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ABSTRACT

Understanding the factors that determine the occurrence and strength of ecological interactions under specific abiotic
and biotic conditions is fundamental since many aspects of ecological community stability and ecosystem functioning
depend on patterns of interactions among species. Current approaches to mapping food webs are mostly based on traits,
expert knowledge, experiments, and/or statistical inference. However, they do not offer clear mechanisms explaining
how trophic interactions are affected by the interplay between organism characteristics and aspects of the physical envi-
ronment, such as temperature, light intensity or viscosity. Hence, they cannot yet predict accurately how local food webs
will respond to anthropogenic pressures, notably to climate change and species invasions. Herein, we propose a
framework that synthesises recent developments in food-web theory, integrating body size and metabolism with
the physical properties of ecosystems. We advocate for combination of the movement paradigm with a modular def-
nition of the predation sequence, because movement is central to predator—prey interactions, and a generic, mod-
ular model is needed to describe all the possible variation in predator—prey interactions. Pending sufficient empirical
and theoretical knowledge, our framework will help predict the food-web impacts of well-studied physical factors,
such as temperature and oxygen availability, as well as less commonly considered variables such as wind, turbidity
or electrical conductivity. An improved predictive capability will facilitate a better understanding of ecosystem
responses to a changing world.

Key words: predictability, physical factors, predation sequence, movement paradigm, navigation, internal state, motion,
functional response, food webs.
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I. INTRODUCTION

In nature, species are interconnected through their many
mnteractions, forming complex ecological networks (Montoya,
Pimm & Sole, 2006). The structure of these interaction net-
works affects not only the performance of individual species,
e.g. during community assembly (Bauer ¢ al., 2022), but also
the stability of communities, the functioning of the ecosystem
and its resilience in response to disturbances (Schneider,
Scheu & Brose, 2012; Wootton & Stouffer, 2016). Accurate
knowledge of the occurrence and magnitude of species interac-
tions in natural systems is thus crucial for ecological forecasting
(Daugaard et al., 2022). Species co-occurrence is a prerequisite
for interactions, and interactions are often required for a species
to occur in a particular site (e.g. a predator cannot survive
without eating some prey; Gravel ef al., 2011). As a result,
investigations of interactions have largely relied on empiri-
cal observations, experiments under controlled conditions,
and expert knowledge, which may increase uncertainty in
predictions (Stier ¢t al., 2017). A mechanistic understanding
of how physical conditions and species traits shape interac-
tions represents a key step towards increasing predictability.

Fundamental approaches have linked species traits such as
body mass, metabolic type (e.g. invertebrate, ectothermic or
endothermic vertebrate), locomotion mode (e.g. running, flying
or swimming) and predation strategy (e.g. ambushing, group or
pursuit hunting) to the likelihood of predator—prey interactions
(EKlof et al., 2013; Hirt et al., 2020). Predator and prey body
masses, In particular, have proved useful for the prediction of
trophic niche boundaries (Gravel et al., 2013). However, trophic
niches under natural conditions vary due to changes in physical
conditions and to time-dependent adaptive responses (Ushio
et al., 2018). These limitations of trait-based approaches require
generalised models that also account for local physical condi-
tions that can vary or shift in space or time.

Physical conditions can prevent species co-occurrence and
thus interactions, e.g. if temperature or salinity exceeds a

physiological threshold for one species (Kortsch et al., 2019)
— so-called environmental filtering (Kraft et al., 2015). In
addition to the presence or absence of an interaction, physi-
cal conditions can also modulate the strength of interactions.
This modulation was documented for temperature (Uszko
et al., 2017; Vucic-Pestic et al., 2011). The effects of other
physical conditions, however, have received far less attention
despite being ubiquitous (Kraft ez al., 2015). The modulation
of interactions 1s critical as physical conditions can enhance
or prevent the interaction of co-occurring species, e.g. if it is
too dark for a visual predator to find its prey (Ranaker
et al., 2014). As the effects of physical conditions are often
deterministic and thus predictable, they form a solid basis
from which to construct mechanistic models for the assembly
and quantification of interactions in networks. Such models
could be immensely useful for two main reasons. Firstly, they
represent an improvement over current body-mass ratio
approaches by enabling more mechanistic predictions of
(1) interactions that are missed by sampling, and (i) struc-
tures of interaction networks for communities where inter-
actions have not yet been sampled. Secondly, they could
expand the utility of observational data by (i) accounting
for heterogeneity in interaction networks at finer spatial
scales than observational data allow, (zz) enabling extrapola-
tion to times that were not directly sampled (e.g. seasonal
fluctuations in physical conditions), and (u7) predicting the
effects of future change in physical conditions on empirical
and estimated interactions and networks alike. Here, we pave
the way for a framework that accounts for the effects of phys-
ical factors on ecological interactions in a comprehensive and
quantitative way. Specifically, we focus on predator—prey
interactions, which are the building blocks of food webs.
Extension of the framework to other types of ecological inter-
actions is conceivable. We also discuss how empirical work and
databases can be integrated to validate the highlighted influ-
ences of physical factors across scales, from individual interac-
tion events to the structuring of food webs.
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II. AFRAMEWORK FOR THE INCLUSION OF
PHYSICAL FACTORS IN THE STUDY OF
PREDATOR-PREY INTERACTIONS

We posit that a framework for the inclusion of physical fac-
tors in the study of predator—prey interactions should
include a movement-based paradigm of interactions
(Nathan et al., 2008) combined with a modular predation
sequence (Wootton ¢ al., 2023). For a predator and prey to
interact, at least one organism must move relative to the
other until they reach the same spatial position and handling
of the prey by the predator takes place (Jeltsch et al., 2013).
Movement is crucial to each of the steps in a successful preda-
tion event and hence to the outcome of all predator—prey
interactions (Wootton et al., 2023). The intrinsic capacity of
predators and prey to move and navigate — 1.e. direct their
movements towards a goal (Nathan et al., 2008) — will interact
with physical factors to impose limits on their movements
and, therefore, their ability to enact or escape a predation
event. Movement also incurs significant energetic costs for
both predators and prey. These costs will vary with physical
factors (e.g. ambient temperature affects metabolic rate and
thus the costs of active movement), affect the physiological
state of the organisms, and in turn, determine their trajecto-
ries and performance (Shepard et al., 2013). Thus, physical
factors ultimately determine the outcome of interactions via
movement. While the definition of a ‘physical factor’ poten-
tially includes ‘all aspects of matter, energy, and the forces
acting upon them’ (American Heritage® Dictionary of the
English Language, Fifth Edition, 2011), we restrict our scope
here to quantifiable abiotic features of the environment
whose variations are known or expected to affect the move-
ment of organisms.

A non-exhaustive scanning of the relevant literature
reveals a very diverse set of physical factors that affect locomo-
tion (Fig. 1). Effects of some factors, such as electromagnetism,
are still under-characterised given the highly interdisciplinary
nature of such investigations (Johnsen & Lohmann, 2008;
England & Robert, 2022). Devising a comprehensive classifi-
cation scheme for all physical factors affecting movement is
therefore difficult and necessarily incomplete. Nevertheless,
assessing the effects of physical factors within the movement
paradigm provides a first step towards such an objective
(Table 1). It is important to note that the same physical phe-
nomenon can be named, measured and characterised differ-
ently in different fields of ecology, often because it manifests
itself in different ways in different habitats. For example, grav-
ity is mainly studied for aquatic organisms because of'its role in
buoyancy, while in terrestrial systems, the main focus is on how
1t affects stature and balance (Bender & Irye, 2009). Pressure,
a fundamental macrophysical variable, is defined as hydro-
static pressure in aquatic systems where it affects body density,
and hence buoyancy, and serves also as a measure of depth
(Davis, Holbrook & de Perera, 2021). However, in terrestrial
systems, atmospheric (also called barometric) pressure has
been studied mostly in insects, where it is interpreted as a sig-
nal they use to forecast weather and adjust their behaviour

accordingly (Azevedo et al., 2023). As a final example, turbidity
1s a term that evokes heavily particle-laden waters, but is in fact
not confined to aquatic habitats (Abrahams & Kattenfeld,
1997; Angstr(‘)m, 1964). Fog, a form of atmospheric turbidity,
affects both visibility (Higham & Schmitz, 2019) and animal
movement (Chiaradia et al., 2007). These examples highlight
not only the role of physical factors in species interactions,
but also their varying importance in different ecosystem
types.

To quantify the impacts of physical factors at the interac-
tion level, we must estimate how they affect measurable fea-
tures of movement and how this translates into changed
probabilities of successful capture and conversion of prey bio-
mass into predator biomass. Traditionally, this has been
done by calculating functional and numerical responses
(Holling, 1965). Translation of concrete individual-level
physical effects into population-level effects requires a step-
by-step approach. One must first quantify how physical fac-
tors alter the movement of the interacting organisms and
then how this changes the parameters of the functional
response. The modular description of the predation
sequence by Wootton et al. (2023) provides a suitable frame-
work to derive functional and numerical responses from the
cumulative product of the probabilities of completion of con-
secutive steps in the sequence. Through the lens of move-
ment, we can therefore build a framework that incorporates
the movement ecology paradigm and the effects of physical
factors into a detailed, generic, description of the predation
sequence, and can then derive the functional and numerical
responses as a function of the physical factors (Fig. 2).

The following subsections introduce the movement para-
digm and explain how physical factors can be incorporated.
Then, we describe the predation sequence, and show how
each step in the sequence involves the components of the
movement paradigm (Section III). Finally in Section IV, we
highlight how, given the definition of the predation sequence
we selected for our framework, effects of physical factors can
be extended to the network structure and dynamics of
food webs.

(1) Inclusion of physical factors in the movement
paradigm

Movement ecology as a discipline researches the effect of
environmental factors on the movement and behaviour
of organisms (Joo et al., 2020). Its focus on environmental fac-
tors and the centrality of movement in predator—prey inter-
actions make it a fitting starting point for our framework.
The movement paradigm, formally described by Nathan
el al. (2008) divides movement into three components
(Fig. 2): (2) internal state — the integrated goal, conscious or
unconscious, that results from the internal and external sen-
sory inputs to the organism and that triggers a movement
to fulfil it; () navigation capacity — the intrinsic traits that
allow an organism to position itself in space and time to
achieve its goal; and (x) movement capacity — the intrinsic
traits that allow an organism to reach its goal by moving
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Fig. 1. The outcome of every predator—prey interaction is determined by a set of physical factors whose importance will depend on
the properties of the predator, the prey, and the surrounding environment. (A) Sharks that possess the capacity to sense changes in
small electromagnetic fields detect their prey through the electromagnetic field they produce. This behaviour is important in
environments where low light levels reduce the effectiveness of vision (Whitehead & Collin, 2004). (B) The depth and density of
snow determines its resistance to weight. This can provide an advantage to wolverines attacking heavier prey such as reindeer
(Mattisson et al., 2016) because the lighter wolverine experiences less friction from the snow (Glass et al., 2021). Snow cover
increases light reflection, which can also affect the outcome of predation (Griffin ¢t al., 2005). (C) The ability of geckos to capture
insects at night depends on the geometric complexity of their hunting ground, driving competition between native and invasive
island geckos (Petren & Case, 1998). Luminosity (e.g. artificial lighting) is another driving factor, as well as surface roughness,
which governs adhesion of the lizards to the solid structures over which they hunt (Persson, 2007). (D) Lions in search of prey tend
to move crosswind over longer distances as wind speed increases in order to maximise odour detection probability (Wijers
et al., 2022). This response to wind, however, is weakened by more intense moonlight when the lion reduces its reliance on
olfaction and increases its use of vision for hunting. (E) Tropical hummingbirds can inhabit a wide altitudinal range. As altitude
increases, oxygen partial pressure decreases, forcing the birds to reduce wingbeat frequency due to aerobic limitation of metabolic
rate. Since air density decreases as well, the only option for the birds to keep flying is to increase their stroke amplitude
(Altshuler & Dudley, 2003). The resulting additional energetic requirements affect their use of nectar resources with altitude
(Hainsworth & Wolf, 1972). (F) Bacterial predators, such as Bdellovibrio sp., feed on other bacteria. Medium viscosity affects their
swimming trajectories when searching for prey (Sathyamoorthy et al, 2019) and the drag forces acting on them, decreasing
predation rate (Duncan et al., 2018). By affecting the same parameters, geometric complexity (e.g. granulometry; Dattner
et al., 2017) also decreases Bdellovibirio sp. predation efficiency.

relative to its medium. Therefore, the key components of the
movement paradigm include intrinsic properties of an organ-
1sm and depend on its traits. For example, the ability to move
in different locomotion modes (e.g. flying, swimming or run-
ning) depends upon a suite of morphological, physiological
and behavioural traits (Cloyed et al., 2021). Sensory and cog-
nitive traits determine the navigation capacity of the organ-
ism (Kashetsky, Avgar & Dukas, 2021): the ability to view,
hear, smell and touch the surrounding environment, to rec-
ognise and memorise elements of that environment, and to
measure distance and the passage of time (Varga et al., 2017).

Physical factors affect the internal state of organisms
directly (detailed below). But they cannot affect navigation

and motion capacities, since these are properties intrinsic to
the organisms. However, physical factors affect how these
capacities are put to use by the organisms to generate a
movement path. In other words, the processes of navigation
and motion as they are realised are the result of an interplay
between the capacities of the organism and the physical
properties of the medium or terrain in which it moves
(see Iig. 3 for an example). Physical factors may affect several
components of movement simultaneously, albeit by different
mechanisms, such as light affecting the navigation process of
visual predators, as well as acting as a signal that regulates the
internal clock of predators and sets the beginning and end of
a foraging period (Ali, Ryder & Anctil, 1977). Conversely, a
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Fig. 2. A framework for the inclusion of physical factors into the study of predator-prey interactions. The interaction between a predator
and its prey follows a sequence of steps (after Wootton et al., 2023): (1) Search, (2) Detection, (3) Decision, (4) Pursuit, (5) Subjugation,
(6) Ingestion, (7) Digestion, and (8) Allocation. Physically, these steps are effected via movement of either the prey, the predator or both.
Understanding the effects of any physical factors on the predator—prey interaction requires decomposition of the movement paths of
each step into the three components of movement as defined in the movement paradigm: navigation capacity, motion capacity and
internal state (Nathan et al, 2008). Interactions between the physical factors and the components of movement will determine the
movement paths and thus the success or failure of each of the steps of the predation sequence. The quantitative outcome of the
sequence, the functional response, represents the building block for the derivation of the structure, dynamics and stability of food webs.

movement component may be affected by several factors in
concert, such as motion that is affected by gravity and by
the density and viscosity of the medium.

Consideration of the physical dimension of animal move-
ment is far from novel. From Galen’s De Motu Musculorum
(~170 BCE), to modern textbooks on animal locomotion
(Alexander, 2003; Gordon e al, 2017; Biewener &
Patek, 2018), via classical works (Pettigrew, 1873), the scientific
literature shows that the topic of animal motion is inextricable
from physics. Extensive work by authors such as Vogel (1988,
2000, 2013, 2020) have promoted the importance of physical
constraints on life. However, it is important to note in the pre-
sent context that these works focused on the role of physics on

individuals and that few attempts have been made to extend
this to the study of ecological interactions and communities.
Additionally, most studies have had a biomechanical focus
(i.e. on motion capacity), with little consideration of the navi-
gation and internal state components of movement. Herein
we are guided by the integrative viewpoint of the movement
paradigm, with the ultimate goal of explicit inclusion of the
effects of physical factors into community ecology.

(a) Effects of physical factors on internal state

Although hard to define, internal state can be measured by its
physiological determinants. Body condition and levels of

Biological Reviews (2024) 000-000 © 2024 The Author(s). Biological Reviews published by John Wiley & Sons Ltd on behalf of Cambridge Philosophical Society.

95U8917 SUOLWLLIOD aA1ER.D) 9|dedl(dde sy Aq peusenob afe sopiLe VO ‘SN J0 S3|nJ J0j AkeiqiTauljuQ A8]I UO (SUONIPUOD-PpUe-SULIB)AW0Y A3 | I Aleiq 1jeuluo//Sdny) SUONIPUOD pue SWie | 8u) 88S *[7202/20/80] Uo Ariqiaulluo A8|iM ‘soueld auelydoD Ag GOTET AG/TTTT OT/10p/wod Ao im Akeiq1pul|uo//sdny woly pepeojumod ‘0 ‘XG8T69YT



Predicting predation from the physical environment 7

Control
cusos | o
Neomycin o

B Newton et al. (2023) |-
T T T T T
0 5 10 15 20

Duration of flow stimulus (s)

Proportion of group performing rheotaxis

C Adapted from NOAA Fisheries
» TURBINES
BYPASS

P SPILLWAY
D Goodwin et al. (2014)
100 sswges 3 o 100
@ e L A0
m : e a ax 90 ot
o 80 vo S 80 PR
‘5,—. a Q.
98 70 * o . 70 o “w e
P * o o *
g% 60 .: a A Aa 60 S A n Ap
SE 50 50 ot e
Pe . ®e i -,
g;?_ 40 ¥ = 40 ¢
E2 30 " 30 s&®
(=] \ 4 o~
20 " 2*% 20 " * 3
10, " ° oy | t0[2ZY %
oibsadaans e’ . e
0 10 20 30 40 50 60 70 80 90100 O 10 20 30 40 50 60 70 80 90 100
Dam passage by route Dam passage by route
(%eish ogser)\lred) (%’:ish ogser)\,/ed)

Fig. 3. Rheotaxis is the ability of an organism to orient itself in response to a current. (A) In fish, the lateral line is the main (but not the
sole) organ involved in this navigation capacity. (B) Newton et al. (2023) showed that ablation of the lateral line in the zebrafish, Danzo
rerio, with various chemical compounds reduced the proportion of fish performing rheotaxis as a function of stimulus duration. Note
the interaction with the physical factor (flow stimulus duration) that modulates the expression of rheotaxis, but does not determine the
existence of this navigation capacity in the fish: a plateau is reached after a 17-s stimulus duration, above which other organs
presumably are involved in rheotaxis. Rheotaxis as a navigation capacity in this species can thus be defined by this 17-s threshold,

(Figure 3 legend continues on next page.)
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specific hormones, such as octopamine in insects and
glucocorticoids in vertebrates, are thought to be primary
determinants of movement in most species (Goossens
et al., 2020).

Body condition, and hence internal state, is affected by
physical factors that alter metabolism. Chief among these
are chemical factors, such as oxygen availability, pH and
salinity (Kiiltz, 2015; Cummins, Strowitzki & Taylor,
2020). Foremost among the non-chemical physical factors
that affect body condition is temperature (Malishev, Bull &
Kearney, 2018). Another factor considered less often, but
also with important effects, is water content and humidity,
which control water loss from the body (Chaplin, 2006).
These factors act on internal state by regulating metabolic
rate (e.g. reduced at low temperatures), requiring additional
energetic expenditure (e.g. active secretion of salt in osmo-
regulatory fish under increased salinity), or by causing dam-
age (e.g. production of reactive oxygen species under stress).

Hormone production, circulation and degradation in the
body is another essential component of metabolism, and is
also influenced by the same physical factors that affect body
condition (Goossens ¢ al., 2020). Additionally, physical fac-
tors may function as signals that trigger hormonal cascades
leading to movement-related behavioural and morphologi-
cal changes (e.g. McCormick et al., 1998).

Physical signals can serve to synchronise the circadian sys-
tem with the environment. The circadian system is a funda-
mental regulation mechanism of internal state, an
integrated system of hormonal, molecular and neuronal ele-
ments that controls the timing of physiological functions in
organisms (Prokkola & Nikinmaa, 2018). This system is
highly sensitive to external cues such as light and temperature
(Van Someren, 2003). It is also affected by other factors that
affect internal state (e.g. oxygen levels; Prokkola &
Nikinmaa, 2018), as well as by other less-intuitive factors such
as magnetic fields and gravity (Xue et al., 2021).

Although multiple physical factors (see Table 1) affect the
movement of organisms, most organisms have capacities that
allow them to adapt to physical changes and maintain an
optimal trajectory. Such compensation may require substan-
tial energy expenditure and/or cause increased stress (Wilson
etal., 2021), thus resulting in an altered internal state (Burnett
et al., 2014). Hence, contrary to inanimate objects whose tra-
jectory is determined passively by the physical forces acting
on them, trajectories of even the simplest living organism
are at least partly dictated by the interaction between the
physical forces of the environment and the internal state of
the organism. The actual trajectory is affected by conscious
or unconscious decisions by the organism to resist or use
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the physical forces acting on it, in a bid to bring its internal
state to a desired condition. Thus, prediction of the effects
of physical factors on movement must involve a detailed con-
sideration of the internal state of the organism, e.g. its energy
levels, and of the decision rules linking this state to motion,
e.g. optimisation rules based on the minimisation of energy
expenditure or maximisation of capture success (Portalier

et al., 2019).

(b) Effects of physical factors on the navigation process

Navigation depends on the physical mode used by organisms
to sense their environment. Predators or prey that use vision
to perceive their surroundings will find their navigation
affected by physical factors that affect vision, such as light
intensity and turbidity (i.e. background light scattering). Vis-
ibility may be reduced because of low light intensity or high
turbidity, and these different causes of reduction in visibility
can result in different effects on visual predators (Benfield &
Minello, 1996).

Not all organisms rely on vision for navigation. Several
aquatic organisms use electroreception as a means to detect
their surroundings and other organisms (Crampton, 2019).
Active electroreception (the production and detection of
electric discharges) is limited to a relatively small number
of species. By contrast, many more species possess passive
receptors that can detect weak electric fields produced by
organisms or even distortions in the Earth’s electromagnetic
field (Kalmijn, Gonzalez & McClune, 2002). As the magni-
tude of an electric field decreases with the inverse of the cube
of the distance, this sense is limited to short-range distance
detection of a few metres at most (Hopkins, 1999). Electrode-
tection 1s likely to be highly sensitive to the electrical conduc-
tivity of the medium (von der Emde, 1993).

Magnetoreception is a much more widely distributed
sense (Wiltschko & Wiltschko, 2005), with different physio-
logical mechanisms possibly involved in sensing the magni-
tude, direction and inclination of the geomagnetic field
(Johnsen & Lohman, 2008). However, a specific receptor
has not yet been found (Nordmann, Hochstoeger & Keays,
2017), making it difficult to list the physical factors likely to
affect this sense, beyond perturbations in the geomagnetic
field (Tonelli, Youngflesh & Tingley, 2023) and anthropogenic
electromagnetic noise (Engels et al, 2014). Unexpectedly,
blue/green light was found to be required for magnetic orien-
tation in European robins, Erithacus rubecula (Wiltschko &
Wiltschko, 2005), leading to the hypothesis that retinal pig-
ments may be involved in magnetoreception in at least some
species. Although mostly important for directing long-distance

(Figure legend continued from previous page.)

and by the slope of the curve in the intact lateral line case. (C) Rheotaxis is particularly important in fishes that need to cross dams. Fish
integrity is greatly affected by the route taken, with passage through turbines most harmful, while bypasses are safest. It is thus very
important to be able to predict the proportions of fish using the different routes for design-optimisation purposes. (D) Inclusion of
rheotaxis in a dam-navigation model by Goodwin ¢t al. (2014) significantly improved predictability (right panel), in comparison to

a model in which fish follow currents passively (left panel).
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movements, there are a few examples where this sense is used
during foraging (Cerveny et al., 2011).

Hearing is a pervasive sense across most animal phyla, but
is achieved using a wide variety of organs (McKenna, 2020).
However, in essence, as sound waves propagate in a medium,
organisms can detect either the variations in pressure
induced by sound waves, or the motion of particles in a
medium (Nedelec ez al., 2016). The many physical factors that
affect sound propagation include medium density, pressure,
temperature, topography, winds, and currents (Larom
et al., 1997; Brkic, Jambrosic & Ivancevic, 2004).

Sound receptors are a special type of a larger category of
mechanoreceptors. Other types of mechanoreceptors are
specialised for tactile sensing of physical forces, notably those
resulting from touching solid surfaces (Handler &
Ginty, 2021). Among the physical factors that may affect
the sense of touch, temperature may be unexpected but has
been shown to increase the sensitivity of some types of mech-
anoreceptors (Zheng et al., 2019). Texture, a multidimen-
sional feature of solids (including roughness, friction,
hardness and warmness; see Okamoto, Nagano & Yamada,
2013) also affects tactile sensing. Roughness is related to the
perception of vibrations that result from contact with a sur-
face; friction is perceived through skin stretch; hardness is
related to the perception of variation in the contact surface
area; and warmness is the perception of heat transfer rate
[see Okamoto et al. (2013) and references therein]. The vibra-
tory properties of solid substrates are also important: a sur-
prising variety of organisms sense vibrations and use them
for detection and communication (Hill, 2009). Most mecha-
noreceptors can sense motion in the flow of the surrounding
medium (Katta, Krieg & Goodman, 2015; Casas &
Dangles, 2010). Hence, the flow dynamics of the medium will
affect the navigation process of organisms that are mechano-
sensitive: they may use information on flow direction to set
the direction of their movement (Chapman et al., 2011;
Franks, 2001) or choose to move within beneficial features
of the flow (e.g. Karmdn vortex streets; see Liao, 2007). In
ground animals, the ability to detect and follow airflows is
called anemotaxis (Yu et al., 2016).

Fluid dynamics play a major role in another sense, olfac-
tion, that is used by a wide range of predators and prey
(Finelli ¢t al., 2000; Kats & Dill, 1998). High flow rates and
turbulence levels distort odour plumes, and dilute chemical
signals. Other physical factors that affect olfaction as a navi-
gation and detection mechanism are temperature and
humidity levels, degradation by ultraviolet (UV) radiation
and the type of substrate on which odours are deposited
(Parsons et al., 2018).

Organisms seldom rely on only one signal modality in
order to monitor their environment. According to Munoz &
Blumstein (2012), the use of multiple senses can lead to
enhancement (better navigation ability overall), equivalence
(all senses are equally efficient), dominance (only one sense is
effectively useful) or antagonism (a decrease in navigation abil-
ity). Across species there is likely to be a trade-off in investment
into different senses because of limitations in resource

allocation. This was found to be the case across the genus
Drosophila for vision and olfaction (Keesey et al., 2019). Limita-
tions to navigation caused by different physical factors are
therefore interdependent.

Limitations to sensing of their environment by organisms
could also arise from their capacity to process the informa-
tion collected (Fagan et al., 2013; Martin et al., 2022). Infor-
mation processing depends on the neurophysiological
abilities of organisms (e.g. Borst & Euler, 2011), but is also
very sensitive to changes in the environment (Samia, Meller &
Blumstein, 2015; Hemmi & Tomsic, 2012). Few physical
parameters affect cognitive abilities directly, with tempera-
ture being one of these (Soravia et al., 2023). However, there
are limits to the amount of information that an individual can
process accurately at the same time, so it is probable that
complexity in the geometry of the environment (Varga
et al, 2017) and in the motion pattern of animals
(Kramer & McLaughlin, 2001) will affect information pro-
cessing and attentional state (Dukas & Ellner, 1993). More
subtle effects are likely to be found for physical factors that
affect proprioception (perception of body position), which is
used to adapt posture to the desired spatial orientation
(Massion, 1992). For example, changes in gravity, or acceler-
ation, may lead to disorientation (Clark et al., 2015).

(¢) Effects of physical factors on the motion process

Organisms rarely operate at maximum capacity (e.g. maxi-
mum speed), even when performing fitness-critical actions
like escaping a predator (Wilson ¢t al., 2015). An organism’s
realised movement is a compromise between propulsion,
manoeuvrability, and stability (Dickinson, 2000), all of which
are affected by the physical features of their environment.
Moving organisms differ both in their modes (e.g. swimming,
flying, walking, crawling, etc.) and organs of locomotion
(e.g. cilia, flagella, legs, fins, etc.). Despite this variety, some
common principles can be found (Jung, 2021; Bejan &
Marden, 2006). In many cases, the same physical constraints
act similarly upon organisms moving in different media, and
using different locomotion modes (Floryan, Van Buren &
Smits, 2018; Dyer et al., 2023), albeit with different intensities
and net effects (Portalier ¢t al., 2019; Cloyed et al., 2021),
hence justifying our general discussion of movement without
division according to locomotion mode.

(1) Propulsion. In order to move within a given environ-
ment, an organism has to perform external work by applying
a backward force on its surroundings, by reaction enabling it
to be propelled forward. At the same time, it needs to over-
come the drag incurred by the medium that is pushed away
by its forward movement (Jung, 2021). Where the organism
is suspended in a fluid medium, it is also subjected to the force
of buoyancy (the upward force that opposes weight), which
must be counteracted by an opposing lift force (negative or
positive, depending on whether buoyancy is smaller or larger
than weight) if the organism is to control its position in the
fluid column. Drag and buoyancy are intimately related to
the intrinsic mechanical properties of the fluid in which the
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organism moves: its viscosity and density. The relative speed
of an organism is closely related to the flow speed of the
medium in which it is embedded. Hence, wind and other
advective currents, as well as turbulent flows may affect the
velocity of a predator and its prey differently because of dif-
ferences in body size and shape, and thereby modify their
encounter probability (Kiarboe & Saiz, 1995).

Organisms moving over solid ground or objects can apply
a force to the surface and use the ground reaction force for
propulsion (Clark, Ryan & Weyand, 2016). But if they are
partly, or entirely immersed in solid substrates (e.g. snow,
sand or granular media), their drag will be determined by
friction in addition to viscosity and hence, their performance
will depend on the texture of the material (Hosoi &
Goldman, 2015; Maladen e al, 2011; Li, Zhang &
Goldman, 2013). The result will depend on the mode of loco-
motion: legged organisms may use friction as leverage to pull
themselves forward (Persson, 2007), while undulatory or
crawling organisms will be impeded by rougher substrates
(Zhang et al., 2021). Roughness is thus an important physical
property that affects locomotion of ground-dwelling organ-
1sms (Clifton et al., 2023). Another solid property, hardness,
is significant for burrowing species (Luna & Antinuchi,
2006), as well as for organisms that move over snow
(Créte & Lariviere, 2003).

() Stability. Stability describes the ability of an organism
to maintain a particular posture or trajectory in the presence
of perturbations from the environment (Weihs, 2002). There
are two main types: static stability, where an organism pas-
sively returns to a stable position after external disturbances,
and dynamic stability where it needs to exert forces to return
to its original state after a disturbance (Webb & Weihs, 2015).

Static stability is the result of balancing two forces, weight
and buoyancy (for suspended organisms) or ground reaction
force (for organisms on hard surfaces). For organisms sus-
pended in a column of water or air, not only must these forces
be in equilibrium, but they must also naturally realign with
each other when changes in posture disrupt their alignment
(Weihs, 2002). These two forces depend on the density of
the organism relative to the medium, and hence a variety
of mechanisms (e.g. swimbladders, lipid-rich livers, etc.) have
evolved to allow regulation of body density to maintain neu-
tral buoyancy (Webb & Weihs, 1994; Gleiss, Potvin &
Goldbogen, 2017). Surprisingly, many aquatic organisms
are either negatively or positively buoyant, or their centres
of mass and buoyancy are not aligned, resulting in a pitching
moment (Ehrlich & Schoppik, 2017). In the case of flying
organisms, buoyancy in air is unable to counteract gravity
even for the smallest species (Thomas, Ludlow & Kennedy,
1977). Dimensionality is an important physical factor affect-
ing stability — as a general rule, organisms that live on two-
dimensional surfaces are negatively buoyant, ensuring that
they maintain contact with the substratum (Molloy &
Cowling, 1999). Given the low density of air, terrestrial
organisms need to counteract their own weight to maintain
their posture and avoid falling (Dakin & Bolton, 2018), and
in these organisms at rest, static stability reduces to posture
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maintenance, since the ground reaction force counterbalances
the effect of weight (Massion, Alexandrov & Frolov, 2004).
Additional physical factors affect stability during steady move-
ment. For example, low surface roughness results in slipperi-
ness (Clark & Higham, 2011), and high surface roughness in
unpredictability and potentially a fall (Grimmer ¢ al., 2008).

Decreased static stability will require additional energy
expenditure to regain control e dynamic stability,
i.e. through the production of lift and rotational forces by
the relative movements of body parts (Weihs, 2002). Here,
density and viscosity will play important roles, as environ-
mental physical factors that determine lift. Another impor-
tant physical factor is fluid motion, specifically turbulence
(Combes & Dudley, 2009; Ravi et al., 2015; Fish &
Domenici, 2015), which can prevent animals from reaching
a stable position.

() Manoeuvrability. Motion through even the simplest
environment requires the ability to alter speed, trajectory
and body orientation, i.e. requires manoeuvrability
(Dudley, 2002). Manocuvrability is interlinked with the
notion of stability: the more intrinsically stable an organism
is, the harder it will be for it to alter its movement
(Fish, 2002). There will thus be a trade-off between stability
and manoeuvrability, with some species built for slow, steady
motion and stability, while others have evolved high man-
ocuvrability but at a cost of lower stability (Gleiss
etal.,2017). While dynamic stability can be facilitated by high
manoeuvrability (Shield e al, 2021), this will require
increased energy expenditure, especially at low speeds
(Webb, 2002). The tight coupling between manoeuvrability
and stability means that the same physical factors affect the
two processes.

(2) Integrating the movement paradigm in the
predation sequence

A successful predation event between a predator and its prey
can be visualised as the result of a sequence of steps (Fig. 2;
Wootton e al., 2023). Note that this sequence is modular
and highly generic; some types of predation interaction will
include some steps and exclude others, e.g. sit-and-wait pred-
ators do not search for their prey, and herbivores do not need
to pursue their resources.

In the sequence shown in Fig. 2 the predator first (1) searches
for prey, which involves the predator and/or prey moving
through the habitat. Once in sufficient proximity, the preda-
tor must (2) detect the prey and then (3) decide that this prey
item is worth attacking. It must then (4) pursue and (5) subdue
the prey. Following the successful conclusion of these five
steps, a predator will then (6) ingest and (7) digest the prey,
and finally (8) allocate the ingested energy and nutrients to
growth and/or reproduction. Each of these eight steps can
be considered as a conditional probability which, when mul-
tiplied together describes the probability of a successful inter-
action occurring (see also Equation 1). Each step takes some
amount of time to complete. The total time limits the amount
of prey a predator can handle in a given period of time,
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thereby driving the shape of the functional response. The
time and probability associated with each step are functions
of the movement path followed by both the predator and
its prey, thus opening the possibility of using the move-
ment paradigm to parameterise the predation sequence,
or at least to quantify the effects of the physical factors that
affect movement components. For example, small fishing
bats require high metabolic rates to maintain homeo-
thermy. In bad weather conditions, they conserve energy
by entering torpor (Salinas ef al., 2014). Hence, the onset
of foraging in these species is determined to some extent
by weather factors that affect their internal state, such as
wind intensity (see Fig. 4 for potential effects of wind on
fishing bats). Each of the three components of movement
thus are involved to varying degrees in each of the stages
of the predation sequence (Table 2). Comparing Tables 1
and 2 highlights that most stages of the predation sequence
are likely to be affected by multiple physical factors,
including the last three stages in which the prey is pro-
cessed, although the importance of these factors will vary
across stages and with the habitat and mode of locomotion
of the predator and prey.

In the search stage, as an active predator moves to locate
its prey, all components of movement are involved
(Table 2). The animal’s internal state determines its motiva-
tion to invest in foraging at the expense of other activities
such as hiding or reproduction. Its motion capacity, and asso-
ciated physical factors, determine the characteristics of its
motion process, such as speed, path tortuosity or higher-level
random-walk parameters (Grinbaum, 1998). The naviga-
tion process may be the most important in the search stage
since the ability of the predator to reach prey-rich habitats
will depend on navigation tools such as gradient detection
or spatial memory (Ranc et al., 2021).

The navigation process is also key at the detection stage.
Fishing bats, for example, use echolocation (Aizpurua
et al., 2015) to detect ripples produced by surfacing fish
(Aizpurua & Alberdi, 2018). Wind can increase the number
of waves at the surface, masking these ripples. A decline in
detection ability was suggested to be the main reason for a
decline in foraging activity of bats in windy conditions
(Siemers & Stilz, 2001; Fig. 4).

Decision, by contrast, will mostly be determined by the
predator’s internal state, but it is likely that navigation and
motion processes will also be involved.

After the decision is taken to pursue the prey, the preda-
tor’s internal state still plays a role (balancing expected
energy gain against energy losses and injury risks), but the
main processes will be navigation (to target the prey) and
motion (to reach the prey).

During the subjugation step, the navigation process will be
of less importance, with motion remaining a key factor (as the
prey attempts to escape or defend itself), and internal state
should increase in importance, particularly when facing dan-
gerous and well-defended prey (Gonzaga et al., 2022).

After the prey is subjugated and ready for ingestion, move-
ment components, and hence the physical factors of the

11

environment that affect them, are expected to decrease in
importance as the predator and its prey are at the same loca-
tion. Nonetheless the motion process may continue to play a
role. For example, predators that need to maintain their posi-
tion in the water column or in air while consuming their prey
need to generate lift and thrust to counteract drag and
buoyancy. Moreover, they need to compensate for the
additional weight of their prey. Some modes of ingestion
require swallowing the prey item together with the fluid
surrounding it (e.g. prey suction in many fishes and
lunge-feeding in baleen cetaceans), and this will have an
energetic cost, depending on the viscosity and density of
the fluid (Holzman et al., 2012). The effects of the physical
environment on the swallowing process can be illustrated
by a comparison of species like amphibians and turtles that
feed both underwater and on land, for which they use the
same skeletomuscular apparatus but with different bite
characteristics, depending on the medium (Heiss, Aerts &
Van Wassenbergh, 2018; Stayton, 2011). During inges-
tion, the physical properties of the prey (such as its size,
toughness and stiffness) become important (Diluzio
etal., 2017). If the prey is too large to be swallowed whole,
the predator must bite, twitch, shake, or chew the prey in
order to cut it into smaller pieces. All these mechanical
actions will be dependent on the mechanical stiffness of
the prey, on the bite force of the predator, and hence its
movement capacity (e.g. muscular power), and on its inter-
nal state (e.g. energy levels). Physical factors such as
medium density, viscosity and temperature are all known
to affect characteristics such as bite force and duration
(Stayton, 2011; Anderson, McBrayer & Herrel, 2008).

During digestion, physical factors are likely less important,
but the additional weight of the prey must still be considered,
and its surface area will determine the rate of digestion
(Salvanes, Aksnes & Giske, 1995). Electro-resistivity was
recently suggested as a physical factor controlling digestion
(Sutton, 2019).

Only after allocation, when the largest part of the prey is
egested, excreted or respired, does its extra weight cease to
impact the predator. After digestion, it could be suggested
that biochemical constraints will play a greater role than
physical factors, although temperature affects all components
of metabolism including assimilation efficiency (see Lang
et al., 2017). However, the physical environment may still
place constraints on allocation, for example necessitating
greater allocation towards movement capacity (e.g. in snowy
conditions), navigation capacity (e.g. in a rugged landscape)
or maintaining internal state (e.g. under cold conditions).
External signals may also affect the internal state of the pred-
ator, for example triggering mate searching or increasing
energy stores before migration.

We have based our reasoning in Table 2 on the predator’s
perspective, but a similar table could be constructed for the
prey: prey need to search for a safe place, detect predators,
navigate to safety when attacked, and defend themselves to
avoid subjugation (Dugatkin & Godin, 1992). Experiments
can be used to manipulate physical factors to study their
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KNOWN AND PRESUMED
EFFECTS OF WIND

OVER THE PARAMETERS
OF THE FUNCTIONAL
RESPONSE

AS DERIVED FROM THE P> ‘
PREDATION SEQUENCE OF Fishing bats enter torpor
FISHING BATS more often. Proportion time
foraging

... So is the time spent by bats to
locate a fish.

)

AN

o
They forage mostly in
sheltered areas.

D Searching

Decision-making in bats is unlikely
to be affected by wind.

E Detection

Trawling for fish can be impeded if
upwind or facilitated if downwind.
Capture in fishing
bats is very fast.
3
€
e Larger fish need to be

carried to a perch ...
G Pursuit H Subjugation I Ingestion

... while smaller fish are
ingested in the air and
quickly digested.

Flying with wind is
energetically costly.

Fig. 4. Graphical illustration of the potential effects of wind on the parameters of the functional response for the predation sequence

K Allocation

J Digestion

of fishing bats. Windy conditions may decrease (A) the proportion of daily time spent foraging (gofor,dge> (Salinas et al., 2014;

Santos-Moreno et al., 2010) and (B) the area searched per unit foraging time (Asearen), as bats will forage only in sheltered areas
(Russo & Jones, 2003). The impact of wind on (C) prey density (V) and encounter probability (f{), and on (D) search time (#) is
poorly known, but there is evidence to suggest that wind will affect (E) detection probability (f5) and detection time (&), because

(Figure 4 legend continues on next page.)
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Table 2. Suggested degree of involvement of the three components of the movement paradigm (Nathan et al., 2008) in the steps of the
predation sequence as defined in Wootton et al. (2023) (see Fig. 2).

Search Detection Decision Pursuit Subjugation Ingestion Digestion Allocation
Internal state ++ + ++ + ++ + + ++
Navigation process ++ ++ + ++ + + + +
Motion process + + + ++ ++ + + +
3 . to t3 7 ts
effects on the functional response (e.g. Costello et al., 1990; lhandle = + 2 b+,

Barrios-O’Neltll ¢t al., 2016). We recommend the design of
experiments that distinguish between the various stages
of the predation sequence and that record the different com-
ponents of movement of the predator and prey.

ITII. BUILDING THE FUNCTIONAL AND
NUMERICAL RESPONSES

The framework outlined in Fig. 2 allows us to model the
effects of different physical factors on the various stages of
the predation sequence. These different stages form a series
of nested conditional probabilities, which are multiplied to
obtain a single probability that an individual predator suc-
cessfully captures and consumes an individual prey. Wootton
et al. (2023) derived an equation for calculation of the func-
tional response (FR) of a predator, i.e. the number of prey
items killed per unit time as a function of prey density, from
these conditional probabilities and from the time taken to
completion for each step of the predation sequence.

fle2xf3xf4xf5x¢forage

FR =Aqcarch
searc 1+Asearchxfl fo )(f3 Xf4Xf5Xthandle

(1)

where N is the prey density, Agearen 1S the area or volume
searched by the predator per unit foraging time, @py,q. 1
the proportion of time spent foraging, f; is the probability of
step ¢ reaching completion, conditional on step :—/ being suc-
cessful, and 4,,q1 18 handling time, i.e. the time needed to
process the prey, after a successful encounter:

JoXfs X4 X[ 5 +f3xf4xf5 +f4xf5 VE
(2)

where ¢4 is the time needed for step ¢ to reach completion. We
refer the reader to the original publication for formal deriva-
tions of Equations (1) and (2).

The resulting functional response is not very different from
the classical type 2 response, but differs in the explicit consid-
eration of each step of the predation sequence, and the result-
ing decomposition of the classical parameters of the type-2
functional response (attack rate and handling time) into smal-
ler building blocks (Wootton ¢t al., 2023).

Assessing the effect of a given physical factor on the func-
tional response in our framework thus requires accounting
for its effect on each of the parameters of the functional
response. If possible, each effect should be derived mechanis-
tically from a model of movement that includes the depen-
dence of the movement paths of both the predator and the
prey on the physical factor, and for each step of the sequence.
Alternatively, empirical correlations or experimental results
may be available. Failing that, looking for qualitative evi-
dence for potential effects of the factor considered on each
of the steps will highlight knowledge gaps still to be filled, as
we illustrate in Fig. 4 for the effects of wind on fishing bats.

Another advantage of using Equation 1 is that we can
derive the predator’s expected gross energy gain from a preda-
tion event by multiplying the energetic content of the prey cap-
tured by the product of the conditional probabilities extracted
from the predation sequence. The energetic content of the prey
can be easily extracted from its body weight, body composition,
taxonomy, and/or age (e.g. Weil ¢ al, 2019; Wuenschel,
Jugovich & Hare, 2006; Breck, 2008; Schindler & Eby, 1997).

(Figure legend continued from previous page.)

wind-induced waves on the water surface affect the ability of echolocating bats to identify ripples produced by surfacing fish (Aizpurua
et al., 2015; Siemers & Stilz, 2001; Lukas et al., 2021). There is no evidence for an effect of wind on (F) decision probability (f35) and
decision time (#3). Wind s likely to affect (G) pursuit probability (1) and pursuit time (y) due to its impact on flight speed and flight
costs while trawling for the detected fish (Schnitzler ¢t al., 1994). (H) Subjugation is a rapid process in fishing bats, making it
unlikely that its probability (f5) and duration (f5) are affected by wind (Altenbach, 1989). Fishing bats need to find a perch to ingest
larger fish, while smaller ones are ingested in the air following subjugation (I). Strong wind may thus prolong or prevent ingestion
of larger fish, thus affecting ingestion efficiency (fs) and ingestion time (%) (Aizpurua & Alberdi, 2018; Fenton, 1990). Ingestion of
smaller fishes may result in (J) more thorough and rapid digestion (f; and #; Welch ¢ al., 2015). Finally, research shows that bats
may power active flight directly from their ingested food (Voigt et al., 2010). Thus, it is likely that due to the increased flight costs
under windy conditions, a larger proportion of the assimilated energy will be allocated to locomotion rather than to other
metabolic functions, thus affecting (K) allocation efficiency (f3) and time (zg).
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For a foraging strategy to permit the predator’s survival, the
predator’s gross energy gain should be larger than the total
energy cost accumulated throughout all the steps of the preda-
tion sequence. Thus, for long-term survival, the predator should
have a positive net energy gain from each predation event on
average. Expressed in units of newly formed predator individ-
uals, the net energy gain becomes equivalent to the numerical
response (1.e. describing changes in predator and prey densities;
Holling, 1965).

For any fixed pair of predator—prey individuals, if change
in a physical factor alters one or more of the probabilities or
times in the predation sequence, the energy gain from that
predator—prey interaction will change accordingly. The
direction (increase or decrease) of this change will depend
on the magnitudes of the altered probabilities or times. It is
therefore possible that a change in a physical factor could
make a previously productive interaction costly, or vice versa.
For example, an increased metabolic rate at higher tempera-
tures could mean that a predator no longer survives on small
prey which do provide a net energy gain at lower tempera-
tures (modelled in Sentis, Haegeman & Montoya, 2021).
Thus, inclusion of physical factors via their effects on the com-
ponents of movement offers an opportunity to calculate the
effects of those factors on energetic costs. Using a model that
included four stages in a predation sequence, Portalier et al.
(2019) used mechanics and thermodynamics to calculate
the change in energy expenditure that results from a change
in a physical factor (differences in medium density and viscos-
ity between air and water; see Fig. 5).

A few studies have explicitly considered the effects of phys-
ical factors on the functional response, including temperature
(Englund et al,, 2011), ecosystem dimensionality (Pawar,
Dell & Van Savage, 2012) and medium properties
(Portalier et al., 2022). In future, the increasing availability
of functional response data (e.g. the FoORAGE database;
DeLong & Uiterwaal, 2018), together with environmental
information may allow detailed investigation of the effects
of physical factors on functional responses.

IV. FROM THE FUNCTIONAL RESPONSE TO
FOOD-WEB STRUCTURE AND DYNAMICS

The functional response describes the per-capita influence of a
predator on its prey population with units in individuals, bio-
mass, or energy per unit time. This functional response, as
well as its inverse, 1.e. per-capita influence of the prey on the
predator population, are often referred to as ‘interaction
strengths’, which represent the quantitative flow of energy
or biomass between the predator and prey, and drive the
population dynamics of both taxa [see Berlow et al. (2004)
for a review]. Hence, any influence of a physical factor on
the probabilities or timings in the predation sequence that
leads to a change in interaction strength could also affect
the population dynamics of both organisms. Our framework
can thus potentially be used in combination with a
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population dynamics model (e.g. Yodzis & Innes, 1992) or
with interaction matrices (e.g. Allesina, Alonso & Pascual,
2008) to predict influences of physical factors on predator—
prey population dynamics. However, moving beyond one
predator and one prey species towards trophic interactions
among multiple species in a community will necessitate con-
sideration of predator preferences when several types of prey
are available. For example, if energy intake is the primary
concern, optimal foraging theory (Charnov & Orians,
2006) suggests that the predator should ignore some prey
types even though such links are feasible. Instead, the preda-
tor should concentrate on more profitable types of prey as
they yield better long-term energetic payoffs. The predator’s
preference should be implemented in our framework at the
decision step of the predation sequence. As for all steps of
the predation sequence, it should depend on the three move-
ment components and thus potentially be influenced by phys-
ical factors. More specifically, prey choice will involve
cognitive capacities, such as sensory perception, attention,
learning and memorisation of the types of prey usually
encountered (Dukas & Ellner, 1993; Mitchell, 1989; Hughes
etal., 1992), all features which can be affected by physical fac-
tors (Table 1). Until the theory is sufficiently developed to
include interactions between more than two organisms, we
can combine our mechanistic framework with one of the sev-
eral food-web models available that include decision mecha-
nisms, such as the optimal foraging-based allometric diet
breadth model (ADBM; Petchey et al., 2008). In the absence
of inclusion of prey selection, application of our framework to
all possible pairs of species in a food web could help to iden-
tify which of the potential trophic links are mechanically and
energetically feasible (Fig. 5; see Portalier et al., 2019). Model-
ling can also yield for each pair an estimate of the optimal
handling time and attack rate (Portalier et al., 2022). To these
parameters, addition of information on species densities will
allow generation of predictions about food-web structure
using the ADBM (Thierry ¢t al., 2011) or alternative models
(Allesina, 2011).

Temperature has relatively well-understood effects on
metabolism and life-history traits (e.g. Savage et al., 2004;
Lindmark, Ohlberger & Géardmark, 2022). This detailed
knowledge allows temperature to be incorporated into differ-
ence or differential equations related to population dynam-
ics, facilitating highly detailled models (Beveridge,
Petchey & Humphries, 2010; Binzer et al., 2016). However,
the biological effects of most other physical factors remain
poorly understood. For example, medium properties like
density and viscosity clearly affect the motion process, but
are not likely to impact the navigation process or internal
state (Table 1). Other factors may function as signals that
set the internal state, such as sun angle above the horizon
determining the activity level of migrating birds (Pokrovsky
et al., 2021). Through the explicit consideration of the link
between the three movement components and the parame-
ters of the functional and numerical responses, our frame-
work provides a route for the inclusion of such factors in
food-web models. Moreover, where multiple factors affect
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Fig. 5. Inclusion of physical factors in a foraging model by Portalier e al. (2019). (A) The physical factors included were gravity
(weight of the moving organism), viscosity (which affects drag), and medium density (which affects both drag and Archimedes’
force). The predation sequence considered only four of the eight steps: search, capture (pursuit in our framework), and handling
(i.e. ingestion and digestion). Internal states can be equated with the different optimisation goals set at each step: the predator is
assumed to optimise (¢) energy spent per unit distance travelled at the search stage; () distance travelled at the capture stage; and
(1t7) energy spent per unit of time at the handling stage. The navigation capacities of predators and prey in the model were the
ability to (z) perform a ballistic walk at the search stage, (i7) detect the other partner at a size-based minimal distance (Dgeec) and
orient movement towards the prey for the predator and away from the predator for the prey after detection; and (i) for the
predator, maintain a constant horizontal position during handling. Motion capacity was modelled as a size-based maximum thrust
force that could be allocated between a horizontal and a vertical component in different proportions, yielding a sinusoidal
movement path, a capacity to sustain a constant foraging speed during search; prey capture or prey evasion was limited to only
one sinusoidal oscillation, and the predator could maintain its position (hover) during handling. (B) Despite a more restricted set of
stages in the predation sequence in comparison to our framework, their model was able to predict the occurrence of predator—
prey interactions in pelagic and aerial media for a wide range of predator and prey masses with great accuracy, using data from
(a) Barnes et al. (2008), (b) Brose et al. (2005), and (c) their own data collection. This model highlights the promise of models
including physical factors to assess impacts on predator—prey interactions.

predation, models may become highly complex, with this
complexity computationally prohibitive for large food webs.
By incorporating the effects of all relevant physical factors
into a single probability (given a set of physical conditions),
our framework retains feasibility even for large systems. In
addition to energetic considerations, foraging is also con-
strained by other filters, such as stoichiometric nutrient
requirements (Hall, 2009), predator—prey trait matching
(Abrams, 2000), the fear landscape (Brown, Laundre &
Gurung, 1999), or phenological overlap (Renner &
Zohner, 2018), and some of these have been applied to
model interaction strengths in food webs (Rossberg

et al., 2006). Given the large scope of processes included in
our framework (physical, morphological, physiological and
behavioural), such filters could possibly be incorporated by
clarifying their links with the components of movement.
Other filters may need to be included as additional dimen-
sions (Eklof et al., 2013). The focus of our framework on the
effects of physical factors on traits rather than only on the
traits per se, also makes generalisation across systems easier.
There remains a substantial knowledge gap, both empirically
and theoretically, regarding the effects on food webs of phys-
ical factors other than temperature, and we hope that our
framework stimulates future research by providing
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mechanistically based, testable predictions. Ultimately,
scaling up physical constraints on species interactions to food
webs may provide mechanistic explanations for systematic
differences in network structure between aquatic and terres-
trial ecosystems (Potapov et al., 2019). Given the increasing
availability of large-scale food-web data (e.g. the GATEWAy
database; Brose et al., 2019), we are optimistic that we can
move towards a more mechanistic pathway of predicting
food-web structure under global change.

V. FUTURE DIRECTIONS

Movement is central to trophic interactions. Devising accu-
rate mechanistic models of the functional response will
enable better predictions of the responses of food webs under
environmental change. Most importantly, this requires the
inclusion in models of physical factors of the environment
that affect interactions, food webs, and thereby ecosystems
and their functions via their impact on movement. However,
much work remains to be done and many obstacles to be
overcome. First, our understanding of the effects of many
physical factors on the components of movement remains
limited (e.g. for electromagnetism; Maclver, Sharabash &
Nelson, 2001), has rarely been applied in the context of pre-
dation (e.g. wind; Cherry & Barton, 2017), or requires
advanced modelling tools (e.g. turbulence; Zhou, 2021). As
all models are simplifications of the systems they represent,
there is also the risk of neglecting some locally important
physical factor. More generally, different trophic interactions
may be affected by different physical factors. Hence, it may
be the case that a mechanistic food-web model needs to
include as many physical factors as possible, making it appear
a daunting task.

However, developments in the field of ecology may put
this target within reach. Many theoretical models are already
available that focus on one or several physical factors, such as
dimensionality (Pawar et al., 2019), medium viscosity and
density (Portalier ¢t al., 2019, 2022), temperature (Binzer
et al., 2016), and hydrodynamics and light availability
(Baird & Emsley, 1999). Empirically, the development of bio-
logging, i.e. the measurement of biological (acceleration,
heart rate, electroencephalograms, etc.) and physical (depth,
temperature, salinity, etc.) data using animal-attached tags
(Watanabe & Papastamatiou, 2023) offers an opportunity
to test model predictions, detect patterns and formulate
hypotheses.

We believe that the full potential of linking physical fac-
tors, movement, and species interactions has not been
exploited due to the absence of a unifying framework such
as ours. Typically, biologging studies use the collected data
to answer the specific questions for which it was deployed,
without making use of all the data produced (Payne
etal., 2014). There are already examples of the use of biolog-
ging to estimate parameters of the predation sequence from
movement data [e.g. decision-making in beaked whales as a
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function of the internal state (Siegal et al, 2022), and
ingestion rates of Eurasian spoonbills Platalea leucorodia (Lok
et al., 2023)]. Substantial progress in understanding the
effects of the physical environment on trophic interactions
could certainly be made by exploiting biologging data
already collected, and by promoting the systematic collection
of physical parameters in future biologging studies. Given the
central role of acceleration according to classical mechanics
in linking physical forces, energy and movement, we advo-
cate for the use of accelerometers as a means to measure
the movement of organisms, with their ease of use and meth-
odological maturity making their widespread application real-
stic (Gleiss, Wilson & Shepard, 2011; Bidder et al., 2015;
Chakravarty ¢ al., 2019; Eikelboom et al., 2020).

A research agenda combining the development of models
of increasing complexity, with a fuller use of biologging data,
and well-targeted experiments will be vital to understanding
how changes in the environment affect the structure and
dynamics of ecological communities. Predicting the species
losses or successful invasions that are likely to result from cli-
mate change is a prerequisite for predicting how ecosystem
services such as food production, pollination, and coastline
retention will change in the near future (Domenici &
Seebacher, 2020). Mechanistic models could allow us to pre-
dict the food webs of the future that will result from the strong
and pervasive anthropogenic perturbations of the biosphere.

VI. CONCLUSIONS

(1) Accurate predictions of food-web responses to anthropo-
genic perturbations would benefit from an understanding of
the effects of the physical factors of the local environment
on food webs.

(2) The physical factors of the environment that affect move-
ment should also affect food webs as movement is fundamental
to the realisation of trophic interactions between predators
and prey.

(3) Based on the movement paradigm of ecology, movement
in living organisms is determined by three components: inter-
nal state, locomotion capacity and navigation capacity. Most
physical factors affect at least one of the three components,
and thus trophic interactions.

(4) All types of predation events can be subdivided into mod-
ular steps that differ in the type of movement used, but alto-
gether make the predation sequence: search, detection,
decision, pursuit, subjugation, ingestion, digestion and alloca-
tion. Probabilities and efficiencies associated with the comple-
tion of each of the predation steps allow formulation of the
functional response of any given type of predation interaction.
(5) From the functional response, several measures of inter-
actions between pairs of species can be derived, depending
on the model used. From there, the structure and dynamics
of food webs can be predicted.

(6) The three components of movement are involved, with to
a greater or lesser extent, in all the steps of the predation
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sequence. Hence, a framework can be set by combining
(1) the effects of given physical factors on the three compo-
nents of movement, () an estimation of the involvement of
movement components in each of the steps of the predation
sequence, (u2) a formulation of the functional response,
() inference of the interaction strengths between all species
pairs from the functional responses, and (v) a model of food-
web structure and dynamics based on pairwise interaction
strengths.

(7) Altogether, these steps will permit mechanistically linking
the effect of anthropogenic stressors on physical factors to
their effects on food webs.
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