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ABSTRACT

Disparate bodies of literature implicate risk avoidance and energy conservation as important drivers of animal movement de-

cisions. Theory posits that these phenomena interact in ecologically consequential ways, but rigorous empirical tests of this
hypothesis have been hampered by data limitations. We fuse fluid dynamics, telemetry, and attack data to reconstruct risk and
energy landscapes traversed by migrating juvenile salmon and their predators. We find that migrants primarily use midriver
microhabitats that facilitate migration at night. During daylight, predators become more aggressive in the midriver, and prey
reduce midriver use in favour of nearshore microhabitats, resulting in increased energy expenditure and decreased migration
efficiency. Predators attack most when migrants are not prioritising threat avoidance and during ephemeral periods of low light-
ing. Our findings suggest that predator-prey interactions result from an interplay between landscapes of fear and energy, which
can determine the degree to which predators affect prey through mortality or fear.

1 | Introduction

Animal movements influence the demography and evolu-
tion of animal populations by affecting a vast range of eco-
logical processes (Barton et al. 2011; Borchering et al. 2017;
Hein and Martin 2019; Hein and McKinley 2013; Lindstram
et al. 2013; Pawar, Dell, and Savage 2012). Determining the
mechanisms by which animals make movement decisions
has, thus, become a central goal in modern ecology (Kays
et al. 2015; Nathan et al. 2022). Over the last half-century,
many studies have implicated perceived risk, or ‘fear, as a
driver of animal movement decisions, suggesting that the

‘landscape of fear’, or spatial variation in perceived risk, can
determine how animals navigate their environments (Gaynor
et al. 2019; Palmer et al. 2023). Over the same period, a second,
but largely separate body of literature has suggested that ani-
mals make movement decisions based on the energetic costs of
those movements (Darveniza et al. 2023; Gallagher et al. 2017;
Shepard et al. 2013). Through this lens, animals navigate an
‘energy landscape,” where they seek to exploit structure in
the environment (e.g. environmental currents, flat terrain,
Gallagher et al. 2017) that allows them to move efficiently,
thereby conserving energy that can instead be allocated to
critical life-history tasks such as reproduction.
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The need to avoid predators and the need to move efficiently
are examples of proximate objectives animals might seek to
achieve that potentially trade off with one another. Classic
fitness-optimization models in ecology posit that when en-
ergy is in sufficiently high demand (e.g. when an individual
is close to starvation, or is engaged in demanding activities
such as dispersal or migration), an organism must prioritise
activities that meet this demand, even if this means lower in-
vestment in activities that reduce the risk of being killed by
a predator (Brown and Kotler 2004; Lima 1998; McNamara
and Houston 1987). Many empirical studies have tested this
hypothesis in the context of organisms meeting energetic
demands through energy intake; for example, via feeding
(Brown and Kotler 2004; Lima and Dill 1990; Verdolin 2006).
However, an animal’s energetic state is also determined by
how it uses energy. A primary way mobile animals use en-
ergy is through movement, and animals often have the option
of choosing among microhabitats that confer very different
energetic costs of movement (Darveniza et al. 2023; Shepard
et al. 2013). Thus, an important hypothesis that extends from
classic theory of energy-safety tradeoffs is that landscapes of
fear and landscapes of energy interact to influence animal
movement decisions (Gallagher et al. 2017, Papastamatiou
et al. 2024), and as a consequence, whether predators affect
prey via mortality or fear. Here, we test this hypothesis by fus-
ing extensive movement, fluid dynamics, and predation data
to reconstruct the landscapes of fear and energy wild animals
experience as they make movement decisions.

In this study, we focus on animals in the midst of an energeti-
cally demanding migration: juvenile Chinook salmon ‘smolts’
(hereafter, referred to as ‘migrants’), a species of critical man-
agement concern, migrate through riverine and estuarine hab-
itat in the Sacramento-San Joaquin Delta to reach the Pacific
Ocean, where they mature before returning to spawn. Like
many other migrants that swim or fly, smolts use favourable
flows to aid them in travel; river flows can advance individu-
als along their migratory route toward the ocean (Sridharan
et al. 2023), while reducing energy expenditures (Liaoc 2007).
Thus, the flows available to migrants within a river chan-
nel generate a dynamic energy landscape. At the same time,
abundant invasive predators, heavily subsidised by invasive
prey, impose a severe risk of mortality on migrants (Mahardja
et al. 2017). Consequently, we hypothesize that migrants will
exploit high seaward flows (e.g. in the midriver; McElroy,
DeLonay, and Jacobson 2012) but that threat avoidance in the
face of high predation risk could reduce this energy-saving
behaviour. Using computational fluid dynamics modelling
(Olivetti et al. 2021), we reconstructed dynamic flows within a
key segment of the migration route with high densities of pred-
ators (Henderson et al. 2023). We used telemetry data from
tagged predators to derive spatiotemporal patterns of predator
space use, and combined this with extensive field predation
assays. These rich, complementary data sources allowed us to
reconstruct both the energy landscape, and the landscape of
risk migrants encountered as they made movement decisions.
We coupled these insights with migrant telemetry data, offer-
ing detailed information about migrant movement decisions,
as they negotiated these landscapes. Our results allowed us to
test whether and how migrants prioritise moving efficiently

over avoiding predators, and to directly infer how movement
strategies influence predator—prey interactions.

2 | Material and Methods
2.1 | Data Collection
2.1.1 | Telemetry and Environmental Data

Raw flow and animal tracking data were collected from a seg-
ment of the San Joaquin River in the California Central Valley
(McQuirk, Simon, and Cane 2015). Four hundred and twenty-
four Falltun Chinook salmon (Oncorhynchus tshawytscha),
23 striped bass (Morone soxatilis) and 17 largemouth bass
(Micropterus salmoides) were implanted with injectable HTI
hydroacoustic tags (M2800 and 795Lm models), which were de-
tected at 13 HTI hydroacoustic detectors (model 590) deployed
in a two-dimensional array extending over roughly 1km of the
San Joaquin River at the junction with Old River from April to
June, 2012. The resultant dataset includes 120,249 relocations
from 172 salmon smolts, 1,077,823 relocations from 13 large-
mouth bass, and 674,776 relocations from 19 striped bass.

We estimated river depth at each salmon relocation, using
bathymetric data (Wang, Ateljevich, and Jaffe 2018) and river
stage measured by an upstream data logger (CDEC 2024). We
computed light availability for the study region using a celestial
almanac and empirical estimates for the lux (lumens per area
per second) values of sunlight, moon phases and twilight stages
(Time and Date AS 2024a, 2024b). We were unable to obtain
reliable data on cloud cover for our specific study location and
dates, but regional data suggest low to nonexistent cloud cover
during the months of our study (Meteoblue 2023).

We built a Computational Fluid Dynamics Model (CFDM) based
on hydrodynamic and bathymetry data (Supporting Information,
Wang, Ateljevich, and Jaffe 2018; Olivetti et al. 2021). We then
used the hydrodynamic information from our CFDM and smaolt
relocation data to quantify the dynamics of individual fish motion.

2.1.2 | Predation Data

We measured relative predation rates on our focal prey species
using predation assays in which a live juvenile Chinook salmon
smolt (0. tshawytscha, hatchery raised) was tethered to a drift-
ing buoy. Three thousand nine hundred and twenty-four pre-
dation assays were deployed over 3097 total hours throughout
our study region (Supporting Information (Michel et al. 2020)
(Figure 51)).

2.2 | Data Analysis
2.2.1 | Riverflow
We used the river midline to determine, at any point in the study

region, which direction would achieve the greatest seaward
progress (Figure 52). We used the direction of the nearest river
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midline with CFDM-generated flow magnitude and direction at
each migrant relocation to compute the river flow vector in the
seaward (migratory) direction. We verified that these data were
approximately normally distributed and computed 95% confi-
dence intervals as the sample mean + 1.96*SE.

2.2.2 | Spatiotemporal Distributions of Predators
and Migrants

We used telemetry data from smolts and two dominant pi-
scivorous predators in our study system: largemouth bass and
striped bass (Nobriga and Feyrer 2007), to determine micro-
habitat use over the diel light cycle. To eliminate biases driven
by differences in the numbers of relocations sampled per in-
dividual and individuals sampled among light periods (and to
normalise for differences in relocations per species for pred-
ators), we normalised the spatial occurrence probability dis-
tributions of each predator species and of migrants for night,
twilight and day, such that all relocations for a given species
in a given light period sum to 1.

2.2.3 | Migration Progress and Displacement

For each consecutive pair of relocations, we computed the mag-
nitude of the migrant’s movement vector in the migratory direc-
tion (i.e. displacement along the river midline, with positive and
negative values indicating migration progression and regres-
sion, respectively). We divided this value by the displacement
between the time steps to get migration efficiency. For migra-
tion efficiency, displacement, work, and predator exposure of
migrants, we computed 95% confidence intervals around each
mean via nonparametric bootstrapping, by sampling migrant
trajectories with replacement 1000 times, computing the mean
for each sample, and computing the 0.025 and 0.975 quantiles of
this distribution of sampled means. We repeated this process to
analyse migrant behaviour in response to moonlight.

2.2.4 | Calculation of Work

Given local flow conditions reconstructed with the CFDM, and
given the instantaneous heading of each migrant revealed by the
trajectory of relocations, we used Newton's Second Law to com-
pute the locomotion force that each fish would have exerted to
move in the way that it did (Supporting Information—Data 81).
We used these estimates of locomotion force to compute the work
(Joules) exerted by each fish between consecutive relocations.

2.2.5 | Prey Exposure to Predators

We subdivided our 5.3-ha study location into a grid of 3.5x3.5m
cells, for each of which we summed normalised predator reloca-
tions therein and divided this by area (12.5m?) to get normalised
predator density. To obtain more general predator density es-
timates, not limited to the grid cells in which tagged predators
were observed, we fitted a generalised additive model (GAM) to
our normalised predator density data, using the *gam’ package in
R (Hastie and Narasimhan 2023; R Core Team 2023), allowing

us to use environmental predictor variables to estimate species-
specific predator densities in every grid cell of our study location.
We divided each predicted predator density in a given light period
by the domain-wide sum of predicted predator densities for that
light period, to control for differences between light periods. We
fitted a model set that included all possible unigque combinations
of the main effects of distance from shore, depth, diel light period,
predator species, and all two-way interactions thereof, yielding
112 candidate models. We compared model fits using the Akaike
information criterion (AIC), which revealed five top models with
AIC values within 2units of one another, indicative of compara-
ble fit (Table 51) (Burnham and Anderson 2002). All top models
included two-way interactions that collectively involved all four
predictor variables (Table 51). We used the best fitting GAM to
compute density estimates for each predator species at each mi-
grant relocation, using distance from shore, depth and diel light
period thereof. We then took the sum of predator density esti-
mates across migrant relocations for each combination of light
period (night, twilight or day) and microhabitat (nearshore or
midriver). To control for differences in sample size between light
periods, we divided predator density sums for a given light pe-
riod by the total number of relocations sampled from that light
period, yielding the metric that we refer to as ‘exposure’ of prey
to predators. Main text results come from the top model, and we
reproduced all results using each of the top five models to test the
sensitivity of our results (Supporting Information-Data S1).

2.2.6 | Counterfactual Analyses

To further contextualise patterns in migrant movement deci-
sions across the diel light cycle, we analysed counterfactual sce-
narios, in which we superimposed the movement trajectories of
migrants from one light period onto the map of estimated pred-
ator densities from a different light period. Specifically, we took
nighttime salmon movement data and used our GAM to compute
the predator exposure that would be expected if it were daytime,
and we compared differences in predator exposure nearshore vs.
midriver between actual and counterfactual scenarios. We com-
puted 95% confidence intervals for predator exposure via non-
parametric bootstrapping, in which we resampled tracks with
replacement 1000 times and, in each case, computed the sum
and the lower 0.025 and upper 0L975 quantiles of the resultant
distribution of sums. For visual purposes, we report these find-
ings as differences between actual and counterfactual predator
exposure (normalised by median predator exposure), for which
we present the most conservative estimate of the differences,
by taking from the actual predator exposure estimate the con-
fidence interval that yields the lesser effect size and subtracting
from it the mean and lower and upper confidence intervals for
the counterfactual predator exposure estimate.

2.2.7 | Field Predator Attack Assays

For each combination of microhabitat (nearshore vs. midriver)
and diel light period (night, twilight, day; night without vs.
with moonlight), we computed the mean predator attack rate
(attack [0 or 1] over trial duration) and 95% confidence interval
via nonparametric bootstrapping, based on sampling of assays
with replacement 1000 times, computing the mean for each
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sample and the 0.025 and 0.975 quantiles of the distribution of
sampled means. We normalised these rates to produce two ad-
ditional metrics. Firstly, we divided predator attack rate by prey
exposure to largemouth bass and striped bass for nearshore
habitat (in which both species were identified as attackers in
predation assays) and by prey exposure to striped bass only for
midriver habitat (in which only striped bass were identified as
attackers in predation assays). Secondly, to estimate variability
in per-predator attack rate, we divided predator attack rate for
each light period by the relative density of striped bass (from
relocation data) normalised such that mean densities across
the river summed to 1 for each light period examined (night
without moonlight, night with moonlight, twilight, and day).
We present findings on per-predator attack rate for striped bass
only, because this species generally utilised the full cross sec-
tion of the river; because largemouth bass were rarely found
beyond nearshore microhabitat, we had low confidence in esti-
mates of their per-predator attack rate in the midriver.

3 | Results

3.1 | Reconstructing Landscapes of Opportunity
and Risk

In our study system, river flows in the seaward direction
are generally higher in the midriver than they are nearshore
(Figure lab). Thus, opportunities for migrants to exploit
seaward flows to facilitate migration are greater in the mid-
river. Concerning predators, telemetry data revealed that the
two dominant fish predators in the system, largemouth bass
and striped bass, exhibit different microhabitat use patterns.
Largemouth bass strongly prefer nearshore microhabitats
(0-32m from shore), while striped bass are more evenly dis-
tributed across the river, utilising nearshore microhabitats
more at night and midriver microhabitats (32-64m from
shore) more in the day (Figure 1c.d; patterns in Figure 1d were
conserved across all top models: Figure 53). Predation assays
revealed that attack rates varied considerably over space and
time, but exhibited two clear spatiotemporal patterns. Firstly,
attack rates peaked during twilight, the ephemeral, low-light
transition period between day and night (Figure 1e). Secondly,
attack rates were higher nearshore than in the midriver at
night but more evenly distributed across the river under day-
light and twilight (Figure le).

The patterns of flow and predator activity revealed by our
analysis allow one to interpret observed movement patterns
of migrants in the context of predator avoidance and energy
objectives. For example, if migrants prioritise minimising en-
ergetic costs of migration, they should preferentially use the
midriver across the diel cycle to exploit seaward flows that mi-
nimise the cost of migratory movements. If, instead, migrants
seek only to minimise the risk of predation, they could mini-
mise encounters with largemouth bass and total attack rates by
avoiding nearshore microhabitat, but minimising encounters
with striped bass would require avoidance of midriver micro-
habitat in the day. Thus, naively, it seems possible that migrants
could optimise both threat avoidance and energy conservation
by adopting a strategy in which they use the midriver over the
entire diel cycle and avoid nearshore microhabitat altogether.

3.2 | Prey Decision-Making in the Face of Risk
and Energy Savings

Contrary to the prediction that migrants should use the mid-
river across the diel cycle, we found that occurrence probability
of migrants was higher nearshore than in midriver microhabi-
tats throughout the diel cycle, but particularly during the day,
when 75.6% of relocations were nearshore (Figure 2a). Use of
the midriver was intermediate during twilight and greatest
at night. Because midriver microhabitat facilitates migration
(Figure 2h), the pattern of increased use of the midriver at night
(Figure 2a) resulted in a 3-fold greater migration efficiency at
night than during the day (Figure 2c). This effect was far greater
than the relatively small difference in average flow between day
and night in our dataset (Figure 1b). We further found that ab-
solute displacement was greater (by 23.6%) and physical work
performed during locomotion was much greater (by 260.4%) in
daylight than at night (Figure 2d.e).

To understand what may drive migrant microhabitat use, we
analysed exposure of migrants to the two dominant species of
predators. Exposure to the nearshore-associated largemouth
bass increased by 22% from night to day (Figure 2f, a pattern
conserved across all top models: Figure 54). Conversely, expo-
sure to striped bass was highest at night, decreasing by 38% from
night to day (Figure 2g, a pattern conserved for three top mod-
els; two top models showed no clear effects of diel light period
on exposure to striped bass: Figure 54). We further found that,
despite migrants using the midriver least in daylight (Figure 2a),
midriver encounters with striped bass were not lower in the day
than they were at night (Figure 3a, a pattern conserved across
all top models: Figure 585), indicating that these encounters were
driven by increased use of the midriver by striped bass during
the day (Figure 1d). To further elucidate the movement strategy
of migrants, we performed a counterfactual analysis by comput-
ing the predator exposure migrants would experience if the ob-
served patterns of migrant space use during day and night were
reversed. This analysis revealed that if migrants adopted night-
time space-use patterns during the day, on average, they would
have avoided 30% of actual daytime exposure to largemouth bass
and 36% of actual daytime exposure to striped bass nearshore,
but they would have experienced a 96% increase in exposure to
striped bass in the midriver, relative to actual daytime midriver
exposure to striped bass (Figure 3b and Figure 56, a pattern con-
served across all top models: Figures 55 and 57). This finding
suggests that, by avoiding midriver microhabitats in daylight,
migrants reduce their exposure to striped bass in the midriver,
but they forgo both a 3-fold increase in migration efficiency
(Figure 2c) and a decrease in exposure to predators in other con-
texts (Figure 3b and Figure 56). One explanation for this pat-
tern of behaviour is that midriver exposure to striped bass may
be particularly dangerous for migrants. To test this hypothesis,
we combined our estimates of prey exposure to predators with
data from predation assays to compute a relative measure of the
attack rate per unit exposure to each species of predator. The
rate of attack per unit exposure to striped bass in the midriver
in daylight is, on average, 10.6-fold greater than it is at night and
4.2-fold greater than that of striped bass and largemouth bass
nearshore (Figure 4, a pattern conserved across all top models:
Figure 58). The hypothesis that striped bass (and not largemouth
bass) pose the primary threat during the day is also consistent
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with the analysis of a subset of predation assays, in which it was
possible to determine predator identity (Figure 39). These data
show that 197 of 213 (92%) identified attacks on migrants were
by striped bass; moreover, all identified attacks in the midriver
during the day were by striped bass.

3.3 | Spatiotemporal Dynamics of Predator Attack
Behaviour

Predators also exhibited changes in behaviour from day to night;
however, it was during twilight, the ephemeral period when prey
transitioned between greater and lesser midriver microhabitat
use, when the overall frequency of predator attacks was highest

(Figure 1e). Furthermore, we found that attacks per unit expo-
sure to striped bass were greatest in the midriver during twilight
(4.7-fold greater than in the midriver in daylight; Figure 4), while
twilight midriver use by migrants increased going from daylight
to twilight (Figure 2a). Furthermore, on average, predators in-
crease attack rate by a factor of 695 in the presence (vs. absence)
of moonlight (Figure 5a), during which the system is exposed to
a similar range of illuminance to that present during twilight.
Indeed, over the diel cycle, the highest rates of attack occurred
under twilight and moonlight, and these rates were similar in
magnitude (Figures le and 5a). Furthermore, there was no detect-
able effect of moonlight on migrant behaviour (Figure 5b, and the
pattern of predator exposure was conserved across all top models:
Figure S10).
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4 | Discussion

A classic prediction of ecological theory is that when energetic
demands on prey are sufficiently high, prey should prioritise
these demands over threat avoidance (Brown and Kotler 2004;
Lima 1998; McNamara and Houston 1987). Our results allowed
us to rigorously test this long standing hypothesis with respect
to animal movement decisions in the wild. We find that prey
employ a dynamic strategy in which they shift microhabitat use
depending on both changing risk and the energetic cost of mowve-
ment: prey appear to avoid risk at high energetic expense under
daylight, but to effectively accept greater risk to improve the
energetic efficiency of migration during twilight and nighttime.

These results address a critical knowledge gap concerning how
animals make decisions to both move with energetic efficiency
and avoid predatory threats (Gallagher et al. 2017; Papastamatiou
et al. 2024), a task that is likely to be particularly challenging
during energetically demanding periods, such as dispersal or
migration (Sabal et al. 2021). Our findings show that animals
can dynamically prioritise threat avoidance and energetic effi-
ciency (analogous to findings of prey dynamic prioritisation of
threat avoidance and feeding; Poulin, Cherry, and Merkle 2023)
within as narrow a time period as a diel cycle, demonstrating a
movement strategy that falls between past observations that prey
simply either prioritise threat avoidance (Matthews et al. 2020)
or energy conservation (McCabe and Olsen 2015).
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FIGURE 3 | Migrant (prev) exposure to predators and effective acceptance or avoldance thereof. (a) Migrant exposure to predators, a normalised
metric for risk, based on predicted predator densitles (see Material and methods: Prey exposure to predators, means + 95% confidence intervals) over
binned distances from shore and over night (navy) and day (yellow), dertved from telemetry data (see Materials and methods: Prey exposure to pred-
ators), and (b) the difference in estimated daytime predator exposure ({actual—counterfactual)/median predator exposure; means +95% confidence
intervals, see Materials and methods: Counterfoctual analysis) of migrant prey, indicative of effectively accepted (positive values) versus avolded

(negative values) predator exposure.
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FIGURE4 | The risk that exposure to a predator leads to an attack depends on predator species and spatiotemporal window. Attacks per unit of
exposure of prey to predators (attacks per unit time on field presentations of tethered, live migrants of Chinook salmon (0. tshawytscha), divided by
predator exposure per unit time dertved from telemetry data; means +95% confidence intervals, see Materials and methods: Field predator attack

assays) nearshore for largemouth bass and striped bass and midriver for striped bass.

By illustrating how prey negotiate the tradeoff between energy
use and risk avoidance, our results address another fundamen-
tal question in ecology: what determines whether predators
affect prey primarily through fear or through direct mortality?
Our analyses suggest that predators are likely to affect prey
populations most strongly when peaks in the landscape of risk
have high spatiotemporal overlap with peaks in opportunities
for energy savings across the landscape, resulting in strong
conflict between movements that would optimise different
demands. However, whether predators affect prey primarily
by changing how prey use the energy landscape (i.e. through
fear effects on prey behaviour) or through direct mortality,
depends on how prey negotiate this tradeoff between conflict-
ing demands. Our results show that prey in our system use

a mixed strategy, wherein they avoid efficient but dangerous
routes at some times (avoidance of the midriver during day-
light, Figure 2c,e), but opt to use locations that confer efficient
movement despite danger at other times (e.g. during twilight
and moonlight, Figures 4 and 5). In the first case, predators
affect prey through classic fear effects; prey pay both an op-
portunity cost of slowed migration and a high energetic cost
when using safer microhabitats (Figure 2c.e). In the second
case, predators are most likely to affect prey by imposing di-
rect mortality, particularly during moonlight and twilight,
when prey move more efficiently but appear unresponsive to
heightened predation risk.
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We find that whether prey move in ways that prioritise ener-
getic efficiency or minimise risk is tightly linked to the phase
of the diel cycle; prey avoid risk during the day but prioritise ef-
ficiency during twilight and night. The idea that migratory an-
imals may avoid travelling during the day to reduce predation
risk has been widely invoked to explain patterns of nocturnal
migration, including those observed in a number of salmon spe-
cies (Chapman et al. 2013; Clark et al. 2016; Ibbotson, Beaumont,
and Pinder 2011; Komal et al. 2017; Railsback et al. 2005). But it
has also been argued more broadly that concentrating activity
into nocturnal periods may be a general behavioural mechanism
animals use to avoid threats (Berger and Gotthard 2008; Gaynor
et al. 2018; Kronfeld-Schor and Dayan 2003). Our findings are
consistent with these broad predictions, but the unigue nature of
our data allows us to add details to this picture of prey decision-
making. For example, while prey migrate less efficiently during
the day, they are not inactive but, instead, move frequently,
cover significant distances, and expend substantial energy
(Figure 2c—e). We also found that prey did not restrict their use
of the microhabitats that confer efficient movement to dark night
alone, when these locations are relatively safe, but also used
these microhabitats during twilight, when attack risk per preda-
tor encounter reached its peak (Figure 4). These findings suggest
that the strategies prey use to navigate tradeoffs between risk
avoidance and energetic efficiency do not necessarily uniformly
reduce risk, but may instead concentrate periods where prey are
exposed to high risk into transient spatiotemporal windows.

The influence of ambient lighting on how prey navigate energy-
safety tradeoffs is perhaps most evident in our findings that pred-
atory attacks increase during twilight and moonlight (Figures 4
and 5a) but that there is an apparent lack of response by prey to
these heightened threats (Figures 2a and 5b). Consistent with this,
recent experimental manipulations of light levels at night in this
system found that artificially increasing illuminance into a range
that occurs naturally during moonlight and twilight (0.5-701x)
caused a substantial increase in attack rates on salmon smolts
(Melson et al. 2021). A possible explanation for these patterns is
that predators increase feeding activity during conditions of in-
termediate light precisely because they have a sensory advan-
tage during these periods (Kronfeld-Schor et al. 2013; Randker
et al. 2014). Striped bass, largemouth bass, and chinook salmon all
exhibit limited visual perceptual capabilities at light levels below
10~*—1021lx, corresponding to nocturnal conditions in the ab-
sence of moonlight, whereas perceptual capabilities of all three
species increase dramatically with increasing light levels between
1021x and roughly 50lx—a range corresponding to moonlight
and twilight (Hansen, Beauchamp, and Schoen 2013; Horodysky
etal. 2010; McMahon and Holanov 1995). The limited experimen-
tal data that exist, however, suggest that this increase in visual
capabilities ocours at lower light levels for striped bass and large-
mouth bass (Horodysky et al. 20010; McMahon and Holanov 1995)
than it does for salmon (Hansen, Beauchamp, and Schoen 2013),
consistent with the idea that intermediate light may create a sen-
sory asymmetry between predators and prey. The extent to which
such sensory asymmetries may occur across predator—prey sys-
tems, and whether they may explain the existence of diel or lunar
predation windows remains an open question.

Understanding how the nature of predator-prey interactions
emerges from the dynamic interplay between environmental

contexts has been difficult historically because past studies of
animal behaviour in the wild are limited not only by their lack
of measurements of concurrent fear and energy landscapes, but
also their lack of measurements of changes in prey and preda-
tor behaviour over time. Most previous studies have treated the
landscape of fear as a static property of the environment (Kohl
et al. 2018; Palmer et al. 2023). Moreover, many studies use the
density or average density of predators as a proxy of risk, ignor-
ing possible shifts in predator feeding behaviour (Lima 2002;
Suraci et al. 2022). In our study, per-predator attack rates change
by a factor of 20.8 over space and time (Figure 511), illustrating
that predator density alone can be a poor proxy for risk. Instead,
risk is determined by the interplay between behaviours of both
predators and prey that vary over space and time. Importantly,
the interactive effects of energy and fear landscapes were only
apparent in our study because we were able to decouple attack
risk in a given location from prey density, a variable that can
confound risk estimates when they are based on variables like
natural kill site locations or alarm call frequencies (Coleman and
Hill 2014; Kauffman, Brodie, and Jules 2010; Perry et al. 2020).
Owr site-wide predator attack assays allowed us to assess relative
predation risk even in locations that freely moving prey rarely or
never visit, which is critical to understanding threat avoidance
behaviour (e.g. prey avoidance of midriver habitat in daylight,
where and when the risk of predation given prey exposure to a
predator is particularly high; Figure 4).

While our analyses offer rich general insights, the observational
nature of our datasets also imposes limitations on our inference.
For example, because salmon smolts are only one of a range of
possible prey species present in the system, we cannot determine
definitively whether shifts in predator behaviour are a response
to changes in the behaviour of salmon, per se. Despite these
limitations, our analyses provide concrete evidence that energy
landscapes can interact with dynamic landscapes of fear in ways
that shape species interactions, for instance by determining
when and where predators affect prey through density- (mortal-
ity) versus trait-mediated (fear) effects. Combining energy and
fear landscapes, thus, has the potential to help resolve appar-
ent discrepancies in the relative importance of these effects and
their downstream ecological consequences (Kauffman, Brodie,
and Jules 2010; Preisser, Bolnick, and Benard 2005; Sheriff
et al. 2020). Our findings suggest that we may generally ex-
pect that density-mediated effects will dominate when energy-
savings opportunities are substantial, or that fear effects will
dominate when energy-savings opportunities are more limited.

Simultaneously quantifying prey and predator behaviour and
energy landscapes in the wild has tremendous potential to fur-
ther our understanding of the ecology and evolution of pred-
ator-prey interactions (Gallagher et al. 2017; Papastamatiou
et al. 2024). Such work will be particularly critical for evaluating
how anthropogenic changes like sensory pollution and habitat
modifications that alter both risk and energy landscapes will
impact ecosystems (Dickie et al. 2020; Dominoni et al. 2020;
Abrahams and Kettenfeld 1997), for example, by changing the
degree to which predators affect prey through mortality or fear.
Building a deeper, data-driven understanding of prey and preda-
tor strategies and the sensory, energetic, and behavioural mech-
anisms that drive them has the potential to yield transformative

10 of 12

Ecology Letters, 2025

O T I ImIoEl

iy

Ko

) PR SRR oW | oy e | B0 Anay o] fy SPmoE D0 A0 LR A & #0004 0 11 TOLeoE

ST NI GG W S o o P ADcH o S Wiy TN 0 s g ARG SEme) £og M B0



insights for the disciplines of ecology, evolution, and conserva-
tion (Gaynor et al. 2021; Papastamatiou et al. 2024).
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