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E C O L O G Y

Lightscapes of fear: How mesopredators balance 
starvation and predation in the open ocean
Roxanne S. Beltran1*, Jessica M. Kendall-Bar1, Enrico Pirotta2,3, Taiki Adachi4, Yasuhiko Naito5, 
Akinori Takahashi5, Jolien Cremers6, Patrick W. Robinson1, Daniel E. Crocker7, Daniel P. Costa1

Like landscapes of fear, animals are hypothesized to strategically use lightscapes based on intrinsic motivations. 
However, longitudinal evidence of state-dependent risk aversion has been difficult to obtain in wild animals. 
Using high-resolution biologgers, we continuously measured body condition, time partitioning, three-dimensional 
movement, and risk exposure of 71 elephant seals throughout their 7-month foraging migrations (N = 16,000 seal 
days). As body condition improved from 21 to 32% fat and daylength declined from 16 to 10 hours, seals rested 
progressively earlier with respect to sunrise, sacrificing valuable nocturnal foraging hours to rest in the safety of 
darkness. Seals in superior body condition prioritized safety over energy conservation by resting >100 meters 
deeper where it was 300× darker. Together, these results provide empirical evidence that marine mammals 
actively use the three-dimensional lightscape to optimize risk-reward trade-offs based on ecological and 
physiological factors.

INTRODUCTION
Conflicting demands to forage, rest, and avoid predators are the corner-
stone of eco-evolutionary dynamics (1, 2). Although many animals 
are obligately nocturnal or diurnal, physiological and ecological fac-
tors such as starvation and predation can lead to nuanced shifts in 
temporal niches (3, 4). Yet, these state-dependent shifts have only 
been measured using a cross-sectional approach; rest timing and fat 
stores have never been measured through time in individual wild 
animals. Here, we show that migrating wild animals prioritize pred-
ator avoidance over resource acquisition through strategic use of the 
lightscape as they gain body condition.

These findings support predictions about state-dependent niche 
partitioning between predator and prey that have received strong 
empirical support with regard to spatial partitioning (5–7) but have 
proved difficult to test for temporal partitioning (4, 8, 9). As nutri-
tional state and environmental cues change markedly throughout 
migration, failing to adjust activities to local sunrise or sunset cues 
should cause substantial mismatches in predator-prey interactions 
(10), especially for mesopredators that rely on darkness for both prey 
acquisition and predator avoidance (11). The potential for temporal 
mismatches is considerable in the ocean where daily light-dark cy-
cles prompt diel vertical movements of numerous prey species (12). 
Here, marine mesopredators can optimize energy intake by forag-
ing at night on prey closer to the ocean surface and ensure safety by 
resting at night when their predators’ visual acuity is compromised. 
As a result, nighttime is optimal for both feeding and resting, and 
individuals must choose between competing priorities. It is unknown 
whether mesopredators resolve this trade-off by adjusting their daily 
schedules to those of their prey or their predators or whether prior-
ities shift as a function of intrinsic or extrinsic states (13).

Our objective was to determine whether wildlife adjust their use 
of the lightscape based on nutritional state and photoperiod. Northern 
elephant seals, Mirounga angustirostris, are a model system for ad-
dressing this question because they are easily accessible for both de-
ploying and recovering archival biologgers, which allows for large 
sample sizes of high-resolution data. Adult female elephant seals 
travel 10,000 km across the North Pacific Ocean, diving continu-
ously for ~23 min followed by only ~2 min at the ocean surface for 
7 consecutive months (fig. S1).

Predators are thought to play an important role in driving ele-
phant seal behavior at sea. The core habitats of elephant seal pred-
ators including white sharks (14), salmon sharks (15), sleeper sharks 
(16), and killer whales (17) overlap with elephant seal habitat near 
coastal regions (18). Overlaps between offshore elephant seal forag-
ing locations and predator distributions have not been document-
ed, although elephant seals appear to show antipredator behaviors 
across their entire foraging range [e.g., resting at depth rather than 
at the ocean surface (19) and exhibiting deeper diving in response to 
predator vocalizations (20)]. During foraging migrations, elephant 
seals have no access to habitat refugia or groups (21), so time alloca-
tion and spatial utilization are the only plausible predator avoidance 
strategies.

In 6% of dives each day, seals passively drift through the water 
column and are entirely inactive while they presumably process food 
and/or sleep (19, 22). Their rate of vertical drift through the water 
column provides a metric of buoyancy (23) and can be used to infer 
rest timing and body condition simultaneously (24). Because seals 
have not evolved unihemispheric slow wave sleep (25), resting at sea 
should increase predation risk by their predators, especially in high 
ambient light conditions during the day and near the ocean surface 
(26). Although elephant seals could adjust their use of the lightscape 
by resting during nighttime or deeper in the water column, state- 
dependent behavioral plasticity has not yet been investigated.

We obtained time-light-depth data at 4-s intervals throughout 
the entire oceanic foraging migrations of 71 elephant seals using 
advanced biologgers (N = 459,930 dives). We identified drift dives 
(N = 37,254) as those with bottom phases characterized by a con-
stant rate of drift (depth/time) through the water column (fig. S2) 
(24, 27). The ambient light level at the start of the dive (light level at 
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surface) and the ambient light level and depth at the start and end of 
each drift segment were calculated. We also estimated body condi-
tion for each seal on each day as described by Pirotta et al. (23). Data 
are presented relative to the daily timing of sunrise and sunset mea-
sured by each seal, which accounts for the wide range of daylengths 
that seals experience across seasons and locations (fig. S3). The cir-
cular variable “drift timing” was coded such that 0° represents time 
of sunrise and 180° represents time of sunset independent of the date. 
The daylength, lipid, latitude, and longitude variables were centered 
such that a value of 0 represents the average. To estimate the contri-
bution of body condition, photoperiod, and location to the timing 
of rest, we performed circular mixed-effects regression models (28) 
and compared model fits using deviance information criterion (DIC) 
and Watanabe-Akaike information criterion (WAIC).

To describe how risk and reward vary in relation to ambient light, 
we instrumented an additional 12 seals with acceleration loggers 
affixed to the lower jaw. The loggers measured variation in feeding 
success (the rate of prey capture attempts) and predation risk (the 
ocean surface light level) (27). We also evaluated the risk associated 
with daylight by extracting Argos satellite transmissions for the 42 seals 
that stopped transmitting between 2004 and 2018 and were pre-
sumed to have died at sea because they were never again observed at 
the colony (29). We calculated time of day (daytime or nighttime) 
of all received Argos transmissions based on the date, latitude, and 
longitude and compared the time of day of the last transmission 
(presumably when the animal died) to all other transmissions 
(when the animal was alive).

RESULTS
After sunrise each day, the light level at the ocean surface increased 
by 100,000-fold, foraging success was reduced by 50%, and dive ef-
ficiency was lowered (Fig. 1). Seals were slightly more likely to die 
during the daytime (69% of last Argos transmissions, indicating mor-
tality) than expected by random chance (56% of all Argos transmissions), 
although this trend was not significant (2 = 2.9182, P = 0.087) (fig. 
S4). Given higher feeding efficiency and safety from predators at 
night, each seal must balance foraging in darkness to maximize prey 
acquisition with exhaustion from continuous foraging.

Across the migration, elephant seals scheduled their drift dives 
near sunrise, following a night of shallower, high-efficiency forag-
ing dives, and preceding a day of deeper, lower-efficiency foraging 
dives. These drift dives occurred progressively earlier throughout 
the migration, both in GMT time and relative to sunrise (Fig. 2C 
and figs. S5 and S6). As a result, the proportion of behavioral rest 
that occurred during the daytime decreased from 80 to 30% through-
out the migration. Similarly, foraging dives occurred progressively 
earlier throughout the migration, but this change (range, 4 hours) 
was notably less than the change in the timing of drift dives (range, 
6 hours) (Fig. 2D). Thus, as daylength declined and nighttime op-
portunities increased, this new temporal space was allocated to op-
timize the timing of resting more so than foraging. The model with 
all main effects (lipid, daylength, latitude, longitude, and date), in-
cluding date*daylength and date*lipid interactions, showed the best 
fit (table S1). In other words, the model estimates suggest that rest 
timing is related to the explanatory variables lipid and daylength, 
which both vary with time, along with latitude and longitude.

The shift in nocturnality was tightly linked to body condition gains 
throughout the migration (Fig.  3). Seals in poor body condition 

started their drift dives just after sunrise, whereas seals in good body 
condition started their drift dives just before sunrise (fig. S7). Seals 
departed the beach at 31 ± 2% lipid, lost lipid mass while transiting 
to foraging areas, and then gained lipid before transiting back to the 
beach and arriving with 32 ± 3% lipid (Fig. 2A). At the beginning of 
the migration, a seal with average body condition experiencing av-
erage photoperiod drifted at 7.75% of total daylight time after sunrise 
on average. As seals gained body condition, they rested progressively 
earlier (3.14% of photoperiod per SD increase in percent lipid on 
average). This markedly increased the duration of rest occurring during 
the daytime, such that seals at 15% body fat rested 70% during the 
daytime and seals with 35% body fat rested only 20% during the day-
time (fig. S8C). The timing of foraging dives did not have the same 
relationship with body condition (fig. S8D).

These data refute the hypothesis that seals always postpone rest 
until higher priority feeding occurs. Instead, it appears that as seals 
gain body condition throughout the migration, they are more likely 
to fill the nighttime opportunities with low-risk rest rather than 
high-reward feeding. In other words, seals are more motivated to 

Fig. 1. Diel differences in risk, reward, and efficiency for elephant seals. Each 
day, the transition from nighttime (blue) to daytime (yellow) is associated with 
(A) higher light levels, a proxy for predation risk, (B) lower feeding success, and 
(C) deeper diving (note the inverted y axis). Therefore, foraging efficiency is highest 
at night and coincides with the ideal time to rest in the safety of darkness.
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Fig. 2. Body condition and activity timing throughout migration in elephant seals. Throughout the foraging migration, elephant seals gain body condition and per-
form drift dives progressively earlier in the day relative to sunrise. (A) After departing the beach, animals lose body condition for approximately 1 month as they transition 
to offshore foraging grounds and then gain fat throughout their migration. (B) Because of horizontal movement and seasonal changes, daylength gradually decreases 
throughout the migration. (C) Concomitant with increasing body condition and shortening daylength is a change in rest phenology, such that animals drift progressively 
earlier in the day relative to sunrise. (D) Animals also forage progressively earlier throughout the trip, although this rate of change is less than the change in drift dive 
timing. Blue represents nighttime, gray represents twilight, and yellow represents daytime such that the transition from blue to yellow in (C) represents sunrise, whereas 
the transition from yellow to blue in (D) represents sunset.
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feed throughout the night during the outbound trip than in the in-
bound trip when they are in better body condition and can afford to 
prioritize resting in safer nighttime conditions.

The shift in time allocation was also strongly associated with the 
change in daylength across the migration. As daylength declined, 
seals spent more time resting at night, while the timing of foraging 
remained mostly unchanged (Fig. 2). Specifically, for each hour in-
crease in daylength, the rest timing moved further away from sunrise 
by 10.99% of photoperiod on average. This suggests a behavioral re-
sponse to predation risk after sunrise predominantly drives the tim-
ing of rest rather than circadian rhythm or a lagged effect of foraging 
timing. The timing of rest was different in the first and last few weeks 
of the migration (Fig. 2), likely because adult female elephant seals 
rarely feed along the coast, where the predation risk is high (30). 
Seals also rested earlier (more often during nighttime) at lower lati-
tudes (table S2), possibly because their white shark predators are 
more abundant there (31).

In addition to strategic changes in their activity patterns, seals 
actively modified their use of three-dimensional space to mediate 
their exposure to risk. After actively swimming down in the water 
column, seals began to drift at different depths based on their body 
condition. Specifically, seals in poor body condition began to drift 

at shallower depths with higher ambient light levels. In contrast, seals 
in good body condition began to drift at deeper depths with darker 
ambient light levels (Fig.  4). Across consecutive drift dives, seals 
drifted progressively deeper as the sun rose, which minimized am-
bient light levels (fig. S9). Because of differences in buoyancy state 
(i.e., seals <30% fat were negatively buoyant and sank while drifting, 
whereas seals >30% fat were positively buoyant and floated while 
drifting), all seals finished drifting at similar depths with compara-
ble light levels (fig. S10). Thus, seals with more lipid stores appeared 
to minimize the risk of detection by predators when they drift up 
into shallower waters with higher ambient light. This suggests that 
seals can perceive their buoyancy and actively choose their starting 
drift depth as a predator avoidance strategy; however, the mecha-
nism that triggers the termination of the drift phase (e.g., depth or 
duration) remains a mystery.

DISCUSSION
Given the difficulty of measuring predation events, including the 
predator species and the three-dimensional location of death, our 
interpretation of the observed patterns is limited to inference in the 
context of existing data. Previous research has demonstrated that 

Fig. 3. Links between body condition and activity timing in migrating elephant seals. Combining body condition and rest timing shows (A) that the switch to drifting 
before sunrise (in safer, darker conditions) occurs just after seals switch to positive buoyancy during the middle of the foraging migration. Example diving records of a 
single elephant seal across 5 hours reveal a state-dependent predator avoidance strategy of (B) shallower, daytime drifts during early migration when the seal is in inferior 
body condition and (C) deeper, nighttime drifts during late migration while in superior body condition. Colors represent nighttime (blue) and daytime (yellow). Arrows 
extend from the first drift dive each day to the end of the consecutive drift dives. Note the inverted y axis that represents depth.
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elephant seal diet items (32, 33) and prey capture rates (34) remain 
relatively consistent across the foraging migration, suggesting that 
potential alternative hypotheses regarding prey distribution or diet 
switches are unlikely to be driving the observed patterns in rest tim-
ing throughout elephant seal foraging migrations. Observational data 
support predator avoidance rather than prey consumption as the 
driving factor; fresh wounds and scars from white shark attacks are 
frequently observed on adult elephant seals at the haul-out sites (35), 
whereas it is exceedingly rare to observe seals nearing starvation at 
the haul-out site. Starvation is also unlikely given that seals appear 
to have little competition for their specialized dietary niche (34) and 
do not routinely dive near their physiological limits (36). Thus, pre-
dation is the most likely source of mortality for adult elephant seals.

Together, these data revealed that changes in nutritional state and 
photoperiod motivate migrating elephant seals to adaptively modi-
fy their behavior throughout long-distance foraging migrations. In 
addition, these data establish photoperiod as a fundamental ecological 
constraint (37) and, moreover, suggest that seasonal changes in photo-
period confer different advantages across trophic levels. Whereas a 
longer daylength may benefit apex predators that rely on light to 
feed, it may be detrimental for species in which foraging and resting 
are optimal at night. Last, the relative safety of the twilight zone has 
implications for the evolution of diving physiology and sensory bi-
ology in seals and other air-breathing marine vertebrates (38).

Inactivity during drift dives is hypothesized to be associated with 
behavioral sleep, when reduced sensory responsiveness may increase 
the risk of predation. Regardless of the function of drift dives, our 
data suggest that inactivity may be an essential yet overlooked mor-
tality risk for animals under continuous pressure to forage and remain 
vigilant during migration. Advancements in biotelemetry devices 
will allow a more comprehensive understanding of the correlation 

between behavioral and electrophysiological sleep—an essential 
physiological state for almost all animals (39)—in the ecological 
context in which it evolved (40).

The balance between predation risk and feeding efficiency is often 
responsible for the emergence of obligate diurnal or nocturnal strat-
egies, especially in ectotherms, where day-night temperature fluctu-
ations are more consequential than in endotherms (41). We have 
shown that a wild mesopredator uses an adaptive and state-dependent 
strategy for maximizing reward while mitigating risk. Given that sleep 
is highly conserved across animal taxa (42, 43), active risk aversion 
via adaptive plasticity in diel behavior is likely to be commonplace 
in other wildlife, especially for mesopredators in which synergistic 
effects of predators and prey are most apparent (38). As humans 
continue to threaten the ability of wild animals to forage efficiently 
and sleep safely (44, 45), we must work to understand how physiology 
and ecology interact to shape the timing of fundamental behaviors.

MATERIALS AND METHODS
Instrumentation
We instrumented elephant seals between 2004 and 2012 after the molt-
ing season (May–June) and recovered instruments 219 ± 18 days later 
(December–January). Each seal was instrumented with an Argos sat-
ellite tag (Wildlife Computers, USA; N = 113), an MK9 time-depth 
recorder (Wildlife Computers, USA; N = 71), and/or a Kami Kami jaw 
accelerometer (Little Leonardo, Japan; N = 12). Procedures for tag 
attachment and removal along with dive identification and dive type 
categorization using the IKNOS Toolbox are detailed by Robinson et al. 
(21). Across seals, departure date varied by 42 days (June 06 ± 
10 days; range, 15 May to 26 June), photoperiod ranged from 5.7 
to 21.7 hours per day, sunrise ranged from 12:00 to 18:00 GMT, and 

Fig. 4. Resting depth varies with body condition and time of day in elephant seals. During daytime hours (yellow) when surface light levels and resulting predation 
risk are higher, seals strategically drift deeper and at lower light levels than during twilight (gray) and nighttime (blue). Seals in superior body condition begin their drifts 
(A) deeper (note the inverted y axis) and (B) at lower light levels as compared to seals in inferior body condition, presumably due to their positive buoyancy.
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sunset ranged from 01:00 to 8:00 GMT (fig. S3). Within each seal, 
there was marked variation in daylength (7.8 ± 1.6 hours), sunrise 
hour (5.7 ± 2.3 hours GMT), and sunset hour (9.8 ± 4.6 hours GMT) 
due to seasonal and spatial variation (fig. S3).

Dive behavior and feeding efficiency
We used data from the time-depth recorders to infer body condi-
tion and lightscape during the drifting phase of each drift dive. To 
do this, we wrote a custom MATLAB algorithm to identify individ-
ual drift segments based on fine-scale changes in depth over time 
(drift rate, measured in meters per second). For each drift dive with 
a maximum depth exceeding 200 m, we calculated the dominant drift 
rate using kernel density estimation (24). We identified the consec-
utive data points for which the first derivative of the drift rate fell 
within ±0.38 m/s of the dominant drift rate (fig. S2). This was con-
sidered the drifting segment for each drift dive. We then used a cu-
bic spline to calculate the dominant drift rate each day and excluded 
drift segments that fell outside ±0.03 m/s of the daily dominant drift 
rate (26% of total drift dives) (fig. S2). To quantify how feeding effi-
ciency (rate of prey capture attempts) and predation risk (ocean 
surface light level as a proxy) varied by hour, 12 seals were instru-
mented with Kami Kami acceleration loggers attached to the jaw. 
Jaw motion events, indicative of prey capture attempts, were identi-
fied from the raw acceleration data using a 0.3-g amplitude surge 
acceleration threshold as described in Naito et al. (34). Foraging 
dives considered were those where the number of jaw motion events 
exceeded zero (N = 95,682 dives made by 12 seals).

As compared to their predators, elephant seals are highly profi-
cient at nighttime foraging due to their highly innervated vibrissal 
sensory systems that can be used to track prey (46–48). In addition, 
the visual systems of elephant seals are well adapted to dim light 
conditions (49), and elephant seals have been shown to capture bio-
luminescent prey (32, 50–52), which helps explain why feeding suc-
cess is not compromised at night. Thus, we did not expect elephant 
seal foraging success to vary widely by time of day.

Body condition
We estimated daily lipid mass for each seal using the hierarchical 
state-space model from Pirotta et al. (23) and input data including 
the daily median drift rate, daily median dive metrics (ascent rate, 
descent rate, time spent at the bottom during a dive, total number of 
dives, and dive duration), Argos location estimates, and morphometric 
measurements at the beginning and end of the migration (lipid 
mass, nonlipid mass, and pup mass). The model assumes a func-
tional form for the variation of nonlipid mass throughout the trip. 
Here, we used a linear increase in maternal nonlipid mass, account-
ing for pup mass in the final third of the trip (23, 53). We fitted the 
model in a Bayesian framework using JAGS run from the R package 
runjags (54), setting the same priors described for the original mod-
el. Markov chain Monte Carlo (MCMC) algorithms were optimized 
during 5000 adaptation iterations and then iterated until conver-
gence of the lipid mass estimates. We ran three parallel chains, 
starting at different initial values, and convergence was assessed as 
described by Pirotta et  al. (23). Because of computational limita-
tions, the model was run separately on three equally sized subsets of 
individuals. Before analyzing maternal body composition, we sub-
tracted pup mass from the nonlipid mass of pregnant females, be-
cause we were interested in quantifying maternal body condition 
irrespective of the mass of the pup.

Light and time of day
We quantified sunrise, sunset, daylength, and time of day based on 
the time-light data measured by the MK9 loggers. The instruments 
measure relative light intensity with a logarithmic response (a change 
of 20 readings corresponds to a 10-fold change of light intensity within 
the range of 25 to 225). A light measurement of 25 corresponds to 
~5 × 10−12 W*cm−2 (dark), and a light measurement of 225 corre-
sponds to ~5 × 10−2 W*cm−2 (light).

Using these relative light measurements when seals were at the 
ocean surface, we quantified the daylength experienced by seals us-
ing the TwGeos package with light threshold 110 and a Lowess 
smoother with span 0.08 using the lowess package in R (21). For 
each seal, we calculated the difference between the date of each dive 
and the date of the nearest sunrise time in hours such that 0 coin-
cides with sunrise, −12 represents 12 hours before sunrise, and +12 
represents 12 hours after sunrise. We then categorized time of day 
based on time since sunrise and sunset: twilight (0.5 hour after sun-
rise and 0.5 hour before sunset), daytime (when hours after sunset 
fell below 24 minus daylength), and nighttime (when hours after 
sunrise did not exceed daylength). Differences in the date of migra-
tion start and, thus, body composition trajectories were adjusted by 
using Days After Departure instead of Julian Days. For visualization 
purposes, hour metrics were analyzed using circular median and mean 
deviation in the package psych in R. We present descriptive statis-
tics as mean ± SD, and figures show median ± interquartile range or 
circular mean ± SD. We used a generalized additive mixed model to 
characterize the relationships between drift depth and body composi-
tion with the individual as a random effect: depth ~ s(body condition) + 
(1|individual). Including model uncertainty for lipid (by resampling 
100 times and fitting the GAMM (generalized additive mixed model)  
to these new data) did not affect the conclusions (fig. S11).

Daily activity timing as a function of intrinsic 
and extrinsic factors
To evaluate the contributions of body condition, daylength, latitude, 
and longitude to the daily timing of activity, we performed circular 
mixed-effects model analyses using the R package bpnreg (55). This 
package implements circular regression and circular mixed-effects 
regression models as described by Cremers et al. (28), Cremers and 
Klugkist (56), Cremers et al. (57), and Cremers et al. (58). First, the 
circular outcome “Drift” was coded such that 0° represents time of 
sunrise and 180° represents time of sunset independent of the date. 
This means that an increase or decrease of 1° represents a 1/1.8 = 
0.56% change in the total daytime or nighttime. For example, a drift 
segment at 10° takes place at 5.6% of total daylight time after sun-
rise, and a decrease of 2° means that a drift takes place 1.12% total 
daylight time closer to sunrise than the average drift. The variable 
daylength, lipid, latitude, and longitude were centered such that a 
value of 0 represents the average. To check whether the MCMC sam-
pler converged, we evaluated the traceplots for the linear regression 
coefficients of both bivariate components of the circular regression 
model. Four indicators of model fit were used to choose between 
the competing models: two versions of the DIC (DIC and DICalt) 
and two versions of the WAIC (WAIC and WAIC2) [for details, see 
Gelman et al. (59)]. Statistics closer to zero indicate better model fit. 
Lipid mass estimates resampled from the posterior distribution 
N = 100 times did not significantly affect results. When including 
model uncertainty for lipid (by resampling 100 values and fitting 
the best-fitting model to these new datasets), average model fits (SD) 
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for the best-fitting model are as follows: DIC  =  102,069 (34), 
DICalt = 102,219 (32), WAIC = 102,129 (11), WAIC2 = 102,130 (11).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/12/eabd9818/DC1
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