://doi.org/10.1163/156853990X00022
https://doi.org/10.1163/156853990X00022
https://doi.org/10.1371/journal.pone.0088503
https://doi.org/10.1371/journal.pone.0088503
https://doi.org/10.1098/rspb.2011.1544
https://doi.org/10.1098/rspb.2011.1544
https://doi.org/10.1016/j.anbehav.2019.03.014
https://doi.org/10.1016/j.anbehav.2019.03.014
https://doi.org/10.1242/jeb.100016
https://doi.org/10.1242/jeb.100016

	﻿Beyond dive shape: the identification of fine-scale vertical movements reveal within-dive behavioural structure in a pursuit-diving seabird
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Data collection
	﻿Data processing and analysis
	﻿Dive data processing
	﻿Wiggle identification function and application
	﻿Dive phase and wiggle allocation


	﻿Generalized mixed linear model
	﻿Results
	﻿Discussion
	﻿Conclusion
	﻿References


