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The nightscape of the Arctic
winter shapes the diving behavior
of a marine predator

Philippine Chambault*?**, Jonas Teilmann?, Outi Tervo?, Mikkel Holger S. Sinding* &
Mads Peter Heide-Jergensen'

Predator-prey interactions in marine ecosystems are dynamically influenced by light, as demonstrated
by diel vertical migrations of low-trophic level organisms. At high latitudes, the long winter nights can
provide foraging opportunities for marine predators targeting vertically migrating prey closer to the
surface at night. However, there is limited documentation of such diel patterns in marine predators
under extreme light regimes. To address this, we recorded the diving behavior of 17 harbour porpoises
just south of the Arctic circle in West Greenland, from summer to winter. Unlike classical diel vertical
migration, the porpoises dove 24-37% deeper at night and the frequency of deep dives (>100 m)
increased tenfold as they entered the darkest months. The daily mean depth was negatively correlated
with daylength, suggesting an increased diving activity when approaching the polar night. Our
findings suggest a light-mediated strategy in which harbour porpoises would either target (i) benthic
prey, (ii) pelagic prey migrating seasonally towards the seafloor, or (iii) vertically migrating prey that
may be otherwise inaccessible in deeper waters at night, therefore maximizing feeding activity during
extended periods of darkness. Extreme light regimes observed at high latitudes are therefore critical
in structuring pelagic communities and food webs.
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Natural light cycles play a crucial role in shaping the behavior of most animals on earth, with profound impli-
cations for ecological interactions and fitness consequences within animal communities'. While some species
exhibit diurnal, nocturnal or crepuscular activity patterns, others adopt more complex diel patterns known as
cathemeral activity, to partition their behaviors between vital activities such as predator avoidance, thermoregu-
lation, and foraging?. This time partitioning plays a critical role in structuring terrestrial and marine food webs
by mediating ecological interactions.

The three-dimensional nature of the ocean gives rise to dynamically structured marine ecosystems where
predator-prey interactions are mediated by light and center around foraging optimization and predator
avoidance’. This can be achieved through diel vertical migrations (DVM) whereby low-trophic level organisms
migrate vertically in response to changes in light, providing foraging opportunities for predators*. By representing
the largest animal migration in terms of biomass, DVM occurs in a wide range of both freshwater and marine
zooplankton taxa, that is subsequently followed by vertically migrating predators from cephalopods and fish to
the largest marine mammals®. However, in high latitude regions, DVM of zooplankton was previously expected
to cease in response to extreme light regimes (midnight sun: 24 h of irradiance vs. polar night: 24 h of dark-
ness)®. Despite such extreme light cycles, growing evidence indicates that DVM behavior of zooplankton may
continue throughout the Arctic winter’, potentially making the polar night a system of high biological activity®.

Reverse diel vertical migrations (deeper nocturnal dives) have however been observed in some diving preda-
tors such as elasmobranchs®!, seals'' and toothed whales'>'*. While the reasons for reverse migration are still
unclear, one hypothesis is that vertically migrating prey can be out of reach in deep layers during the day while
being more accessible in upper layers at night'*. This suggests that extended periods of darkness in winter
may provide foraging opportunities for marine predators®!® that access prey located closer to the surface while
reducing energy expenditure. Diel variations in diving behavior may serve as a mechanism linking optimal
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foraging strategies with physiological processes. The ascent of prey at night shortens the predator’s transit time,
thereby facilitating the predator’s ability to operate within its physiological constraints while optimizing energy
acquisition.

Among the Arctic predators, the harbour porpoise (Phocoena phocoena) in Greenland inhabits one of the
most northerly part of the species range in the sub-Arctic and Arctic waters, and is most abundant in coastal
temperate and boreal waters of the Northern hemisphere!®. This species experiences contrasting light regimes
throughout its range, and is known to be more active at night'’~2*. Harbour porpoises in Greenland also exhibit
a unique behavior by using both coastal shallow waters and deep offshore waters (up to 1000 m?*), potentially
feeding on prey distributed in the mesopelagic layer® (>200 m). Following the vertical migration of its prey,
we expect the harbour porpoise in Greenland to perform deeper diurnal dives compared to nocturnal dives,
responding to the reduction of daylength by increasing its diving activity (i.e., dive depth and dive frequency).
Although the diel pattern in the diving behavior of marine predators has been extensively studied in areas with
relatively stable light regimes at lower latitudes, little is known about the effect of changing light on the verti-
cal behavior of marine predators in Arctic ecosystems®® where light conditions vary greatly, ranging from the
midnight sun to the polar night.

Given the occurrence of the harbour porpoise in sub-Arctic and Arctic waters?, it serves as an ideal study
model to examine how the extreme cyclicity of light regime drives the diving behavior of this marine predator.
To explore this, harbour porpoises were instrumented with Argos satellite linked dive recorders in West Green-
land to record their at-sea distribution and diving behavior over six months, spanning the extreme light regimes
from summer to winter. Dive data were first examined in relation to sunrise and sunset to identify potential diel
and seasonal patterns. Subsequently, we investigated the relationship between diving behavior and daylength,
to better understand how extreme light cycles at high latitudes may shape the behavior of a marine predator.

Results

Extreme light regimes experienced by harbour porpoises

During the period from July to December in both 2013 and 2014, 13,492 locations were recorded from the 17
tagged porpoises (10 females and 7 males, Table 1, Fig. 1a, Fig. SI Fig. 1). With a tracking duration ranging from
16 to 156 days, the individuals experienced contrasting light conditions with a daylength varying from > 19 h in
July (Fig. 1b) to <5 h in December (Fig. 1c).

Lenigth Maximum depth (m) Dive duration (min)

ID Start End #day Sex (cm)  #dives Mean+SD Sparkline Mean+SD  Sparkline
22849 2013-09-25 2013-10-14 19 F 120 28 371+43.4 (200) 1.8+1.5 (4)
22853 2013-09-25 2013-10-24 29 F 166 104 78.1+86.8 (350) W 17413 (5)
37235 2013-09-27 2013-12-03 67 F 126 51 76.2+79.8 (300) ~~ 1.9+1.4 (5) +—
27261 2013-10-02 2013-12-05 64 M 125 109 76.7+82.8 (300) - 21415 (5) ~~
27262* 2013-10-02 2013-10-18 16 F 150 6,386 72.7+66.7 (350) ~ 19+11(7) -~
37227 2013-10-02 2013-11-17 46 F 129 69 37.2+40.9 (200) .~ 15+1.2 (4) w
37228 2013-10-02 2013-12-07 66 F 150 88 80.1+80.7 (250) v~ 1.8+1.4 (5) ~—
22850 2013-10-03 2013-12-13 71 F 140 198 93.1+90.7 (300) W™~ 24418 (7) =~
27261b 2014-07-16 2014-11-23 130 M 152 2,451 86.3+95.8 (450) wWM 21,17 (7) s
37235b 2014-07-16 2014-12-01 138 F 135 1,621 73+83.6 (400) Whp g 2415 (7) Yo
93096 2014-07-16 2014-11-23 130 M 120 1,370 64.7473.4 (350) aw W7 18415 (6) st
93102 2014-07-16 2014-12-11 148 M 149 2,261  97+101.9 (400) WHWNTNN 55,17 (7) o
22850b* 2014-07-17 2014-12-01 137 F 125 59,291 60.7452.1 (400) wwwiwa 18411 (7)  wmwrrma
22849b* 2014-07-22 2014-12-15 146 F 123 60,073 60.5+55.1 (400) swmwsind 16411 (7)  Avermsr
22854 2014-07-22 2014-12-07 138 M 130 1,655 71.3+78.7 (450) AN 19415 (7) Lumbartcht
27262b* 2014-07-22 2014-12-09 140 M 140 62,220 51.5+44.8 (350) lmwwwarwir 1.6+0.93 (7) tmeamvir~
93100* 2014-07-22 2014-12-25 156 M 145 67,764 69.5+62.7 (400) Wnsrtrren 16411 (7)  Muaastarmar

Table 1. Summary of the dive data for the 17 harbour porpoises instrumented in West Greenland with satellite
transmitters. The sparkline columns show the trend of the variable over time (generally a positive trend in
maximum depth (deeper) and dive duration (longer) for each individual during the time of tagging). The
numbers in parenthesis refer to the maximum values for each variable, and the individuals with an asterisk
(column ID) refer to the tags retrieved and included in the high-resolution data analysis (sampling rate every
sec).
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Figure 1. Maps of the study area showing the (a) bathymetry and the contrasted light cycles in (b) July and

(c) December with all the associated locations recorded from the 17 satellite tracked harbour porpoises (black
dots). The tagging site (Maniitsoq) is indicated by a red dot in each panel and the blue dashed line refers to the
Arctic circle. In (b,c), the color-coded polygons refer to the light regimes based on solar elevation on July 15
and Dec 15 at sunset in Maniitsoq city: day (angle >0°), twilight (between 0 and —18°) and night (<—-18°). Mean
daylength, sunrises and sunsets represent July 15 and December 15 at the porpoises’ locations.

Diel pattern

Upon analyzing 265,739 dives, it was found that all the tagged harbour porpoises had a mean daily dive depth
of 64 m (SD: 23 m), and most individuals were frequently diving deeper than 100 m (Table 1, Fig. 2). Among
the 17 tags, five were retrieved, providing high-resolution data on the diving behavior at a sampling rate of
1 Hz, totaling 255,734 dives. Surprisingly, a reverse diel pattern was observed in the daily mean dive depth for
each month as the porpoises dove 37% deeper at night compared to day (mean: 73 m vs. 53 m, Fig. 2a). The
Kolmogorov-Smirnov tests were significant for all months, confirming that the distributions of the diurnal and
nocturnal dives were statistically different for these five animals. The eight low-resolution tags showed a similar
pattern with nocturnal dives being 24% deeper at night compared to diurnal dives (mean: 48.3 m vs. 36.5 m,
Fig. 2b). The Kolmogorov-Smirnov tests were significant for all months except September, confirming that the
distributions of the diurnal and nocturnal dives were statistically different for these eight animals.

Seasonal pattern

In addition to the diel pattern, dive depth varied significantly across months (Kruskal-Wallis test, p <0.001) with
a pronounced seasonal pattern towards deeper dives when approaching winter months with longer periods of
darkness (Fig. 2a, b). As an indication of increased activity, frequency of deep dives (> 100 m) increased by an
order of magnitude when daylength decreased (Fig. 2c). When considering dives deeper than 5 m, the porpoises
performed on average 17+ 6.7 dives/h. While the proportion of shallow dives (<20 m) decreased from July (mean:
7 dives/h) to December (mean: 2 dives/h), the number of hourly dives deeper than 100 m increased substantially
between summer and winter (July: 0.4 vs. Dec: 5.3 dives/h), and was concentrated during the dark hours.

Influence of daylength on the diving behavior

When looking at the entire study period, shallow (<50 m) and short dives (< 1 min) occurred mainly during day-
time (Fig. 3a, b). The daily mean dive depth was negatively correlated with daylength (r>=0.61, GAM explained
deviance: 62%), revealing that the deepest dives were performed during the darkest months close to the polar
night (Fig. 3¢). Despite some inter-individual variability, our model revealed a similar behavior across all tracked
porpoises, regardless the dataset (high vs. low-resolution tags).

Influence of the environment on the diving behavior
Overall, the difference between the bathymetry and the maximum dive depth of the porpoises’ indicated that
they conducted pelagic (mean +SD: 47 £ 11% of the dives) and benthic dives (mean +SD: 45+ 8%) in similar
proportions (SI Figs. 2-6).

The mean sea temperature at the porpoises’ dive depth was 4.3+ 0.8 °C and varied between —1.1 and 8.7 °C
(Fig. 4). While from July to September, the temperature decreased from the surface to a depth of 50-100 m, a
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Figure 2. Monthly density plots of the daily mean dive depths recorded by (a) the five high-resolution tags and
(b) the eight low-resolution tags. The monthly mean values for day and night are indicated in each panel and

are represented by the horizontal dotted lines. The significance of the associated Kolmogorov-Smirnov tests is
indicated in each panel (ns not significant, **p <0.001, **p <0.005, *p <0.05). The number of days for which the
mean depth was calculated was added on top of each panel in (a,b) for day (beige) and night (grey), respectively.
Note that December was discarded from the analysis in (b) due to a very low number of dives recorded. (c)
Stacked histograms of the dive frequency recorded by the five high-resolution tags calculated as the mean hourly
dive rate per depth class across months and animals. Note the day/night coloration at the bottom of each panel
in (c). Average monthly daylength (hours of daylight) was added on the top of each month.

reversed thermocline was observed from October to December, with a more stable temperature, slightly increas-
ing with depth.

Discussion
The extreme light regimes experienced by the porpoises in Greenland coincided with a clear modulation of the
diving activity in response to the seasonal reduction of daylength at high latitude, highlighting an unexpected
reverse diel vertical migration. By driving both primary production and the interaction between visual predators
and their prey, light has indeed a fundamental influence on the structure of marine ecosystems?. Such an inter-
action, however, is more complex for air-breathing and echolocating predators such as toothed whales than for
ectothermic visual predators (e.g., fish and cephalopods) that may be more influenced by thermoregulation and
their ability to detect their prey. Indeed, foraging strategies of odontocetes, including harbour porpoises, may be
more shaped by prey accessibility, diving constraints and energy conservation. The porpoises maintained their
activity at relatively cold temperature (4.3 °C, all depths combined), that likely requires a high feeding activity
to sustain a high energetic intake.

The dive depth of a large number of marine mammal species has been identified to be closely associated
with the vertical migration of their prey, performing shallower dives at night when the prey ascends towards the
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Figure 3. Example of mean dive depth and dive duration showing seasonal and diel patterns for one high-
resolution tag deployed in 2014. Black lines in (a,b) refer to the hours of sunrise and sunset for the given day. (c)
Relationship between the daily mean dive depth and daylength for four high-resolution and eight low-resolution
tags. In (c), the thick line refers to the smooth curve from the GAM including the 12 individuals (with tracking
duration > 30 days) and the thin lines depict individual smooth curves.
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Figure 4. Temperature profiles across months extracted at the closest depth of the porpoises’ maximum dive
depth for each location from the five high-resolution tags.
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surface. Such a pattern has been extensively observed in seals (e.g., Weddell seals?**, fur seals*'), baleen whales*?
and toothed whales (e.g., sperm whales®, rough-toothed dolphins'?, Risso’s dolphins®*), but the association with
daylength is to date poorly documented at high latitudes, especially in cetaceans®. Unlike most marine preda-
tors, our study reports that harbour porpoises conducted a reverse diel vertical migration by diving deeper at
night and targeting increasing depths during the fall. This surprising behavior suggests three foraging strategies
in which harbour porpoises would either target (i) strictly benthic prey, (ii) pelagic prey migrating seasonally
towards the seafloor during fall/winter, or (ii) vertically migrating prey that may be otherwise inaccessible in
deeper waters at night. This last strategy suggests that the porpoises could therefore maximize feeding activity
during extended periods of darkness. This phenomenon is increasingly more pronounced from summer to winter,
reinforcing a light-mediated strategy. The investigation of the thermal habitat of the porpoises revealed a decrease
in surface temperature across months and a thermocline shift from October (water temperature increasing with
depth). This temperature shift coincides with both the change in light regimes and the increasing dive depth of
the porpoises, therefore supporting the assumption that this species might follow the vertical distribution of
its prey that is inhabiting deeper layers when the water temperature at the surface decreases and the primary
production at the surface pauses during the dark months, making the surface less attractable for zooplankton.

The porpoises in Greenland might not forage much during daytime, remaining in shallow waters while con-
centrating their feeding activity mostly at night in deeper layers. However, unlike other Arctic toothed whales
such as narwhals and belugas that can rely on their body reserves for long periods without feeding®, harbour
porpoises have high energy demand'’, and may therefore need to feed continuously to survive. Regularly reaching
deep waters (> 100 m), the daily dive duration of the porpoises in Greenland rarely exceeded 4 min (less than
3% of the dives, mean: 1.6 + 1.02 min, maximum: 7 min, Table 1). In other air-breathing divers, dive duration
is typically correlated with body size*, and dive depth correlates with dive duration, which is in line with our
results (Pearson correlation test: 0.84, p <0.001). The diving capacity of harbour porpoises is therefore strongly
limited by their small size, and their aerobic dive limit has been estimated to be about 5 min¥, suggesting that,
despite diving deep presumably to forage, the porpoises rarely exceed their aerobic dive limit.

Although deeper nocturnal dives were observed for all months, the diel pattern was stronger for months
with a more pronounced day-night cycle (from July to October), which is in accordance with a previous study
conducted on beluga whales in the Chukchi and Beaufort Seas*. Weddell seals in Antarctica exhibited a similar
behavior (shallower dives in early and mid-summer) that reflected shifts in prey distribution rather than in seal
diet composition®". This observation could also be the case for the porpoises where their prey may move deeper
when the water temperature at the surface decreases through winter. The observed seasonal variability in diving
behavior suggests either a temporal switch in prey selection or the porpoises’ tracking of the vertical distribution
of specific prey that migrates seasonally within the water column. While harbour porpoises are thought to forage
opportunistically, previous studies in West Greenland have identified capelin (Mallotus villosus) and polar cod
(Boreogadus saida) as their primary prey towards the end of summer and early autumn (September-October)?.
Both prey species exhibit vertical segregation by age class, with larger mature individuals residing close to the
seafloor (for predator avoidance), making them less reachable to the porpoises (e.g., ~400 to 500 m deep in
the Beaufort Sea). In contrast, immature individuals of both species are found at higher positions in the water
column?®®?*, potentially making them more susceptible to predation by the porpoises. Considering that a signifi-
cant proportion of the dives was benthic (45% of the dives), it suggests that the porpoises could also target prey
near the bottom that are strictly benthic and do not perform diel vertical migration, or pelagic prey seasonally
migrating towards the bottom during fall and winter including adult capelins and polar cods.

During summer in West Greenland, harbour porpoises also consume a variety of pelagic prey such as squid,
krill and Myctophids (also called lanternfish), suggesting a potential seasonal switch in prey selection. During
the summer, porpoises may target immature capelin at shallow depths, while as winter approaches, they may
shift their focus to prey at greater depths, such as squids and Myctophidae. Myctophidae are small fish that are
abundant in the mesopelagic layer (200-1000 m) and possess lipid reserves for overwintering®. By targeting
such lipid-rich prey, harbour porpoises could meet their high energetic requirements*'.

To investigate the role of benthic vs. pelagic dives in this species, it will be necessary to deploy acoustic
recorders to identify prey capture attempts. In line with this, we used the maximum dive depth as an indication
of diving activity, therefore assuming that deeper dives corresponded to a higher number of feeding attempts.
Although the lack of acoustic recordings in the present study prevented the investigation of the feeding activity
in this echolocating species, the exceptional deep dives observed (both pelagic and benthic) provide further
evidence that these dives, primarily conducted during dark hours, are likely indicative of foraging rather than
resting behavior. Also, evidence from a study using acoustic tags on porpoises revealed resting behavior during
shallow diving to about 7 m*2. Previous studies have demonstrated that harbour porpoises exhibit greater acous-
tic activity during the night'’-?°, and actually have higher feeding rates (buzzing) during nocturnal dives'”. To
validate this assumption and confirm when harbour porpoises engage in foraging it will be necessary to deploy
acoustic data loggers that includes the identification of buzzes (i.e., foraging events) or accelerometers capable
of capturing feeding jerks.

Conclusion

Aligned with the unexpected levels of biological activity observed during the polar night in low and mid-trophic
level organisms®, our study provides insights into the impact of daylength on the diving behavior of a marine
predator inhabiting sub-Arctic and Arctic waters. Using satellite-linked dive recorders of highly mobile harbour
porpoises, we have confirmed that this species adjusts its diving patterns in response to the diminishing day-
length, engaging surprisingly in deeper and more frequent dives at night, likely indicative of increased foraging
activity during dark hours. Assuming harbour porpoises in Greenland feed more intensively at night—similar to
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what is observed for their conspecific living in Danish waters'’—our findings suggest that harbour porpoises in
Greenland may capitalize on the winter nightscape of the Arctic'®. Unlike strictly visual predators, echolocators
such as harbour porpoises could therefore extend foraging time and take advantage of long periods of dark-
ness in the winter in the Arctic to optimize their diving activity. Our study further underscores the notion that
extreme light conditions observed at high latitudes play a critical role in shaping pelagic communities and food
webs. These findings provide new insights for exploring the relationship between foraging strategies, metabolic
demands, and fitness of Arctic marine predators in a rapidly changing environment, where prey assemblages are
anticipated to undergo shifts in response to climate change®’.

Methods

Animal instrumentation

Between 2012 and 2014, 17 harbour porpoises were live-captured on the continental shelf approximately 50 km
south-west of Maniitsoq, West Greenland (Fig. 1). Following Nielsen’s et al.s procedure?, the individuals were
instrumented with MK10 satellite-linked dive recorders providing information on location and diving behavior
(Wildlife Computers, Redmond, WA, USA). The sampling rate was 1 Hz (1 s) and data were stored in 6 h sum-
mary histograms (01:00-07:00, 07:00-13:00, 13:00-19:00 and 19:00-01:00) that were relayed to the satellite
during the following 24 h. For the tags deployed in 2013, the intervals were: 5, 10, 25 and 50 m, then 50 m bins
up to 500 m and then > 500 m. For the tags deployed in 2014, the intervals were: 1, 2, 10, 25 and 50 m, then 50 m
bins up to 450 m and then >450 m. Since the low-resolution tags (the ones not retrieved) were stored into 6 h
histograms with pre-defined depth bins rather than a precise depth, we used the lower limit of each bin (deepest
depth) to associate a potential maximum depth to each dive.

All experiments involving animals and their care were conducted in compliance with ARRIVE guidelines
(https://www.ncbi.nlm.nih.gov) and were performed in accordance with relevant guidelines and regulations.
The study was performed with permission from the Government of Greenland, permit no. 2012-069733, Doc.
1265044.

Identification of diel patterns

All analyses were conducted using R software version 4.3.2*. To investigate diel patterns in the diving behavior,
sunlight phases (times of sunrise, dusk, day, dawn and sunset) were extracted at each individual’s location using
the suncalc package® in R. Five tags that were retrieved by local hunters and included only high-resolution dive
data (1 Hz) but no coordinates were stored in these tags. Satellite-relayed Argos coordinates were therefore
matched to the high-resolution dive data based on the closest date and time for each individual. To map the day-
night regimes in relation to the porpoises’ locations in West Greenland, solar elevation was extracted individually
at each location and for the corresponding date. Based on the solar elevation angle (i.e., position of the sun in
relation to the horizon), three phases were identified: day (solar elevation > 0°), twilight (between 0° and -18°)
and night (< —18°). The complete dataset including the 17 individuals was used for this analysis.

For the five high-resolution tags, diving behavior variables (mean dive depth, maximum dive depth, median
dive depth and dive duration) were extracted for each dive and individual and then compared between the phases
of the day. During midnight sun in summer, dawn and dusk are not always identifiable due to rapid sunsets and
sunrises during long periods of daylight, so only two phases were retained for this analysis to compare diurnal
and nocturnal dives: day vs. night (including dusk and dawn).

To investigate the diel and seasonal patterns, daily mean depth was then estimated for each individual and
then summarized monthly for day and night separately. The short tracking duration (<30 days) of five out of
the 17 porpoises (one high-resolution tag and four low-resolution tags) precluded the identification of seasonal
patterns and they were therefore excluded from the dive data analysis. December was also discarded from the
low-resolution dataset due to a very low number of 6 h histograms recorded (< 10).

Investigation of the relationship between daylength and dive depth

Times of sunrise and sunset were used to derive the daylength for each tracking day and each individual for these
12 (four high-resolution and eight low-resolution tags). Using the mgcv package *, a series of Generalized Addi-
tive Models (GAM) were performed to relate the daylength to the daily dive depth of these 12 harbour porpoises.
Dives were defined as deeper than 5 m and longer than 20 s. Three separate models were tested using three div-
ing behavior metrics summarized daily: mean, median and maximum depth. Pairwise correlations between all
covariates were first investigated (SI Fig. 7). To account for the inter-individual variability, individual’s ID was
added as a random factor on both the slope and the intercept. Individual response curves were then generated
for each harbour porpoise. The residuals were finally inspected using diagnostic plots for each model.

Link between behavior and the environment
To identify if the porpoises conducted benthic or pelagic dives, the bathymetry was extracted from GEBCO
(spatial resolution: ~ 1 km, https://www.gebco.net) and then associated with each location. For each dive, the
difference between the bathymetry and the animal’s maximum dive depth was calculated. Following Harcourt
etal.5 method?, the 30 percentile of this difference for the dives exceeding bathymetry was then calculated (value:
70 m) as this approximates 1 standard error of a distribution centered on the 1:1 line representing equivalence
of a dive depth and estimated bathymetry at that point. The dives that were>70 m from the bathymetry were
categorized as pelagic dives, the ones within 70 m of the bathymetry as benthic dives, and dives more than 70 m
deeper than the bathymetry were considered as unknown.

To assess the influence of temperature on the porpoises’ diving behavior, temperature data were
extracted daily from the Copernicus Marine Service Information (https://marine.copernicus.eu/) using the
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GLOBAL_MULTIYEAR_PHY_001_030 product at a resolution of 0.08 decimal degree. For each dive of the five
high-resolution tags, the closest temperature to the maximum dive depth was extracted at the animal’s location.
The temperature profiles were then plotted monthly to investigate the thermal habitat targeted by the porpoises
in relation to the temporal evolution of the thermocline.

Data availability

All the code used for analysis and visualization in this study is available via GitHub (https://github.com/pcham
bault/HP-Diel-Seasonal-Pattern). The associated data can be found on the Dryad repository (https://datadryad.
org/stash/dataset/doi:10.5061/dryad.zpc866tdh).

Received: 13 July 2023; Accepted: 7 February 2024
Published online: 16 February 2024

References

1. Daan, S. Adaptive daily strategies in behavior. In Biological Rhythms (ed. Aschoff, J.). 275-298 https://doi.org/10.1007/978-1-4615-
6552-9_15 (Springer, 1981).

2. Bennie, J. J., Dufty, J. P, Inger, R. & Gaston, K. ]. Biogeography of time partitioning in mammals. Proc. Natl. Acad. Sci. 111,
13727-13732 (2014).

3. Urmy, S. S. & Benoit-Bird, K. J. Fear dynamically structures the ocean’s pelagic zone. Curr. Biol. 31, 5086-5092.e3 (2021).

4. Ringelberg, J. Diel Vertical Migration of Zooplankton in Lakes and Oceans: Causal Explanations and Adaptive Significances. (Springer,
2009).

5. Hays, G. C. A review of the adaptive significance and ecosystem consequences of zooplankton diel vertical migrations. In Migra-
tions and Dispersal of Marine Organisms (eds. Jones, M. B. et al.) 163-170 https://doi.org/10.1007/978-94-017-2276-6_18 (Springer
Netherlands, 2003).

6. Fischer, J. & Visbeck, M. Seasonal variation of the daily zooplankton migration in the Greenland sea. Deep Sea Res. Part I 40,
1547-1557 (1993).

7. Berge, J. et al. Diel vertical migration of Arctic zooplankton during the polar night. Biol. Lett. 5, 69-72 (2009).

8. Berge, J. et al. Unexpected levels of biological activity during the polar night offer new perspectives on a warming Arctic. Curr.
Biol. 25, 2555-2561 (2015).

9. Andrzejaczek, S. et al. Reverse diel vertical movements of oceanic manta rays off the northern coast of Peru and implications for
conservation. Ecol. Solut. Evid. 2, e12051 (2021).

10. Sims, D. W,, Southall, E. J., Tarling, G. A. & Metcalfe, J. D. Habitat-specific normal and reverse diel vertical migration in the
plankton-feeding basking shark. J. Anim. Ecol. 74, 755-761 (2005).

11. Mclntyre, T., Bornemann, H., Plotz, J., Tosh, C. A. & Bester, M. N. Water column use and forage strategies of female southern
elephant seals from Marion Island. Mar. Biol. 158, 2125-2139 (2011).

12. Shaff, J. F. & Baird, R. W. Diel and lunar variation in diving behavior of rough-toothed dolphins (Steno bredanensis) off Kaua‘i,
Hawai‘i. Mar. Mamm. Sci. 37, 1261-1276 (2021).

13. Arranz, P. et al. Diving behavior and fine-scale kinematics of free-ranging Risso’s dolphins foraging in shallow and deep-water
habitats. Front. Ecol. Evolut. 7, 33 (2019).

14. Lampert, W. The adaptive significance of diel vertical migration of zooplankton. Funct. Ecol. 3, 21-27 (1989).

15. Benoit, D., Simard, Y., Gagné, J., Geoftroy, M. & Fortier, L. From polar night to midnight sun: Photoperiod, seal predation, and the
diel vertical migrations of polar cod (Boreogadus saida) under landfast ice in the Arctic Ocean. Polar Biol. 33, 1505-1520 (2010).

16. Donovan, G. & Bjerge, A. Harbour Porpoises in the North Atlantic: Edited Extract from the Report of the IWC Scientific Committee.
Vol. 16. 3-26 (1995).

17. Wisniewska, D. M. et al. Ultra-high foraging rates of harbor porpoises make them vulnerable to anthropogenic disturbance. Curr.
Biol. 26, 1441-1446 (2016).

18. Osiecka, A. N., Jones, O. & Wahlberg, M. The diel pattern in harbour porpoise clicking behaviour is not a response to prey activity.
Sci. Rep. 10, 14876 (2020).

19. Schaffeld, T. et al. Diel and seasonal patterns in acoustic presence and foraging behaviour of free-ranging harbour porpoises. Mar.
Ecol. Prog. Ser. 547, 257-272 (2016).

20. Carlstrom, J. Diel variation in echolocation behavior of wild harbor porpoises. Mar. Mamm. Sci. 21, 1-12 (2005).

21. Linnenschmidt, M., Teilmann, J., Akamatsu, T., Dietz, R. & Miller, L. A. Biosonar, dive, and foraging activity of satellite tracked
harbor porpoises (Phocoena phocoena). Mar. Mamm. Sci. 29, E77-E97 (2013).

22. Wisniewska, D. M. et al. High rates of vessel noise disrupt foraging in wild harbour porpoises (Phocoena phocoena). Proc. R. Soc.
B Biol. Sci. https://doi.org/10.1098/rspb.2017.2314 (2018).

23. Williamson, L. D. et al. Spatiotemporal variation in harbor porpoise distribution and foraging across a landscape of fear. Mar.
Mamm. Sci. 38, 42-57 (2022).

24. Nielsen, N. H., Teilmann, J. & Heide-Jorgensen, M. P. Indications of mesopelagic foraging by a small odontocete. Mar. Biol. 166,
78 (2019).

25. Heide-Jorgensen, M. P. et al. Harbour porpoises respond to climate change. Ecol. Evolut. 1, 579-585 (2011).

26. Storrie, L. et al. Empirically testing the influence of light regime on diel activity patterns in a marine predator reveals complex
interacting factors shaping behaviour. Funct. Ecol. 36, 2727-2741 (2022).

27. Nielsen, N. H. et al. Oceanic movements, site fidelity and deep diving in harbour porpoises from Greenland show limited similari-
ties to animals from the North Sea. Mar. Ecol. Prog. Ser. 597, 259-272 (2018).

28. Kaartvedt, S. Photoperiod may constrain the effect of global warming in arctic marine systems. J. Plankton Res. 30, 1203-1206
(2008).

29. Heerah, K. et al. Ecology of Weddell seals during winter: Influence of environmental parameters on their foraging behaviour. Deep
Sea Res. Part II Top. Stud. Oceanogr. 88-89, 23-33 (2013).

30. Beltran, R. S. et al. Seasonal resource pulses and the foraging depth of a Southern Ocean top predator. Proc. R. Soc. B Biol. Sci. 288,
20202817 (2021).

31. Botha, ]. A. et al. Geographic variation in at-sea movements, habitat use and diving behaviour of female Cape fur seals. Mar. Ecol.
Prog. Ser. 649, 201-218 (2020).

32. Vogel, E. et al. Foraging movements of humpback whales relate to the lateral and vertical distribution of capelin in the Barents
Sea. Front. Mar. Sci. https://doi.org/10.3389/fmars.2023.1254761 (2023).

33. Chambault, P, Fossette, S., Heide-Jorgensen, M. P, Jouannet, D. & Vély, M. Predicting seasonal movements and distribution of
the sperm whale using machine learning algorithms. Ecol. Evolut. 11, 1432-1445 (2021).

34. Visser, E. et al. Rissos dolphins perform spin dives to target deep-dwelling prey. R. Soc. Open Sci. 8, 202320 (2021).

Scientific Reports |

(2024) 14:3908 | https://doi.org/10.1038/s41598-024-53953-w nature portfolio


https://github.com/pchambault/HP-Diel-Seasonal-Pattern
https://github.com/pchambault/HP-Diel-Seasonal-Pattern
https://datadryad.org/stash/dataset/doi:10.5061/dryad.zpc866tdh
https://datadryad.org/stash/dataset/doi:10.5061/dryad.zpc866tdh
https://doi.org/10.1007/978-1-4615-6552-9_15
https://doi.org/10.1007/978-1-4615-6552-9_15
https://doi.org/10.1007/978-94-017-2276-6_18
https://doi.org/10.1098/rspb.2017.2314
https://doi.org/10.3389/fmars.2023.1254761

www.nature.com/scientificreports/

35. Chambault, P, Blackwell, S. B. & Heide-Jorgensen, M. P. Extremely low seasonal prey capture efficiency in a deep-diving whale,
the narwhal. Biol. Lett. 19, 20220423 (2023).

36. Brischoux, E, Bonnet, X., Cook, T. R. & Shine, R. Allometry of diving capacities: Ectothermy vs. endothermy. J. Evolut. Biol. 21,
324-329 (2008).

37. McDonald, B. I. et al. High heart rates in hunting harbour porpoises. Proc. R. Soc. B Biol. Sci. 288, 20211596 (2021).

38. Luka, G. & Ponomarenko, V. Seasonal and Daily Vertical Migrations and Structure of Capelin Concentrations in the Barents Sea
(1983).

39. Geoftroy, M. & Priou, P. Fish ecology during the polar night. In Polar Night Marine Ecology: Life and Light in the Dead of Night
(eds. Berge, J., Johnsen, G. & Cohen, J. H.). 181-216 https://doi.org/10.1007/978-3-030-33208-2_7 (Springer, 2020).

40. Falk-Petersen, I.-B., Falk-Petersen, S. & Sargent, J. R. Nature, origin and possible roles of lipid deposits in Maurolicus muelleri
(Gmelin) and Benthosema glaciale (Reinhart) from Ullsfjorden, northern Norway. Polar Biol. 5, 235-240 (1986).

41. Rojano-Donate, L. et al. High field metabolic rates of wild harbour porpoises. J. Exp. Biol. 221, 185827 (2018).

42. Wright, A.J. et al. Silent porpoise: Potential sleeping behaviour identified in wild harbour porpoises. Anim. Behav. 133, 211-222
(2017).

43. Florko, K. R. N. et al. Predicting how climate change threatens the prey base of Arctic marine predators. Ecol. Lett. 24, 2563-2575
(2021).

44. R Core Team. R: A Language and Environment for Statistical Computing. http://www.R-project.org/ (R Foundation for Statistical
Computing, 2021).

45. Thieurmel, B., Elmarhraoui, A. & Thieurmel, M. Package ‘Suncalc’. https://cran.r-project.org/web/packages/suncalc/suncalc.pdf
(2019).

46. Wood, S. N. Generalized Additive Models: An Introduction with R. 2nd edn. (CRC Press, 2017).

47. Harcourt, R. et al. Regional variation in winter foraging strategies by Weddell seals in eastern Antarctica and the Ross Sea. Front.
Mar. Sci. 8, 335 (2021).

Acknowledgements

The study was performed with permission from the Government of Greenland, permit no. 2012-069733, Doc.
1265044. We thank Nynne Nielsen for collecting the data, and Svend and Knud Heilmann for their skillful
assistance in capturing and tagging the porpoises.

Author contributions

J.T., M.P.H.J., M.H.S.S.: designing experiment and data collection. P.C.: data analysis and writing. J.T., M.P].H.,
M.H.S.S., O.T. and P.C.: interpretation of the results and final version of the manuscript. All authors contributed
to the article and approved the submitted version.

Fundin

PC was sugpported by the European Union’s Horizon 2020 research and innovation programme under the Marie
Sktodowska-Curie grant agreement No 48068 (project WARMM). The project was supported by the Greenland
Ministry of Education, Church, Culture & Gender Equality, the Danish Cooperation for the Environment in
the Arctic (DANCEA, Danish Ministry of the Environment) and the Greenland Institute of Natural Resources.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/
10.1038/541598-024-53953-w.

Correspondence and requests for materials should be addressed to P.C.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

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.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |

(2024) 14:3908 | https://doi.org/10.1038/s41598-024-53953-w nature portfolio


https://doi.org/10.1007/978-3-030-33208-2_7
http://www.R-project.org/
https://cran.r-project.org/web/packages/suncalc/suncalc.pdf
https://doi.org/10.1038/s41598-024-53953-w
https://doi.org/10.1038/s41598-024-53953-w
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	The nightscape of the Arctic winter shapes the diving behavior of a marine predator
	Results
	Extreme light regimes experienced by harbour porpoises
	Diel pattern
	Seasonal pattern
	Influence of daylength on the diving behavior
	Influence of the environment on the diving behavior

	Discussion
	Conclusion
	Methods
	Animal instrumentation
	Identification of diel patterns
	Investigation of the relationship between daylength and dive depth
	Link between behavior and the environment

	References
	Acknowledgements


