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Pursuit and evasion dynamics are a general phenomenon observed in predator—prey
interactions across terrestrial, aquatic, and aerial domains. Differences in body mass
and domain generate variation in biomechanical traits that shape these encounters,
yet the consequences of such variation remain poorly understood. Here, we integrate
allometric scaling relationships of vertebrate locomotion with turning gambit theory,
a geometrical model of pursuit—evasion, to examine how body size and domain shape
predator—prey encounter outcomes. We show that in its original form, the turning
gambit predicts that prey should rarely be able to outmaneuver predators, particularly
in aerial and aquatic systems, contradicting the low capture success observed in
nature. This mismatch is resolved by recognizing that predators cannot respond
instantaneously to prey maneuvers. Such sensory—motor delays, although brief, shift the
advantage to prey across all domains. Finally, we show that these delays, together with
domain-specific scaling of speed and maneuverability, generate distinct biomechanical
regimes in which different traits govern pursuit—evasion outcomes.

predator-prey interactions | sensory-motor delays | turning gambit | allometric scaling |
pursuit-evasion

Predator—prey interactions can be viewed as a highly conserved evolutionary game, played
out by a remarkably diverse set of species. Whether it is dragonflies hunting flies (1),
cheetahs chasing steenboks (2), or killer whales pursuing bluefin tuna (3), the fundamental
objective remains the same: predators must come into close proximity with their prey to
capture them, while prey must avoid this condition.

Despite the conserved nature of predator—prey interactions, the biomechanical traits
that shape their outcome, such as speed and maneuverability, vary widely across species.
This variability is largely determined by body size and by the physical properties of the
medium through which animals move (air, land, or water) (4-6). As a result, the relevant
biomechanical traits of predators and prey can differ by several orders of magnitude. An
open question, then, is what the consequences of such variability are for the dynamics of
predator—prey interactions across different predator—prey pairs? For instance, what are
the characteristic spatial and temporal scales of predator—prey interactions across systems?
Do certain combinations of body size and domain consistently favor predators or prey?
Are there distinct regimes in which particular biomechanical traits become especially
important in shaping the outcome of pursuit?

Addressing these questions requires establishing a link between the biomechanical
traits of predators and prey and the outcomes of their interactions. We here focus on a
widespread class of interactions, pursuit predation, in which a predator actively chases a
fleeing prey, as opposed to ambush predation or ballistic interception (7-9). Predators
are generally larger than their prey and, as a result, tend to be faster (5, 10). This speed
advantage allows them to close the relative distance during a pursuit, potentially leading
to a straightforward capture if the prey continues along an unchanging path. However,
because maneuverability tends to decrease with size (4), smaller prey are typically capable
of sharper turns, which may allow prey to outmaneuver their pursuer (11).

This trade-off between speed and maneuverability is formalized in a geometric model
known as the turning gambit (11). In the turning gambit model, a faster predator
approaches a slower prey in a head-to-tail alignment. Once the distance between them falls
below a threshold Xo, the prey initiates a sharp evasive turn while maintaining constant
speed V, and turning radius R,. The predator, moving at speed V), with minimum turning
radius Ry, attempts to respond. The model evaluates whether the prey can outmaneuver
the predator and reach a region that is kinematically inaccessible to the predator due to
its maneuverability constraints (Fig. 14). A central prediction of the model is that escape
is possible when the prey-to-predator speed ratio exceeds the square root of the ratio of
their turning radii (Fig. 1B).

While the turning gambit has been applied to individual species (11-13) or specific
domains (14), it has not yet been used to examine differences across a broad spectrum
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Fig. 1. (A) Schematic representation of the turning gambit, illustrating the
key biomechanical traits used in the model. R denotes the minimum turning
radius and V the speed, with subscripts e and p indicating prey and predator,
respectively. Xo marks the distance from the predator at which the prey
initiates its evasive turn. The prey executes a turn, and the predator turns
toward it. The black points indicate equal time points along both the
predator’s and prey's trajectories (orange and black lines, respectively). In
this example, the prey successfully evades because it reaches the safe
zone, a region not immediately accessible to the predator due to its turning
constraints. (B) Predicted escape and capture regions according to the turning
gambit (11). The axes represent the prey-to-predator speed ratio (v) and the
turning radius ratio (r). In the escape region, there exists an Xy for which prey
can outmaneuver their predator and reach the “safe zone.”.

of body sizes and domains, nor has its capacity to explain cross-
domain (aquatic, terrestrial, aerial) variation in capture outcomes
been systematically tested. In this study, we synthesize previously
published data on the allometric scaling of maximum speed and
minimum turning radius (4-6, 13, 15) with turning gambit
theory to examine how body size and locomotor domain influ-
ence pursuit—evasion outcomes, and compare these predictions
to empirical capture-success rates reported across aquatic, aerial,
and terrestrial systems.

We then revisit a key assumption of the turning gambit model:
that predators can respond instantaneously to prey maneuvers.
In reality, all animals experience sensory—motor delays, due to
the time required for perception, neural processing, and motor
execution (16). By incorporating empirically grounded estimates
of these delays, we show that even modest delays can substantially
alter the turning gambits’ predictions, shifting the advantage from
predators to prey and better aligning theoretical predictions with
the low capture success rates observed in nature. Moreover, these
delays interact with domain-specific biomechanics to generate
distinct pursuit—evasion regimes in which different traits are more
important for the outcome of pursuit encounters. Together, our
findings reveal how the interplay of biomechanics and sensory-
motor delays shapes pursuit dynamics across air, land, and water.

The Allometric Scaling of the Turning Gambit

Scaling of Maximum Speed. The turning gambit is characterized
by two biomechanical traits: maximum speed and minimum
turning radius. Across animals that fly, run, or swim, maximum
speed scales with body size in a hump-shaped manner, with
intermediate-sized animals achieving the highest velocities across
all three domains. Hirt et al. captured this with a phenomeno-
logical relationship (5):

Vo = aM® (1 - e,th) . 1]

Here, M denotes body mass, V,,, the maximum speed, and 4, &,
h, and k are empirically fitted parameters based on data from 394
species (5). For small body sizes, the relationship approximates a

hM*

simple power law. The term 1 — e~ accounts for the observed
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decline in relative speed at larger body sizes, deviating from
the power-law trend. Fig. 24 shows the observed speed—mass
relationships across aerial, terrestrial, and aquatic domains. On
average, animals achieve the highest speeds in aerial locomotion,
followed by terrestrial, and then aquatic domains.

Scaling of the Minimum Turning Radius. To derive how the
minimum turning radius scales with body size, we estimate
the maximum centripetal force an animal can generate. This
simplified model of uniform circular motion assumes constant
speed and a fixed turning radius, consistent with the assumptions
of the turning gambit. The resulting scaling laws are summarized
in Table 1, with derivations provided in SI Appendix.

The derived equations for aquatic and aerial locomotion share
a similar structure: both include the density of the surrounding
medium, a surface area-related coefficient, a (lateral) lift term,
and they scale with body mass to the power of M'/3, These
similarities are intuitive, as turning in both domains requires
generating lateral forces through interaction with the surrounding
medium. A key difference, however, lies in the medium’s density.
Water is approximately 1,000 times denser than air. Since the
other relevant parameters are of comparable magnitude across
domains, we predict that aquatic animals should exhibit turning
radii roughly three orders of magnitude smaller than their
aerial counterparts. This prediction is consistent with empirical
observations, as shown in Fig. 2B. Importantly, the predicted
turning radii in the figure are not fitted to the data but are derived
from independently estimated parameter values (see S/ Appendix
for the derivations). Moreover, empirical studies confirm that
in aquatic domains, turning radius is largely independent of
speed (6, 17).

Locomotion in the terrestrial domain differs fundamentally
from that in aquatic and aerial systems. On land, the minimum
turning radius is constrained either by the grip provided by the
feet or by the maximum force the limbs can withstand. Tan and
Wilson identified these two limiting regimes in horses (18). In the
grip-limited case—which applies when friction with the surface
is the limiting factor—the turning radius scales with the square
of the animal’s speed. This scaling has been empirically validated
in species such as northern quolls, cheetahs, lions, impalas, and
zebras (15, 19). In this paper, we focus solely on the grip-limited
case as even relatively large terrestrial animals such as cheetahs,
lions, impalas, and zebras appear to be grip-limited (2). As the
transition between the two domains is a function of mass (18),
we assume that all lighter animals will also be grip-limited. This
includes most of the predator—prey pairs in our analysis.

The downturn of the terrestrial turning-radius curve at large
body masses arises because the terrestrial turning radius scales
with V2, while maximum speed peaks and subsequently declines
at high body mass. As a result, reductions in speed in very large
animals lead to smaller predicted turning radii. Empirical data
for large terrestrial animals are currently insufficient to confirm
or refute this prediction.

Odur analysis highlights substantial differences in locomotory
capabilities across domains, driven largely by medium density.
Aerial animals achieve the highest speeds, whereas aquatic animals
can turn the sharpest, with turning radii often orders of magni-
tude smaller than those in air or on land. To investigate how these
biomechanical constraints shape predator—prey interactions, we
integrate them into the turning gambit framework and examine
their implications for the dynamics of pursuit predation.

The turning gambit. The turning gambit framework delineates
two distinct regions: one in which the prey can successfully
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Table 1.
aquatic domains

Centripetal force

Minimum turning radius

Derived expressions for the centripetal force and minimum turning radius in terrestrial, aerial, and

Independent parameter estimates

Terrestrial Fc=Mgu R = 5‘{—;
Aerial Fe = 3 pairGiSV2 sin(Opank) R=
Aquatic Fe = 3 pwater CLAV? R=

air (i Cw

pwater C1.Cy

g£=981m/s?y =123

Mm1/3 pair = 1.2kg/m3C; = 0.5C, = 0.15m2 kg~%/3

m1/3 pwater = 998 kg/m3C, = 1.08C, = 0.035m2 kg3

Terrestrial: g—gravitational constant, u—grip coefficient. Aerial: p,;,—air density, C;—lift coefficient, S—wing surface area, C,y—scaling coefficient for wing area. Aquatic: pyqter —water
density, C; —lateral lift coefficient, A—projected lateral area, C4—scaling coefficient of the projected lateral area with body mass.

outmaneuver the predator and reach a “safe zone” that is
unreachable to the predator due to its own turning limitation
(the escape region), and another in which the predator is
biomechanically capable of intercepting prey before they can
reach this zone (the capture region). Whether a given predator—
prey pair falls into the escape or capture region is determined by

two key ratios: the ratio of their maximum speeds (v = %) and
/)

the ratio of their minimum turning radii (» = %) The condition

under which prey can evade capture was analytically derived by
Howland (11), yielding the following relationship:

v > /7. 2]

We evaluated this condition using empirical predator—prey
mass pairs from vertebrate species that operate in the same
locomotor medium (aquatic, aerial, or terrestrial). We focus on
vertebrates because several assumptions of the turning-gambit
framework and the locomotory scaling laws are less applicable
to invertebrates. Small aquatic invertebrates typically operate
at low Reynolds numbers and rely on intermittent burst—
coast or jump-like motion rather than sustained, constant-speed
swimming (20, 21). Flying insects use unsteady, flapping-wing
aerodynamics that do not conform to the fixed-wing mechanics
used to derive turning-radius scaling (22). Likewise, the terrestrial
friction coefficients underlying our turning-radius estimates are
parameterized from four-legged mammals and may not generalize
to arthropods with different limb morphologies.

For each predator—prey pair, we computed the speed ratio:

(Me)b 1—
v=\— E—
Mp 1—

where m = % is the prey-to-predator mass ratio, and y (M., M,)

_pMi = mb}/ (M"’ MP) ’ [3]
e »

captures the non-power-law deviation introduced by the hump-
shaped scaling of maximum speed.

The turning radius ratio, , follows different scaling relations
across domains (derivation in S/ Appendix):

for terrestrial animals

2
r{”m (4]

m for aerial and aquatic animals.

In the terrestrial domain, substituting » = »? into Eq. 2, shows
that predator and prey lie exactly on the boundary. Thus neither
has a fundamental biomechanical advantage, and outcomes hinge
on species-specific deviations in speed or maneuverability.

In contrast, the aerial and aquatic domains yield a different
outcome. Substituting » = m'/3
can evade if:

into Eq. 2, we find that prey

1

me b < y (Me, Mp) . [5]
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At small masses where y & 1, prey escape depends primarily on
the speed-scaling exponent 4. In both aquatic (b = 0.37) and
aerial (b = 0.18) domains, & exceeds %, indicating that predators
can catch prey as long as the prey is smaller (S/ Appendix). At large
predator masses, however, the hump-shaped speed curve reduces
predator advantage, creating a mixed region in which predators
capture smaller prey but fail against larger ones.

While body size explains a substantial proportion of the varia-
tion in speed and maneuverability across species (Fig. 2 A and B),
animals of similar size can still differ markedly in these traits. As
a result, the outcomes of specific predator—prey interactions may
deviate from the predictions of our model, which reflects average
allometric scaling relationships. To quantify how such deviations
influence pursuit outcomes, we calculate the number of SD by
which a prey or predator must change their speed to shift from
the capture region to the escape region of the turning gambit
(or vice versa). A full derivation, together with the corresponding
deviation for turning radius, is provided in S/ Appendix.

In the aerial domain, most prey would need only modest in-
creases in speed—on average, 0.1 SD (Figure 2C) to shift into the
escape region. This suggests that while most predators tend to hold
a slight biomechanical advantage, relatively small species-specific
deviations in locomotory traits may enable prey to evade capture.
Inaquaticsystems, however, prey would require much larger devia-
tions (often 1 to4 SD), reflecting the stronger allometricadvantage
ofaquatic predatorsarising from steeper speed—mass scaling.

Taken together, these results suggest that in terrestrial systems,
the ability to escape or capture is primarily governed by species-
specific deviations in locomotory traits from the average. In aerial
and aquatic domains, the turning gambit model predicts a general
predator advantage over small prey, with this advantage being
much more pronounced in aquatic systems. As a result, one
would expect the highest capture success rates in aquatic pursuit
predation, followed by aerial and then terrestrial systems. Yet
empirical capture rates show the opposite pattern: pursuit success
is lowest in aquatic systems and highest in terrestrial systems,
although the difference in capture success between aquatic and
aerial predators was not statistically significant (Fig. 2D and S/
Appendix). A striking example is provided by field observations
of Caranx melampygus and Aphareus furca hunting small prey fish
at spawning sites, where only 4% of attacks resulted in successful
capture (30). This low success rate contrasts sharply with model
predictions, which, given prey masses on the order of grams and
predator masses in the kilogram range, classify these encounters
as highly favorable for the predator.

The Turning Gambit with Sensory-Motor Delay

In the original formulation of the turning gambit, predators
are assumed to respond instantaneously to prey maneuvers. In
reality, all animals experience sensory—motor delays arising from

https://doi.org/10.1073/pnas.2534397123 3 of 8
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Fig. 2. (A) Scaling of maximum speed as a function of body mass. Data
compiled from Hirt et al. (5) were filtered to retain species consistent with
the model's assumptions (SI Appendix). The bird icon represents the aerial
domain, the tiger the terrestrial domain, and the fish the aquatic domain. (B)
Predicted scaling of minimum turning radius. The functions and coefficients
were analytically derived (S/ Appendix). Empirical turning radius data are
included from refs. (4, 13, 23-25). For terrestrial animals, turning radius is
calculated at their maximum recorded speed. (C) Turning gambit predictions
across predator-prey mass combinations. Red-shaded regions indicate the
capture region where interception is biomechanically possible; green-shaded
regions denote the escape region; white-shaded areas denote the region
where the prey is faster than the predator and are not evaluated. The gray
area delineates the boundary between these two zones, predicted for grip-
limited terrestrial pairs. Colors indicate the number of SD by which prey or
predator speed would need to deviate from the mean allometric relationship
to reach the escape boundary. Black points represent known predator-prey
mass pairs, aggregated from multiple sources (13, 26-29). (D, Left) Conceptual
prediction from the turning-gambit model illustrating qualitative differences
in expected capture success across domains. (D, Right) Empirical capture
success rates (30-68) in pursuit predation across domains, together with
the average and +1 SD (black line). Only comparable predator-prey pairs are
included (e.g., birds attacking birds, mammals attacking mammals, or teleosts
attacking teleosts). Sample sizes: terrestrial (N = 18), aerial (N = 45), aquatic
(N = 16). Capture success did not differ significantly between aquatic and
aerial systems, whereas terrestrial systems differed significantly from both
other domains (see S/ Appendix for statistical analyses). A detailed description
of data acquisition and processing for all subfigures is provided in S/ Appendix.

the time required for sensory processing, neural transmission,
and motor execution. Consequently, predators can only respond
to prey maneuvers after a delay (69, 70). Even brief delays can
substantially alter the geometry of pursuit, as the predator begins
turning only after the prey has already changed course. The extent
to which the prey can change its heading during this delay can be
approximated by the angular displacement w, 7,, where w, = %:
is the prey’s turning rate and 7, is the predator’s sensory—motor
delay.

To estimate how much rotation a prey can achieve during a
predator’s sensory—motor delay across different predator—prey
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pairs, we apply the previously introduced allometric scaling
relationships for maximum speed (Eq. 1) and minimum turning
radius (equations in Table 1), and additionally introduce a scaling
law for visual sensory—mortor delays, given by 7, = 0.1M 0.14
(70). The resulting predictions are shown in Fig. 3C.

Strikingly, most aquatic prey are predicted to be able to
complete a full 180° turn within the predator’s delay window,
a consequence of the much smaller turning radii afforded by
locomotion in the denser aquatic medium. In contrast, most
aerial and terrestrial prey fall well below 45°, with median angular
displacements around 10°. These differences suggest that aquatic
prey benefit from a larger head start in their maneuver before
their predators begin to respond.

To further explore the role of sensory—motor delays in shaping
pursuit and evasion, we extend the turning gambit framework
to explicitly account for the predator’s sensory-motor delay, as
illustrated in Fig. 34. A mathematical description is provided in
Materials and Methods. In this formulation, we neglect the prey’s
sensory—motor delay, based on the assumption that it initiates
the evasive maneuver and can compensate for its own delay by
adjusting the timing of its response (70). The prey begins its
turn at a distance Xp from the predator, executing the maneuver
with turning rate @, and turning radius R,. In contrast to the
original model, the predator does not respond immediately:
it continues in a straight line at speed V), for a duration 7,
corresponding to its sensory—motor delay. Only after this delay
does the predator begin to turn, with turning rate @, and turning
radius R,.

To evaluate how delays influence the timing of escape, we
introduce the concept of the escape window (Fig. 3B). Since the
prey can choose when to initiate its evasive turn, we evaluate the
outcome for different values of Xp. The escape window, denoted
AX, is defined as the range of initiation distances from which
the prey can successfully evade capture. Because the significance
of this spatial range depends on the animals’ speeds—covering
one meter at 1 cm/s is not equivalent to doing so at 10 m/s—
we convert it into a temporal window. This yields the escape
window: Ax

At = ———, (6]
Vp—=Ve
which expresses the time window within which the prey must
initiate its maneuver to stay out of reach of the predator.

Fig. 3D shows the escape windows for the same set of
predator—prey mass pairs analyzed previously, now evaluated
under predator sensory—motor delays of 0, 50, and 100 ms.
In the absence of delay, only a few prey are predicted to escape
(same data points as in the green shaded area of Fig. 2), and the
median escape window across all domains is zero. However, once
sensory—motor delays are introduced, the model’s predictions
shift dramatically: all prey are now predicted to evade, shifting
the advantage from predator to prey.

Comparing the three domains, the escape window is, on
average, about an order of magnitude larger in terrestrial and
aerial systems than in aquatic ones. Consequently, successful
evasion requires far more precise timing for aquatic prey.
Furthermore, we observe substantial variation in escape window
size as a function of body mass within all three domains, with
lighter individuals consistently predicted to require more precise
timing of their maneuvers than larger ones (Fig. 3D).

In summary, although the original formulation of the turning
gambit posits that prey escape predators by outmaneuvering
them, the scaling of locomotory traits across aquatic, aerial, and
terrestrial domains suggests that most prey should, in fact, be
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Fig. 3. (A) Schematic representation of the turning gambit model with
sensory-motor delay. The prey initiates its evasive maneuver at a distance
of Xy from the predator and turns with turning rate we and turning radius Re.
The predator now first goes straight with linear speed Vj, for a period of 7p and
then turns toward the prey with a turning rate of wp and turning radius Rp. (B)
lllustration of the escape window. Additional details on its computation are
provided in S/ Appendix. (C) Predicted angular displacement of prey within
the predator's sensory-motor delay. The same dataset of predator-prey
body masses is used here. (D) Predicted escape windows for prey from
the predator-prey mass dataset across different domains. Red dotted lines
indicate the median value within each group. Colors of the data points denote
prey mass in panels (C) and (D).

unable to do so. Incorporating sensory—motor delays into the
model fundamentally alters this prediction, shifting the advantage
toward prey by giving them a critical head start in their escape
maneuver. Furthermore, introducing sensory—motor delays leads
to the prediction that aquatic prey must time their evasive
maneuvers with roughly an order of magnitude greater precision
than prey in the other two domains.

Distinct Maneuverability Regimes of Pursuit

Beyond shifting the advantage from predator to prey, the
introduction of sensory—motor delays also generates qualitative
differences in how pursuit outcomes depend on maneuverability.
In terrestrial and aerial domains, decreasing maneuverability (i.e.,
increasing R, and thus lowering @,) leads to a rapid decline in
escape performance (Fig. 44). On average, doubling R, reduces
miss distance by roughly eightfold in aerial predator—prey pairs
and by about 16-fold in terrestrial ones. In aquatic systems, the
pattern reverses: miss distance increases with increasing R,. While
the magnitude of this effect varies among aquatic predator—prey
pairs, on average, aquatic prey could nearly double their miss
distance by turning with radii three to four times greater than
their predicted minimum.

To understand these contrasting patterns, we examined how
miss distance varies with prey turning radius across domains (Fig.
4B). In nearly all aquatic predator—prey pairs, the miss distance
equals 2R,, the maximum possible separation predicted by the
turning-gambit framework. In contrast, in terrestrial and aerial
systems it remains substantially below this limit. This difference
arises because most aquatic prey can complete a full 180° turn
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before their predators begin to respond (w.7, > ), whereas
terrestrial and aerial prey cannot. This threshold divides pursuit—
evasion dynamics into two maneuverability regimes: a high-
maneuverability regime, in which prey achieve the theoretical
maximum miss distance, and a low-maneuverability regime, in
which predators begin responding before the prey completes its
turn (Fig. 4C).

As long as ®,T, > 7, prey can further increase their miss
distance by widening their turns up to the point at which they
can no longer complete the full rotation before the predator
reacts. Even after prey can no longer complete a 180° turn within
the predator’s delay (w,7, < ), miss distance can continue to
increase slightly with further increases in R, because a wider
turn carries the prey farther away from the predator’s initial
trajectory before the predator begins to turn (Fig. 4D). In this
range, the lateral displacement gained from a wider turn initially
outweighs the cost of giving the predator more time to respond.
With further increases in R,, however, the predator’s response
increasingly erodes this advantage, and miss distance begins to
decline (Fig. 4D).

Thus most aquatic prey operate in a high-maneuverability
regime, where further increases in maneuverability do not
improve escape performance. Instead, aquatic prey can benefit
by turning less sharply than they are capable of. Terrestrial and
aerial prey, by contrast, occupy the low-maneuverability regime,
where predators respond before the prey completes its turn and
escape performance is strongly limited by maneuverability.
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Fig. 4. (A) Relative change in miss distance as a function of increasing prey
turning radius for all predator-prey pairs in the dataset. (B) Achieved miss
distance, expressed relative to the prey’s minimum turning radius, as a
function of the prey’s angular displacement during the predator’s sensory-
motor delay. (C) Schematic illustration of the high- and low-maneuverability
regimes. (D) Effect of varying prey turning radius on normalized miss distance
for 10randomly sampled predator-prey pairs per domain. The accompanying
histogram shows the distribution of initial angular displacements generated
during the predator's sensory-motor delay, as predicted from allometric
scaling relationships.
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Discussion

Our analysis reveals that the original formulation of the turning
gambit, when combined with allometric scaling relationships,
fails to capture key patterns observed in empirical data on capture
success rates. While the model predicts a consistent predator
advantage across domains, empirical data show that prey, on
average, escape more often than they are captured. Moreover,
the model suggests that capture should be easiest for aquatic
predators, followed by aerial and then terrestrial predators,
whereas empirical data show the exact opposite pattern. These
discrepancies suggest that the biomechanical trade-off between
turning radius and speed alone, as formalized in the turning
gambit framework, is insufficient to explain pursuit—evasion
dynamics.

A key assumption of the original turning gambit is that
predators can respond instantaneously to prey maneuvers. In
reality, neural processing and transmission delays—known as
sensory—motor delays—mean that predators can only perceive
and respond to prey maneuvers after a delay (16, 70-74).
Although these delays are relatively short, on the order of 20
to 200 ms, they have profound consequences for pursuit—evasion
interactions (70). Across all three domains, incorporating preda-
tor sensory—motor delays into the model consistently shifts the
advantage toward the prey, a prediction more consistent with the
generally low capture success observed across predator—prey pairs.

Beyond tipping the scales in favor of prey, sensory—motor
delays interact with domain-specific differences in maneuver-
ability to create distinct pursuit—evasion regimes. Because water
is roughly three orders of magnitude denser than air, aquatic
animals tend to have lower speeds but can execute the sharpest
turns, making them the most maneuverable across all domains.
Most prey in this domain are predicted to be able to complete
a full 180° turn within the predator’s sensory—motor delay,
enabling large directional changes before the predator can react.
By contrast, aerial and terrestrial prey typically rotate less than 45°
during the same interval, with a median of about 10°. Although
our analysis focuses on vertebrates, many flying insects achieve
turning rates comparable to those of aquatic animals and may
therefore operate within or near the high-maneuverability regime
(12, 75). Pursuit—evasion dynamics among flying insects may
thus resemble those of aquatic predators and prey more closely
than those of vertebrates in air or on land.

The substantial domain-specific variation in maneuverability,
in combination with predator sensory-motor delays, leads to three
major consequences. First, because most aquatic predators are
highly maneuverable themselves, they can rapidly adjust their
course once the delay has elapsed, leaving prey with much
narrower time windows in which they can outmaneuver them
(6). Under a 50 ms predator delay, the model predicts that
most aquatic prey have escape windows shorter than 100 ms
(and the smallest prey around 50 ms) compared with median
windows of ~1s in terrestrial and aerial systems. Consequently,
aquatic prey must time their evasive maneuvers with roughly an
order of magnitude greater precision than prey in the other two
domains. Consistent with this requirement, many teleost fishes
possess a specialized escape circuit (the Mauthner cell system) that
can initiate responses with exceptionally fast and precise timing
(76, 77). This suggests that aquatic prey may indeed be capable
of triggering escapes with the predicted precision necessary to
evade predators despite their narrow escape windows.

Second, in both aerial and terrestrial systems, escape outcomes
are highly sensitive to differences in maneuverability: small
reductions in turning performance lead to large reductions in miss
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distance. In the aquatic domain, the opposite holds true. Most
aquatic prey already reach the theoretical maximum miss distance
of twice their turning radius by completing a full turn during
the predator’s delay. Sharper turns reduce this distance, whereas
wider evasive turns can increase it. This counterintuitive effect
leads to a clear, testable prediction: in aquatic systems, prey should
employ wider evasive turns than their biomechanical limits would
otherwise allow. This is especially important because, although
aquatic prey can execute tight turns, sufficiently large turning
radii may be required to generate the lateral displacement needed
to flank the mouth of an approaching predator.

Finally, the high maneuverability of aquatic prey affects not
only the geometric feasibility of interception, but also the preda-
tor’s ability to generate a controlled interception response. The
turning gambit evaluates only whether capture is biomechanically
possible (whether the prey can escape the set of all feasible
predator trajectories), whereas real predators must commit to
a single interception path. To guide these interception paths,
predators across a broad range of taxa appear to rely on simple
control strategies that use the perceived relative position and
motion of the prey to guide their turns (78-81). In aquatic
systems, rapid prey turns force predators into equally rapid
course changes; when combined with sensory—motor delays, these
changes can destabilize feedback control and lead to interception
failure (70, 74). Such instability is a general property of feedback-
controlled systems facing rapidly changing but delayed inputs
(82), and has been demonstrated in models of predator—prey
interactions parameterized with empirical aquatic locomotion
data (70). In contrast, our model predicts that vertebrate prey
in terrestrial and aerial domains undergo far smaller directional
changes during the predator’s delay, suggesting that predators in
these domains are less susceptible to delay-induced instability. As
a result, compensating for delays, for example, by predicting
a prey’s current position from delayed sensory input, may
be especially important for aquatic predators tracking highly
maneuverable prey (74).

Beyond sensory—motor constraints, the turning gambit sim-
plifies pursuit dynamics by representing animals as point masses
that move at constant speed and execute turns with a fixed
minimum radius. Real predators and prey can violate these
assumptions in several ways. They can bend their bodies, reorient
control surfaces, and accelerate or decelerate during maneuvers
(15, 25, 83-86). In aquatic and aerial systems, rapid turning
often incurs speed loss due to increased drag, whereas in terrestrial
systems turning radius depends directly on velocity, creating an
intrinsic speed—maneuverability trade-off (87). Prey may also
violate the assumption of planar motion by executing fully three-
dimensional turns, in which direction-dependent differences in
maneuverability can confer advantages along different axes of
motion (88).

In addition to these biomechanical deviations, predators and
prey may employ behavioral strategies that alter pursuit outcomes
beyond the geometric framework considered here, including
cooperative hunting, endurance-based chases, or gravity-assisted
maneuvers (3, 13, 89-94). Moreover, predators may pursue
prey that move in a different locomotor domain, such as aerial
predators attacking terrestrial prey (95, 96). In these cross-
domain interactions, predator and prey no longer share the
same allometric scaling of biomechanical constraints and may
move in different planes, fundamentally altering the geometry
of interception. Extending the turning gambit to such scenarios,
therefore, requires a distinct treatment and represents an impor-
tant direction for future work.
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Despite these departures from the model’s assumptions,
limited empirical evidence suggests that the turning gambit
still captures first-order determinants of escape success. In bat—
moth interactions, for example, once sensory—motor delays and
empirically measured average turning speeds were incorporated,
the model discriminated between successful and unsuccessful
escapes even under clear violations of constant-speed and
planar-motion assumptions (12). This suggests that, although
simplified, the turning gambit may still serve as a useful first-order
approximation for understanding pursuit—evasion outcomes.

In conclusion, although pursuit and evasion dynamics are
governed by conserved underlying principles, they unfold within
distinct biomechanical regimes where different traits become
more or less influential, and across spatial and temporal scales that
differ by orders of magnitude. Counterintuitively, while aquatic
animals are the slowest among the three domains, their high
maneuverability causes interactions to unfold over the shortest
timescales, creating especially challenging conditions for both
predator and prey. Our model provides a step toward explaining
the striking variation in capture success observed both among
and within domains. Integrating this framework with high-
resolution data on natural encounters will enable direct tests
of its predictions and advance a predictive theory of pursuit and
escape in nature.

Materials and Methods

The Turning Gambit Model.

original model. In the original formulation of the turning-gambit model (11),
the predator and prey both travel at constant speed and with fixed turning radii.
The prey begins its evasive turn at an initiation distance Xy directly in front of
the predator. Its trajectory is given by

7 o _ | Xo + Resin(wet)
Xe(t) = [Re — Rs cos(a)Zt)] ’ (7]

where R is the prey's turning radius and we = Ve/Re its turning rate with
speed Ve.

The predator immediately turns toward the prey with a turning radius
Rp, speed Vp, and the resulting turning rate wp = Vp/Rp. Its trajectory is
given by

Do Rp sin(wpt)

Adjusted model. We modify the original model to prevent the prey from
unrealistically continuing to rotate indefinitely. Specifically, once the prey
completes a 180° turn, we constrain it to continue in a straight line at constant
speed Ve. Thus, for t < m/we the prey follows a circular arc of radius Re; for
t > m/we it moves straight in the direction opposite its initial heading. The
prey's trajectory becomes
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where 1 denotes the indicator function, which is equal to 1 when the condition
in the subscript is met, otherwise it is zero.

To incorporate the predator's sensory-motor delay, we assume that the
predator continues to travel in a straight line at speed Vj for a duration zp.
After this delay, it begins its turn with a tumning radius R and a turning rate of
wp = Vp/Rp again. The predator's trajectory becomes

)? ; th1t<fp + (Vpr + Rp Sln(a)p(t — Tp))) II-tZTp [10]
p\t) = .

(Rp — Ro co{p(t = 7p))) Tt
Computation of the miss distance. To compute the miss distance, we use
numerical optimization to find the values of R, and Vj that minimize the

minimum distance between the predator and prey during evasion. We define
the predator-to-prey distance as

D(t) = [Xo(t) = Xe(t) - [11]

For a given initiation distance Xp, we allow the predator to increase its turning
radius, reduce its speed, or do both. We then determine the combination that
minimizes the minimal predator-prey separation:

arg min min _D(t)
Rp, Vp te[0, Tmax)
subjectto  Rp > Rg, (2]
0
Vp < Vp,

X4(0) > XX(0),

where Rg and Vg denote the predator's minimum turning radius and maximum
speed, respectively. The constraint Xz (0) > X5(0) makes sure that the prey
starts in front of the predator. We define Tymax as the time at which the prey
and predator have the same x-position, Xz (t) = X5(t). This ensures that we
evaluate whether the prey can reach the safe zone-i.e., pass into the region
where X3 (t) < X5(t)-without being intercepted. The minimal predator-prey

separation over this interval is taken as the miss distance. A miss distance of zero
indicates that the predator successfully intercepts the prey. For the computation
showninFig.4, we reportthe maximumachievable miss distance, corresponding
to the initiation distance X that maximizes this value.

Data, Materials, and Software Availability. All study data are included in
the article and/or supporting information.
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