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Characterizing the habitat associated with predation events can inform on predator-prey
dynamics. Despite being evaluated extensively in terrestrial systems, quantifying and
characterizing the role predation plays in upper trophic marine ecosystems is challenging
due to the cryptic nature of pelagic predators and the difficulty of observing predatory
behavior. We developed a multi-step method to characterize habitat associated with
predation that integrates data from post-mortem pop-up style mortality transmitters,
and data from traditional external tracking devices, both of which use the Argos satellite
system. In our case study with juvenile Steller sea lions (SSL, Eumetopias jubatus) in the
Gulf of Alaska, 20 mortality events were previously described, of which 18 were attributed
to predation. The locations of 13 of these at-sea predation events with post-mortem
tracking data were estimated, with spatial uncertainty calculated using movement-based
approaches of backwards step-length and state-space modeling. We then generated a
Mortality Occurrence Probability Distribution (MOPD), resampled points within the MOPD
based on isopleth weighting, and extracted habitat variables (i.e., slope, depth, distance
to haulout-rookery) associated with these locations. This final dataset represented “case”
points (n = 115) in terms of predation and was compared to the habitat associated
with “control” points (n = 1000), locations within juvenile SSL distribution in this region
(i.e., population home range), in a resource-selection function (GAM). Predation events
were associated with habitats characterized by greater depths and moderate distances
from SSL haulouts and rookeries. This information enabled us to generate a risk-map for
juvenile SSL in the Gulf of Alaska, spatially representing areas of high predation probability.
Our study provides important information about threats to this vulnerable age-class, and
establishes a novel approach to characterizing risk in marine ecosystems that can be
applied to other management and ecosystem concerns.
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FIGURE 5 | Partial plots for generalized additive models for predation presence/absence variables. Probability of Predation is on the y-axis and environmental variable

FIGURE 6 | Spatial distribution of predicted predation probability, as estimated from the best generalized additive model based on the relationship to distance to
haulout, bathymetry (depth), and slope. The spatial extent is constrained by habitat (bathymetry and distances from haulouts) juvenile SSLs were associated with* in
control data. *Note, association with bathymetry refers to the specific depth at a SSL movement location, not SSL usage of the vertical water column.

higher, rather than foraging at more distant locations, which
could concentrate sea lions for predators. Previous work has
found that average annual predation by transient killer whales
on SSLs (mainly pups and juveniles) at one rookery in our
study region accounted for 3-7% of the local summer seasonal
population of sea lions (Ford et al, 1998; Maniscalco et al.,
2007). Slope of bathymetry was also associated with predation
risk, which was highest at comparably shallow angles around 2-3
degrees (Figure 5). Most shorelines in the region are steep, and
therefore this effect matches the shape of the distance pattern,
and probably reflects the same root cause.

Opverall, between the present study and Bishop et al. (2019),
the observed diving, haulout, spatial and habitat use associated
with resource-risk trade-offs are consistent with a mix of at least

two predator types—transient killer whales and Pacific sleeper
sharks, as proposed and theoretically modeled by Frid et al.
(2009). Interestingly, the observations by Bishop et al. (2019)
that may indirectly suggest closer-to-rookery predation in the
summer were derived primarily from telemetered sea lion dive
behavior data and were informed by predation event timing,
but not location. The positive association of predation risk
with deeper bathymetry, and distance from rookeries we report
here were derived from predation event telemetry timing and
location, and was only spatially constrained by telemetered sea
lion movement. Both reflect consumptive effects, presumably
from a mix of predators, and provide information about the
extrinsic and intrinsic factors associated with risks for juvenile
Steller sea lions. This highlights the complementary nature of
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the two types of telemetry used in this study, external behavioral
tracking tags, and internal, predation detecting.

As marine ecosystems continue to experience rapid changes,
it will be critical to have methods for assessing inter-species
interactions, particularly predator-prey interactions, in order to
evaluate the potential impacts to ecosystem structure. Marine
risk maps, linking habitat to predation probability, could provide
insights into the biological connections in the ecosystem, be
used to develop further hypotheses, or focus observational
effort to spatial and temporal windows that are identified
as being associated with risk. Though explored through a
case-study on juvenile Steller sea lions, the process described
here was designed to be applicable across a range of species
and telemetry types already used in marine systems where
mortality data-sources have a high degree of spatio-temporal
uncertainty. Spatially explicit information on predation risk
can also provide the framework for assessing non-consumptive
effects of predation. Satellite telemetry data have provided
evidence of non-consumptive effects of predators on prey species
in open ocean systems including shifting movement (Westdal
et al., 2017; Matthews et al., 2020) and habitat use patterns
(Ferguson et al., 2010). For example, previous work has found
that narwhal will shift habitat use closer to shore (Breed
et al., 2017) and bowhead whales will select for heavy sea ice
(Matthews et al., 2020) when killer whales are present. Studies
that link these observations with data showing consumptive
or direct mortality (e.g. kill sites) effects of predators on prey
are lacking and can further enhance our understanding of how
biophysical habitat characteristics influence predation success
and resource trade-offs.
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