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Seascapes of fear and competition shape regional
seabird movement ecology
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Fear effects of predators on prey distributions are seldom considered in marine environ-
ments, especially over large spatial scales and in conservation contexts. To fill these major
gaps, we tested the Seascape of Fear Hypothesis in the Benguela marine ecosystem off South
Africa. Using electronic tracking data, we showed that Cape gannets and their predator, the
Cape fur seal, co-occurred in daytime and competed with fisheries within coastal areas. At
night, gannets are particularly vulnerable to seals, and 28% of the birds returned to the safety
of their breeding colony. The remaining 72% slept at the sea surface, but shifted to offshore
areas with lower seal attendance, reducing predation risk by 25%. Overall, our integrative
study demonstrates how fear and competition shape the seascape of threatened Cape
gannets within a marine environment perturbed by climate change and overfishing. Such
knowledge has strong implications for the design of marine protected areas.
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eascape ecology is on the rise. Decades after the advent of

landscape ecology, its aquatic counterpart has taken a giant

footstep!. Indeed, this fusion of geography and ecology
benefited from geospatial revolution, with the rapid development
of global data acquisition and mapping tools. Those allow asses-
sing the effect of structural environmental conditions upon the
biogeography of marine organisms. In this context, a major con-
straint is the fear effect, i.e., the spatial variation in prey perception
of predation risk, termed the Landscape of Fear (LoF)?, and later
extended to the Seascape of Fear (SoF)>. Fear effects modify prey
behavior, induce diel migratory patterns* and entail energetic
costs, with cascading effects onto population dynamics and entire
ecosystems™®. The fearscape concept has gained substantial
interest across the last decade, with renewed focus on temporal
dynamics®®. Surprisingly, such fear effects are not addressed by
Pittman! in their seminal work on seascape ecology.

We tested the SoF hypothesis at a regional scale in the ecolo-
gically perturbed Benguela upwelling ecosystem off South Africa.
There, Cape gannets (Morus capensis) are at risk from predation
by Cape fur seals (Arctocephalus pusillus pusillus), specifically
when resting at the water surface during the night when they are
most vulnerable to underwater predator attacks. Such predation
events have been documented on land and at sea’8 (Supple-
mentary Data 1), but their impacts on Cape gannet at-sea
behavior has never been tested, thereby blurring our under-
standing of non-consumptive effects at a regional scale. More-
over, gannets compete with seals and regional fisheries for the
consumption of diminishing stocks of small pelagic fish (sardines
Sardinops sagax and anchovies Engraulis encrasicolus), but are
provisioned with fishery wastes dumped at sea by trawlers tar-
geting hake (Merlucius spp.)°. In this context, we hypothesized
that spatiotemporal variations in fear and competition contribute
to shaping the spatial ecology of gannets in the Benguela
upwelling ecosystem. Specifically, we predicted that (1) birds
would avoid seals at all times, especially during the riskiest
nighttime period. This was predicted to induce diel gannet spatial
shifts at sea, towards safer areas at night. However, during the less

a Kleinzee
8 Daytime foraging locations
L for gannets which came
back to land at night
o Daytime foraging locations
b _' for gannets which stayed 10
i at sea at night &
Qo
8
8 t
3
o 8
@ <]
Iy =
3 ~ 6 3
£ -
© £
- 4 S
C'l) °
s
2 x
[}
T
£
<
» 0
-~
o)
o -
i
0 50 100 km
I T

16 17 18 19 20

Longitude

risky daytime period, gannets have to balance predation risk by
seals with their foraging needs. We predicted that (2) birds would
compete with seals and fisheries while feeding at sea during
daytime. Alternatively, we hypothesized that thermoregulatory
constraints also shaped gannet at sea distributions. We took
advantage of a large multi-year data set, which included electronic
tracking of at-sea movements for seals and gannets in the
Southern Benguela upwelling ecosystem, as well as the distribu-
tion of fishing activities and sea surface temperatures in this
region. On the basis of this information, we assessed the at-sea
spatial ecology of the different marine predators involved in the
Benguela seascape.

Results

Testing prediction 1: Seals at sea were active night and day, with
similar habitat selection patterns and a decrease in occurrence
with increasing distance from the coast (Fig. 1, Supplementary
Note 1, Supplementary Fig. 1, Supplementary Table 1). Gannets
displayed two tactics when at sea: 1) Some (28%) came back to
the colony at night after daytime foraging. 2) Most (72%)
remained at sea in-between daytime foraging bouts, and spent
76% of nighttime resting at the sea surface (Fig. 1, Table 1,
Supplementary Note 2). In agreement with our first prediction, all
gannets, regardless of whether they remained at sea at night, or
came back to the colony, selected foraging areas that decreased
their risk of encountering seals during daytime (Fig. 2, Supple-
mentary Note 3, Supplementary Table 2). Crucially, birds which
rested at the sea surface overnight displayed an offshore spatial
shift (13.1 km) between locations dedicated to daytime foraging
and nighttime resting (Fig. 3, Table 1, Supplementary Note 4,
Supplementary Table 3). This shift allowed resting gannets to
decrease their risk of encountering seals by 25% at night, on
average, whereas nighttime resting waters were on average only
0.3°C warmer than daytime coastal foraging areas (Table 1,
Supplementary Note 4). Indeed, the likelihood of nighttime
resting over daytime foraging continuously increased with the
decrease in seal occurrence, except in areas with high encounter
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Fig. 1 Seascape of fear induced by Cape fur seals for Cape gannets. a Daytime seascape of fear (yellow to red index of seal occurrence) and daytime
foraging locations for gannets returning to the colony at night (gray dots) or resting at sea all night (green dots). b Nighttime seascape of fear (yellow to
red index of seal occurrence) and gannet nighttime at-sea resting locations (blue dots). Seals (n = 25 individuals) were Argos-tracked from three colonies
(black triangles) and gannets (n =197 individuals) were GPS-tracked from Malgas Island (black dot).
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Table 1 Summary statistics of habitat use for 197 Cape gannets.

Nighttime resting, spent night at sea

Daytime foraging, spent night at sea

Daytime foraging, spent night at colony

Variable

85142 locations, 142 birds

N=

47953 locations, 144 birds

N=

6890 locations, 53 birds

N=

Min;max

Mean (95% CI)

Min;max

Mean (95% CI)

Min;max
0.0,95.6

Mean (95% CI)

0.5142.0
18.3;270.6

57.0 (48.5;63.2)

96.6 (81.8;110.5)
—358.7 (—397.9,—320.3)

0.2,157.4
0.3;,2781

421 (37.3,47.2)

419 (37.5;46.5)

Distance to shore (km)

88.6 (71.9,105.7)
—242.5 (—265.5,—220.8)

0.7,154.8

63.7 (50.3;78.0)
—238.0 (—284.0;,—190.4)

Distance to the colony (km)

Bathymetry (m)

—2253.9,-84

110

—1465.6,—2.6
1,10

—1480.9;—6.0
1,10

4.8 (43,5.4)

6.4 (6.0;,6.9)
32(23,42)
2.6 (2.4;2.9)
16.6 (16.4,16.8)

6.6 (5.9,7.4)
2.9 (1.4,4.4)
2.9 (1.9;3.8)
16.6 (16.4;16.8)

Seal occurrence index

0.0,9.4

0.0,6.8
13,19

1.8 (1.0,2.6)
3.6 (3.2,4.0)
16.9 (16.6;17.1)

0.0:10.2
0.0;6.6
13,19

0.0,9.9

Log(purse-seiner catch (tonnes)+1)

Log(trawler catch (tonnes)+1)
Sea surface temperature (°C)

0.0,6.6
13,19

We considered gannet habitat use during the daytime foraging and nighttime resting periods and in relation to their nighttime resting behavior (rest at colony or rest at sea) during October-November between 2008 and 2015, estimated with mixed linear models accounting for

repeated measures within individual and year.
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Fig. 2 Daytime foraging habitat selection of Cape gannets. Habitat
selection coefficients of foraging behavior during daytime, depending on
nighttime resting tactics for 197 Cape gannets from Malgas Island during
October-November between 2008 and 2015. Error bars represent the 95%
confidence interval. Confidence interval including O means no selection.

risk, but gannets remained more likely to forage than rest in such
areas (Fig. 4a, Supplementary Note 4, Supplementary Tables 4, 5).
In contrast, gannets behaved equally with an increase in sea
surface temperature, until high-temperature values where resting
became more likely than foraging (Fig. 4b). Therefore, the large
decrease in predation risk outperformed a small thermoregulatory
benefit, on average. Nighttime periods spent at the sea surface
may also allow adult gannets to digest a first food load, before
catching another the next morning, to be brought back to their
chick!0.

Testing prediction 2: During the day, gannets ventured into
areas with higher risk of seal encounter compared to nighttime
(Fig. 4a, Table 1), but still selected foraging areas that reduced seal
co-occurrence (Fig. 2, Supplementary Note 3). Gannets competed
with fisheries during the day, and were more likely to forage in
areas with an increase in average catch of small pelagic fish by
purse-seiners, relative to nighttime (Fig. 4c, Supplementary
Note 4, Supplementary Table 5). Conversely, gannets were less
likely to forage during the day, than rest at night, in areas with
high average catch of hake by trawlers (Fig. 4d, Supplementary
Table 5). On average, daytime gannet foraging areas had higher
average catch of small pelagic fish by purse-seiners and lower
average catch of hake by trawlers, compared to gannet nighttime
resting areas (Table 1). However, at a daytime scale, foraging
habitat selection of gannets did not rely on fisheries (Fig. 2,
Supplementary Note 3).

Discussion

Using a multi-year, large electronic tracking data set of gannet
and seal at-sea movements and fisheries’” log-books, we validated
our hypothesis: both fear and competition contribute to shaping
regional gannet spatial ecology in the Benguela upwelling eco-
system. Gannets foraged in risky and competitive areas during the
day. They also used movement tactics aiming to reduce spatial
overlap with seals, especially during the riskiest night period. This
involved coming back to the colony or performing a marked
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Fig. 3 Diel spatial shift of 144 Cape gannets which stayed at sea at night during October-November between 2008 and 2015. a Distribution of gannet
nighttime resting locations (dark gray) and daytime foraging locations (light gray) in relation to distance to shore. b At-sea spatial distribution of daytime
foraging (green dot) and nighttime resting locations (blue dot) of gannets. Triangles show the three monitored seals colonies. Map generated with the

marmap* package for R.

offshore spatial shift to safer waters. Our study therefore adds
substantial support to the idea that seascape ecology must
account for the fear factor®0:11,

Interestingly, studies of zooplankton vertical migration first
pointed to the LoF, but this concept has been mainly studied
within terrestrial landscapes®°. Indeed, so far only 4.3% (10/230,
ISI Web of Science April 2021) of publications which addressed
the LoF?° did so in a marine context. Most such studies focused
on coastal reef habitats!>!3, to the neglect of pelagic
ecosystems>14 and large spatial scales!'1>. We fill these major
gaps, by providing, to the best of our knowledge, the first evidence
for a SoF in an upwelling ecosystem, at a regional scale. Our
analyses confirm that seabirds avoid seals'® whenever they can,
but in the Benguela upwelling ecosystem other top predators add
layers of complexity to the pelagic fearscape. Notably, great white
sharks (Carcharodon carcharias) are known to target both seals
and seabirds!”, even though they are far less abundant than seals.
Orcas (Orcinus orca) may also take seals and great white sharks.
We are therefore calling for SoF studies considering trophic
networks within pelagic ecosystems, to rigorously understand fear
effects on the spatiotemporal distribution of aquatic animals®,
and their population consequences®.

The Benguela ecosystem is being challenged by the combined
effects of climate change and overfishing, threatening a series of
endemic seabird species: Cape gannet, Cape and Bank Cormor-
ants (Phalacrocorax capensis and P. neglectus), and African pen-
guin (Spheniscus demersus). In this context, marine protected
areas (MPAs) are an effective way to safeguard the integrity of
ecosystems, and of threatened seabirds!8. However, MPAs have
so far been designed and implemented on the basis of knowledge
of seabird critical foraging habitats, to the neglect of the SoF
imposed onto seabirds by their potential predators. Considering
our fearscape study in the Benguela upwelling ecosystem, we posit
that seascape ecology and forthcoming marine management
should consider the SoF when designing MPAs.

Methods
Cape gannet movement tracking. The study took place in the Western Cape,
South Africa, where we studied chick-rearing Cape gannets from Malgas Island

(33.05° S, 17.93° E) during October-November from 2008 to 2015 (Fig. 1). We
caught birds using a pole fitted with a loop and fitted 197 adult Cape gannets (22 in
2008, 16 in 2009, 38 in 2010, 11 in 2011, 29 in 2012, 29 in 2013, 23 in 2014, and 29
in 2015) with GPS-loggers (2008: GPS mass 65 g, i.e., 2.4 % adult body mass,
Technosmart, Rom. 2009-2010: GPS mass 45 g, i.e., 1.7% adult body mass,
Technosmart, Rom. From 2011: GPS mass 30 g, 1.1% of bird body mass, Catnip
Technologies, Hong-Kong). Loggers were attached to the lower back with water-
proof Tesa® tape and recorded position at a regular 30-s to 2-min intervals,
reinterpolated over 1-min intervals. Devices were recovered after one foraging trip
lasting a few hours to one week. Bird handling and tracking using these procedures
do not have a measurable impact on foraging behavior!?20. We caught adult birds
at-random from the colony, and previous studies showed that this resulted in a
well-balanced sex-ratio preventing confounding sex effects?!. All experiments were
performed under permit from South African National Parks with respect to animal
ethics (N° RYAP/AGR/001-2002/V1).

Cape gannet movement tactics and behavioral phases. We identified two
movement trip tactics for Cape gannets: After their daytime foraging activities,
some birds returned to the colony at night (rest at colony tactic) while others spent
all the night at sea (rest at sea tactic). Within the GPS tracks of gannets from these
two categories, we discriminated resting, foraging, and commuting phases, with a
segmentation-clustering method based on smoothed speed (i.e., speed smoothed
over two steps before and after the focal location) and turning angle measured at
constant step length. This corresponded to the angle between the focal location, the
first location entering a circle of radius equal to the median step length, and the last
location inside the circle?2. We fitted behavioral identification with the segclust2d
package?? for the R software?4. See complete details on behavioral classification for
Cape gannets tracks in Appendix 1 in Courbin et al.25.

Cape fur seal movement tracking and the seascape of fear. We assessed the at-
sea spatial distribution of Cape fur seals, a predator of Cape gannet fledglings” and
adults (Supplementary Data 1). We used Argos data collected from 25 lactating
female seals before (2003 and 2004) and again concomitantly with gannet tracking
(2012 and 2014). Seals were tracked during the same period of the year as gannets
(i.e., September to November). Adult females nursing pups were selected at ran-
dom and captured using a modified hoop net. Once restrained, anesthesia was
induced using isoflurane gas delivered via a portable vaporizer (Stinger, Advanced
Anesthesia Specialists, Gladesville, New South Wales, Australia). A satellite tag was
glued to the guard hairs on the upper back. Individuals were allowed to recover
from the anesthesia and resumed normal behavior within 45 min of capture.
Throughout the process, the animals’ breathing was closely monitored and their
flippers were repeatedly flushed with seawater to prevent hyperthermia. Seals were
equipped with Argos satellite transmitters at three colonies (Fig. 1): Kleinsee
(29°35°09”S, 16°59’56”E) located ~400 km to the North of the gannet colony

(n =8 seals in 2003 and 2004); Vondeling Island (33°09’11”S, 17°58’57”E), ~12 km
away from the gannet colony (n = 12 seals in 2012 and 2014); and Geyser Rock
(34°41°19”S, 19°24’49”E) located ~230 km to the South of the gannet colony
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Fig. 4 Probability of daytime foraging over nighttime resting for gannets in relation to environmental features (n = 142 birds). We predicted the effect
of a seal occurrence, b sea surface temperature, ¢ purse-seiner catches, and d trawler catches, with a mixed effect logistic regression and keeping all other
covariates at their mean. Grey areas represent the 95% confidence interval. The x-axis is back-transformed (unscaled). Distribution and mean (dotted line)
are shown for daytime foraging (green) and nighttime resting (blue) locations.

(n =5 seals in 2003). Seals at Vondeling Island were equipped with Argos-linked
Spot-6 position transmitting tags (Wildlife Computers) following deployment
procedures outlined in Kirkman et al.2%. Seals at Kleinsee and Geyser Rock were
equipped with ST18 and ST20 satellite-linked platform terminal transmitters
(Telonics, Mesa, USA), as detailed in Skern-Mauritzen et al.2’. Devices collected a
well-balanced number of Argos locations during the day (1 = 6080 locations) and
at night (n = 6501 locations). See full details on seal tracking in Supplementary
Table 6. All fieldwork was permitted by the Animal Ethics Committee of the
Department of Environmental Affairs and Tourism’s Marine and Coastal Man-
agement branch, which at the time was the management authority of South Africa’s
marine and coastal environment (Ref: DEAT2006-06-23).

We modeled both daytime and nighttime at-sea occurrences of seals for each
colony with resource selection functions (RSF)?3:2, a proxy of the fear effect for
Cape gannets. RSF compared environmental features of seal’s at-sea Argos
positions (i.e., further 500 m than the colony) with five times more random

locations that captured the breadth of environmental conditions available to seals.
We sampled random locations for each individual within the yearly area used by
seals from each colony, delineated by the 95% kernel utilization distribution of the
Argos locations of all seals of the colony. RSF were fitted with a generalized linear
mixed model with a binomial distribution for errors. As environmental variables,
we considered bathymetry (m), the slope of the bathymetry (°) and the distance to
the colony (km) within the RSF. These variables were not highly correlated

(Jr] 0.61) and had low collinearity with a variance inflation factor VIF < 230,

All continuous predictors were centered and scaled. Following statistical
recommendations in Muff et al.2%, we added random intercept for seal ID with a
large fixed variance, a random slope for each predictor and weighted random
locations by 1000. We assessed the robustness of the RSF using a leave-one-out
cross validation with iteratively one of the individuals representing the testing set
and the other seals representing the training set3!-32. RSF with a high predictive
power had a high average Spearman’s rank correlation (7,) between the rank of the
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RSF scores (relative probabilities of seal occurrence) split into ten bins and the
area-adjusted frequency of the Argos locations®!. We ran RSF with the glmmTMB
package33 for the R software24.,

Finally, we spatially predicted the binned RSF scores (10 bins) for each seal
colony within our study area3*. We assessed the seascape of fear by overlapping the
three colony-specific RSF maps and retaining the maximum value among the three
maps for each pixel.

Co-occurrence of Cape gannets and fisheries. To assess the influence of fisheries
on gannet movements we used vessel log-book records between 2008 and 2015. We
mapped the yearly catch distribution of trawlers targeting hake (Merluccius
capensis) with a 20 x 20 nautical mile resolution grid and of purse-seiners targeting
anchovy (Engraulis capensis) and sardine (Sardina pilchardus) with a 10 x 10
nautical mile resolution grid. These data were made available by the branch:
Fisheries Management of the Department of Forestry, Fisheries and the Environ-
ment of the Republic of South Africa.

Daytime gannet foraging habitat selection. We assessed whether Cape gannets
experienced different risks of encountering seals and different levels of competition
with fisheries, according to their movement tactics. For this analysis, we only kept
daytime foraging locations, and estimated foraging habitat selection of gannets with
a RSF for each tactic?$2%. Thereby, we fitted a generalized linear mixed model with
a binomial distribution for errors with random intercept for gannet ID (with a large
fixed variance) and year, random slope for each predictor and weighted available
locations by 1000. We determined availability using a design adapted for central
place foragers in habitat selection studies, considering that individuals used areas
close to the colony more frequently than elsewhere3%3°, For each observed foraging
trip, we simulated 10 tracks that started at the same location as the observed trip
(i.e., at the colony) using a first-order vector autoregressive model?”. Simulated
tracks considered no habitat preference, while respecting constraints on trip
structure (duration and travel speed)?’. For each simulated track, we then deter-
mined available foraging locations using the segmentation-clustering method
described above (see “Cape gannet movement tactics and behavioral phases” sec-
tion). RSF included daytime seal encounter risk, as well as the presence of purse-
seiners and trawlers, assessed through the spatial distribution of their yearly catches
(log(tonnes + 1)). All continuous predictors were centered and scaled, and had low
collinearity (|r| <0.62, VIF < 2)30. We assessed RSF robustness as previously
described, but using a k-fold cross validation with iteratively 80% of the
individuals representing the training set and the 20% remaining birds
representing the testing set3!32, We ran RSF with the glmmTMB package®?

for the R software?4.

Cape gannet diel at-sea habitat use. We tested whether Cape gannets adjusted
their at-sea behavior according to the presence of seals and fishing boats between
relatively safe daytime and risky nighttime. For this purpose, we only considered
gannets that did not return to the colony at night (n = 142 individuals, 72% of our
sample). We estimated the probability of daytime foraging and nighttime resting,
depending on both fishing activities and seal encounter risk. Thereby, we calculated
daytime seal encounter risk for daytime foraging locations and nighttime seal
encounter risk for nighttime resting locations. We used a generalized linear mixed
model with a binomial distribution for errors and individual ID and year as ran-
dom intercepts. Models also included the average monthly sea surface temperature
(SST, °C) to test whether by moving away from risky areas to rest, gannets may also
benefit from better thermoregulation conditions, i.e., higher SST. SST data were
extracted from Aqua MODIS satellite imagery, with a 4-km-resolution grid (NASA
Goddard Space Flight Center, Ocean Ecology Laboratory, Ocean Biology Proces-
sing Group; (2018): Aqua MODIS Sensor Ocean Color Data, NASA OB.DAAC.).
All continuous predictors were centered and scaled. We tested candidate

models with linear or nonlinear effects (natural spline with df = 4) for
predictors, and selected the best model using the Akaike’s Information Criterion
corrected for finite sample size. All candidate models did not include highly cor-
related variables (|r] < 0.4) and had low collinearity with VIF <230, We fitted
models with the Ime4 package3® and model selection with the MuMIn package3®
for the R software?.

Reporting summary. Further information on research design is available in the Nature
Research Reporting Summary linked to this article.

Data availability

Data are openly available in figshare at https://doi.org/10.6084/m9.figshare.1729909440,
except Argos data for Cape fur seals that are under embargo until the end of 2023 as they
are being used in the PhD thesis of Mduduzi Seakamela at the Department of Forestry,
Fisheries and the Environment, Branch Ocean and Coasts, Cape Town, South Africa.
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