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ABSTRACT OF THE DISSERTATION

The persistent-pursuit and evasion strategies of lionfish and their prey
By
Ashley Nichole Peterson
Doctor of Philosophy in Biological Sciences
University of California, Irvine, 2022

Professor Matthew J. McHenry, Chair

The pursuit of prey is vital to the biology of a predator and many aspects of predatory
behavior are well-studied. However, it is unclear how a pursuit can be effective when the
prey is faster than a predator. Using kinematic measurements, we considered the strategy
of red lionfish (Pterois volitans) and devil lionfish (Pterois miles) as they pursued a variety
of prey fishes. Despite generally swimming slower than their prey, red lionfish and devil
lionfish succeeded in capturing prey in 61% and 82% of our experiments. This successful
pursuit behavior was defined by uninterrupted motion and a targeting strategy of pure pur-
suit, characterized by heading towards the prey’s position and not the anticipated point of
interception. These characteristics comprise a behavior that we call the ‘persistent-predation
strategy’, which may be exhibited by a diversity of predators with relatively slow locomo-
tion. When encountering lionfish, prey avoidance behavior was variable among species, but
without a consistency that was predictive of the outcome of an interaction. The coupled
nature of these interactions challenge the ability to resolve what aspects of performance
matter during predator-prey interactions. To address this challenge, we developed a 2D
agent-based mathematical model for a fish predator and an individual prey fish enclosed
within a circular arena. We parameterized and tested the predictions of this model with
experimental measurements of fish trajectories and performed numerical simulations with

a Monte-Carlo approach to predict the trajectories of predator and prey. By manipulating

x1



single parameters, we were able to determine the effect that each parameter had on the
outcome of a simulated interaction. We found that metrics related to vigilance and evasion
strategy may be more valuable toward evading a slow predator than maximal measure of
kinematic performance. This method demonstrates the power of agent-based mathematical
modeling for testing hypotheses about the salient features that determine the outcome of

predator-prey interactions.
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Chapter 1

Red lionfish (Pterois volitans) pursue

prey with slow persistence

1.1 Abstract

The pursuit of prey is vital to the biology of a predator and many aspects of predatory
behavior are well-studied. However, it is unclear how a pursuit can be effective when the
prey is faster than a non-cryptic predator. Using kinematic measurements, we considered
the strategy of red lionfish (Pterois volitans) as they pursued a faster prey fish (C. viridis).
Despite swimming about half as fast as C. wiridis, lionfish succeeded in capturing prey
in 61% of our experiments. This successful pursuit behavior was defined by three critical
characteristics. First, lionfish targeted C. viridis with pure pursuit by adjusting their heading
towards the prey’s position and not the anticipated point of interception. Second, lionfish
pursued prey with uninterrupted motion. In contrast, C. viridis moved intermittently with
variation in speed that included slow swimming. Such periods allowed lionfish to close the

distance to a prey and initiate a suction feeding strike at a relatively close distance (< 9 cm).



Finally, lionfish exhibited a high rate of strike success, capturing prey in 74% of all strikes.
These characteristics comprise a behavior that we call the ‘persistent-predation strategy’,

which may be exhibited by a diversity of predators with relatively slow locomotion.



1.2 Introduction

A variety of factors affect whether a predator will succeed in capturing its prey. Animals
that prey upon evasive organisms must consider the behavior of prey into their hunting
strategy. If the predator is relatively slow, then it may employ an ambush strategy to
capture prey that unwittingly move within the predator’s strike range (e.g., spiders [48],
snakes [78, 3, 81], mantis shrimp [27], and fishes [71, 74, 17]). A cryptic predator may
alternatively stalk the prey by approaching slowly before striking (e.g., lynx [41], jumping
spiders [9], and fishes [44, 70]). If the prey becomes aware of the predator, then a chase may
ensue where the outcome is determined by the relative speed and agility of both animals. It is
commonly assumed that the predator will have a speed advantage in a pursuit, which allows
for an application of missile-targeting models to understand a predator’s directional control
and effectiveness [31, 14, 50, 52, 68, 37]. However, not all predators are faster than their
prey. A prominent example is offered by the Pacific red lionfish (Pterois volitans), which
is a devastatingly invasive predator to coral reef habitats in the Atlantic Ocean [24]. This
fish swims slowly, with its disproportionately large pectoral fins splayed forward. Lionfish
exploit their disruptive coloration [77] to ambush small prey within complex habitats, but
also actively forage in the water column, where they are likely visible to prey fish [26, 10].
Existing theory does not offer an explanation for the success of a predator that pursues
faster prey without the crypsis necessary for a stalking or ambush strategy. In an effort to
understand the predation strategy of lionfish, we performed a kinematic analysis of these

animals as they preyed upon faster fish (Chromis viridis, figure 1.1a).

A major component of predatory behavior is the targeting control toward the prey. The
bearing angle (figure 1.1b) offers a means for distinguishing between the major types of
targeting. Predators that direct their swimming towards the prey’s position maintain a
near-zero bearing angle, which is known as ‘pure pursuit’ (figure 1.1b,¢). Pure pursuit

requires only that the predator sense the prey’s position and is exhibited by animals as



disparate as beetles [40] and fishes [60, 83]. This targeting contrasts predators that attempt
to move toward the anticipated point of interception with the prey, which is achieved by
targeting known as ‘parallel navigation’ (figure 1.1b,d). Parallel navigation is only possible
when the prey is either slower or directed toward the predator (see equation 1.1). In this
form of targeting, the predator’s bearing is adjusted according to the position and relative
velocity of the prey, and therefore requires a higher level of sensory-motor control than what
is necessary for pure pursuit. Parallel navigation has been observed in aerial predators like
hawks, bats, robber flies, and dragonflies [31, 14, 50, 52, 68, 37], but it is unclear whether

fishes are capable of this neuromechanical control [60, 55].

A prey’s avoidance behavior necessitates balancing vigilance to a threat against the need
to forage, seek mates, defend territories, and other essential behaviors. Reef fishes may
therefore tolerate the presence of fish predators, particularly when they can remain in close
proximity to a refuge [5, 45, 75, 43]. Predators hovering over a reef may consequently
seek opportunities to capture prey, perhaps capitalizing on moments when their vigilance
is compromised [33, 86]. Such behaviors have been described in trumpetfish (Aulostomus
maculatus), cornetfish (Fistularia commersonii), and lizardfish (Synodus variegatus), when
foraging for small reef fishes [44, 70, 6, 86, 7]. When avoidance behavior fails, then a prey’s
survival may require an evasive maneuver. This may consist of a sharp turn, such as exhibited
by birds and other animals in flight [46], or an escape behavior that attempts to dodge a
predator’s strike [82]. A predator’s accuracy and the distance at which a strike is initiated

can be decisive factors in the outcome of these interactions [84, 49].

The present study considered multiple aspects of the predatory strategy of lionfish in our
kinematic analysis. We compared measurements of bearing against the predictions of pure
pursuit and parallel navigation to resolve the species’ targeting control. We examined the

factors of the prey’s behavior that contributed to the lionfish’s ability to close the distance



to its target. Finally, we tested how the distance between the animals served as a mediating

factor in strike probability and success.

1.3 Material and methods

We recorded the body movement by individual lionfish ( Pterois volitans, TL = 17.6 cm 5.0
cm, n = 5) as they interacted with individual prey fish (Chromis viridis, TL = 3.4 cm 40.7
cm, n = 23, figure 1.1a) in a cylindrical tank. We performed a kinematic analysis of these
recordings with custom software (in MATLAB v. 2019b, MathWorks, Natick, MA, USA)
to test the pursuit strategy of the predators. This software found the center-of-area of each
fish body by semi-automated image processing of each video frame near the end (< 5 min)
of each experiment (figure 1.2a). From the trajectories of the two animals, we calculated
speed (figure 1.2b), distance (figure 1.2¢), heading, the prey’s relative heading (3, equation
S1, figure 1.1b), and the predator’s bearing (¢, equation S2, figures 1.1b, 1.2d-¢). For each
experiment, we found the proportion of time that each fish spent at a near-zero velocity
(< 0.01 cm s71) as a metric of intermittent swimming. Our kinematic measurements were

not normally distributed and we therefore analyzed using non-parametric statistics.

We evaluated whether lionfish move with kinematics that are consistent with either pure
pursuit or parallel navigation. Pure pursuit was tested by examining whether the 95%
confidence intervals (CI) of bearing measurements spanned a zero value [11, 94]. Lionfish
bearing angles from individual experiments did not follow a uniform Von Mises distribution
(mean kurtosis ky = 2.09 +4.56, n = 23), and were instead skewed toward the circular mean
angle (mean skewness b = 0.003+£0.09, n = 23). To test whether lionfish alternatively moved

with parallel navigation, we compared bearing measurements against the bearing predicted



(¢para) by the following equation [79]:

(1.1)

. 1 { Sesinf
¢Para281n 1( . )7

Sp
where s, and s, are respectively the speed of the prey and predator. This calculation was
only possible for the rare moments when the prey was either slower or directed towards the

predator.

We examined how the distance between predator and prey affects the likelihood of a strike
and its success. In particular, we compared the distance at which strikes were initiated
(dstrike), against the closest distance attained between the animals that did not result in a
strike, the ‘alternative minimum-distance’ (d,;). For experiments where a strike occurred,
the relationship between dy,. and prey capture success was fitted using a binomial logistic

regression. See electronic supplemental materials for details on our methodology.

1.4 Results

Lionfish continuously moved towards the prey for the duration of all experiments and suc-
cessful captured prey in 19 of 23 experiments. A typical experiment concluded when the
predator captured an individual after pursuing the prey as it swam around the periphery of
the cylindrical tank (figure 1.2a). Despite C. viridis generally maintaining a greater speed
than the predator (figure 1.2b), the distance between the animals eventually reduced to a
proximity at which the predator initiated a strike (figure 1.2¢). Throughout the experiments,
the lionfish tracked prey with a bearing angle that oscillated around zero, despite the prey’s
evasive swimming (figure 1.2d—e). The average bearing for all experiments was indistinguish-
able from zero (figure 1.3a). These results are consistent with a targeting control governed

by pure-pursuit. For each experiment, we performed a reduced-major-axis regression that



tested whether the measurements of bearing were similar to the values predicted for parallel
navigation. We found that this relationship was significantly different (p < 0.05, reduced-
major-axis regression) from unity in 21 of 23 experiments (figure 1.3b—d). Therefore, lionfish

generally favored a strategy of pure pursuit by aligning their heading with the line-of-sight.

The pursuit of lionfish was characterized by swimming that was generally slower than the
prey. The average lionfish swimming speed (6.36 + 3.66 cm s™!, n = 5, this and all further
measurements are reported as Mean +1 SD) was roughly half the average speed of C. wviridis
(12.3 +10.0 cm s™!, n = 23, figure 1.4a), but prey generally exhibited greater variation
in speed over the course of the experiments (figure 1.4b). Both fishes exhibited bouts of
slower swimming, but C. viridis spent a significantly greater proportion of time swimming

at near-zero velocities (< 0.01 cm s™!, figure 1.4¢).

We examined how the distance between the prey and the predator’s rostrum affected the
success and likelihood of a strike. Lionfish were highly successful, capturing prey in 74%
of experiments in which a strike occurred (n = 19), in part because the lionfish initiated
their strike within close proximity to the prey. Specifically, 90% of the strikes occurred
within 7 cm of the lionfish’s rostrum and this preferred strike range corresponded well to
the capture success. A binomial logistic-regression fit to our measurements found an even
probability of success at a distance of 6.94 cm (figure 1.5¢). In addition, successful strikes
occurred at about 1.3x the distance (dgye = 4.84 + 1.98 ecm, n = 14) of failed strikes
(dstriee = 6.50 £ 1.38 ¢cm, n = 5, figure 1.5b). Up until a strike, the prey succeeded in
maintaining their distance from the lionfish. For example, the closest distance attained
without a strike (dy, = 17.5 £ 14.5 cm, n = 13, figure 1.5a) was about three-fold greater

than the mean strike distance (dsie = 5.28 = 1.83 cm, n = 19).



1.5 Discussion

We found that lionfish employ a predation strategy that succeeds in capturing relatively
fast prey without the need for crypsis. This persistent-pursuit strategy capitalizes on a prey
fish’s periodic pauses in swimming with an uninterrupted slow approach that is targeted
directly at the prey’s position. This strategy benefits from the deadly effectiveness of the
lionfish’s suction feeding strike when the prey is in close proximity. Persistent pursuit may
help explain the success of lionfish as an invasive predator [24], but this strategy could also

apply to a diversity of other relatively slow predators.

A key feature of persistent pursuit is the predator’s control of its heading. The lionfish at-
tempted to direct their swimming with the instantaneous position of the prey, which equated
to a near-zero bearing angle (figure 1.3a). These kinematics are consistent with pure-pursuit
targeting, which is also employed by faster fish predators, such as pelagic bluefish (Pomato-
mus saltatriz) and the intermittent-swimming zebrafish (Danio rerio) [60, 83]. Deviations
of predator bearing away from zero were poorly explained by parallel navigation, suggesting
lionfish do not alter targeting behavior to intercept the prey, even in the rare instances when
they swim faster (figure 1.3b—c). Pure pursuit generally follow a longer path length, and
hence time to capture, but parallel navigation requires a locomotor system that can over-
take evasive prey [38, 40, 60]. The drag-inducing pectoral fins of the lionfish do not lend

themselves to such locomotor feats.

The success of a lionfish’s strike depends critically on the distance at which it is initiated
(figure 1.5b—c). Suction feeding involves a rapid expansion of the rostrum and low pressure
within the buccal cavity to draw in prey that are immediately in front of the mouth [64,
88, 89]. Lionfish chose to strike only when prey were within close range (figure 1.5a) and
were highly successful (74%, n = 19) in capturing C. viridis. We identified the distance

at which the lionfish showed an even probability of success (6.94 ¢cm) and found that the



probability of capture declined rapidly beyond that range (figure 1.5¢). These results are

perhaps unsurprising, given the spatial limitations of suction feeding [85, 90, 34, 64].

The success of persistent pursuit depends on the prey’s behavior. The nearly 2-fold faster
swimming of C. viridis (figure 1.4a) succeeded in maintaining the lionfish at a safe distance
until succumbing to the predator’s strike (in 19 of 23 experiments). The closest distance
between the fish where the lionfish did not strike (d,;) was more than 3-times greater than
the mean strike distance (figure 1.5a). Therefore, the lionfish generally did not miss an
opportunity to strike when C. wiridis failed to maintain its distance. Although rare, these
opportunities were the consequence of frequent instances when C. wiridis would pause its
forward motion (figure 1.4b-¢). The behavioral decisions underlying these decisions cannot
be directly quantified, but appear to reflect lapses in vigilance or errors in gauging the
predator’s proximity. Tropical reef fishes are often reliant on visual cues for predator evasion
[59, 53, 69, 29], such as the looming stimulus, increase in the angle subtended on the eye
by an approaching object [28, 87]. This stimulus is dependent on the speed of approach
and the size of the object, thus a slow approach can be insufficient to trigger an escape
response in prey fish [61, 91]. The lionfish’s strategy of a slow and persistent approach may
habituate prey to their presence and circumvent cues for escape, a potentially useful strategy

for vigilant prey [33].

1.6 Summary

We found that lionfish employ a novel behavior for capturing prey that we call the persistent-
pursuit strategy. Our experiments revealed how this strategy permits lionfish to succeed as
predators, despite swimming slowly and lacking crypsis. Persistent-pursuit includes pure-
pursuit targeting with consistent forward motion and an effective predatory strike. C. viridis

universally attempted to evade the lionfish, but most ultimately failed by pausing their



swimming long enough that the lionfish succeeded in closing the distance. The predatory
strike exhibited a high capture success largely due to the close proximity at which is was
initiated. Persistent pursuit may be an effective predatory strategy for a diversity of slow

and non-cryptic predators.

10



1.7 Figures and tables

(c) pure pursuit
Gk .

Chromis viridis

capture

line-of-sight

relative
[ heading

(d) parallel navigation

Figure 1.1: The kinematics of prey targeting. (a) Photos of the red lionfish ( Pterois volitans)
and prey fish (Chromis viridis), shown from a lateral perspective, scaled to mean total fish
length. (b) The heading of the predator (red) and prey (blue) may depend on the line-of-sight
(gray line), the predator’s bearing (¢), and the prey’s relative heading (). (c—d) Trajectories
of predators (red curves) target prey (blue curves) by either (¢) ‘pure pursuit’ or (d) ‘parallel
navigation’. The two sets of trajectories are predicted from common starting positions (filled
circles), with the line-of-sight (gray lines) drawn at an even interval. (c¢) Deviated pursuit is
characterized by a predator maintaining a near-zero bearing. (d) Parallel navigation yields a
non-zero bearing to direct the predator toward the point of interception with the prey.
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Figure 1.2: Representative kinematics from a single experiment. (a) Trajectories of lionfish
(red curve) and prey (C. viridis, blue curve) in the final moments before capture (starting at
filled circles) in a cylindrical tank (gray circle), with the line-of-sight (grey lines) drawn at a
regular interval (1.4 s). (b—d) Kinematic variables are shown for the same period, including
the (b) speed, (c¢) distance between the center of area of the animals, and the bearing (d) with
respect to time and (e) in a polar histogram. (¢) The distance at the time of the strike (dstyike)
and the alternative minimum distance (dgy), the next-closest distance achieved, are annotated
in the plot.
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Figure 1.3: The kinematics of targeting by lionfish. (a) The circular mean bearings from all
experiments are depicted in a polar histogram (counts). The total circular mean bearing (red
line, 10° £+ 17.4° 95% CI, n = 23) was not significantly different from zero (p < 0.05, circular
equivalent of a one-sample t-test with specified mean direction). (b—d) Representative regres-
sion analyses of pursuit strategy from three experiments, with the predator’s measured bearing
plotted against the calculated predicted bearing angles for parallel navigation. Deviations of
the best fit by least squares (solid line) from the line of unity (dashed line) indicate that the
measured bearing is not characterized by parallel navigation. None of the experiments analyzed
with the regression analyses returned 95% confidence intervals that included the slope of unity
(n = 23). The inset polar plots depict counts of measured bearing with a circular mean (red

line).
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Figure 1.4: The speed and intermittency of predator (in red) and prey (in blue). (a—b) Speed
data are depicted with violin plots (kernel density estimate of probability density function
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depicting the first and third quartiles (outliers are shown with light gray circles). The mean
values from each experiment (dark gray circles) for the lionfish (red) and their prey (blue)
are overlaid on the violin plot. The prey were about (a) twice as fast as lionfish (n = 23,
p = 0.02, Wilcoxon rank sum test), with (b) a comparable standard deviation. (¢) Summary of
the proportion of time spent at near-zero swimming velocity (< 0.01 cm s™1). Lionfish spent a
much smaller proportion of time swimming at a near-zero velocity compared to prey (n = 23,
p = 0.008, Wilcoxon sign rank test).
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Figure 1.5: The distance between the prey and predator’s rostrum at the strike. (a) Violin
plots (as in figure 1.4) depict the alternative minimum-distance (d,y, light gray) and the strike
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(p < 0.001, Wilcoxon sign rank test). (b) The strike distance of successful strikes (dark gray,
n = 5) was on average, smaller than unsuccessful strikes (light gray, n = 14, ). (¢) The capture
probability of strikes are shown as a function of strike distance for successful (value of 1) and
unsuccessful (value of 0) strikes with a binomial logistic regression (black curve, n = 19) fit to
the measurements.
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Chapter 2

The evasion behavior of prey during
encounters with devil lionfish (Pterois

miles)

2.1 Abstract

Locomotion governs predator-prey interactions for a broad diversity of animals. Despite
its importance, it remains unclear to what extent differences in locomotor behavior affect
predation. The aim of the present study was to test the effects of variation in the avoidance
locomotion of fish prey on their interactions with devil lionfish (Pterois miles). We selected
four diverse prey species that differed in their locomotor strategy, from the continuous swim-
ming of silversides (Atherina sp.), to the sea bream (Sparus auratus), which spent nearly
half of the duration of experiments in a motionless state, with chromis (Chromis viridis)
and mullet (Mugil cephalus) offering intermediate levels of spontaneous activity. Despite

contrasting locomotor behaviors, the duration of the experiments and probability of capture
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did not significantly differ between prey species. The devil lionfish targeted all prey with a
strategy of pure pursuit and a conserved speed. These results challenge conventional think-
ing about the role of locomotion in mediating predator-prey interactions and offers insight

into the devastating capacity of devil lionfish as invasive predators.
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2.2 Introduction

Predation is largely determined by the locomotion of both predator and prey in a diversity
of species. Contrasting patterns of prey avoidance reflect differences in vigilance, risk assess-
ment, and past exposure to threats that may differentially affect the success or vulnerability
to a predator [2, 8, 32, 1]. As they approach and attempt to capture the prey, predator may
respond to variation in prey locomotion, in a manner reflected by their own physiology. Al-
though the possibility of predators differentially responding to prey are broadly accepted [19],
few studies have tested whether natural variation in swimming behavior among prey species
affects their interactions with predators. The present study therefore aimed to test whether
prey with differences in avoidance locomotion differ in the duration and outcome of their
interactions with predators. Specifically, we measured the kinematics of interactions be-
tween individual devil lionfish (Pterois miles) and four different prey fishes with contrasting

locomotor strategies and exposure to predators.

The targeting strategy of predators can be explored with kinematic measurements of predator
and prey as they interact. A predator that heads directly toward the prey’s instantaneous
position is an example of a strategy known as ‘pure pursuit’ [79, 51, 65]. Pure pursuit has
been observed in some flying insects [95, 56] and bats pursuing slow targets [15]. This form
of targeting generates a curvilinear trajectory and is a specific example of a more general
case where the predator attempts to maintain a particular bearing through time, which is
called ‘deviated pursuit’ [79]. A time-optimal approach to prey capture follows a straight
path to the point of interception, which may be achieved by a strategy known as ‘parallel
navigation’ and is characterized by the line-of-sight maintaining its orientation in the global
frame of reference. In an earlier study, we found that red lionfish (Pterois volitans) employ a
persistent pure-pursuit strategy [73] with a single prey species. The present study evaluated

whether a sister species, the devil lionfish (Pterois miles), retains this same strategy when
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presented with a variety of prey species. This study aims to evaluate the influence of prey

locomotor behavior on the pursuit strategy of lionfish.

Avoidance and evasive locomotion can enable prey to survive encounters with predators.
Such antipredator behavior requires the recognition of the predator as a threat, which may
be a challenge for prey exposed to a novel species. The ‘naive prey hypothesis’ posits that the
success of invasive predators may be attributed to the failure of prey to recognize the threat
offered by an introduced species [80]. This hypothesis has been considered with red lionfish
in comparisons between prey species from both their native Indo-Pacific and introduced
Western Atlantic ocean regions [59, 57, 4]. Despite lionfish being invasive to the Western
Atlantic Ocean, some native Atlantic prey species (damselfish and gobies) responded to
lionfish with assessment and anti-predator displays that are normally employed with native
Atlantic predators [54, 58]. In contrast, some Atlantic reef fishes have been shown to fail
to responded to the lionfish as a predator [12]. Similar results have been obtained for
Mediterranean reef fishes with devil lionfish [59, 25|, which offers additional support for
the naive prey hypothesis. The discrepancies among studies may be partially attributed
to differences in the metrics of observed behavior and a common focus on prey that are
physically separated from the lionfish. The present study offers a novel contribution in
approach by considering the free-swimming behavior of a single predator and single prey
and the effects that locomotor behaviors have on capture probability and the duration of the

encounter.

The devil lionfish were collected from reef habitats just a few kilometers away from where our
native prey species were also collected. To explore the influence of predator-prey kinematics
on the outcome of interactions, we first examined whether devil lionfish employed the same
pursuit strategy as the previously-studied red lionfish [73] and whether this strategy was
dependent on the prey’s behavior. Secondly, we examined the locomotor performance of

prey as they interacted with devil lionfish and documented its effects on the success of the
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behavior. We chose four prey species for the present investigation that inhabit a variety of
ecological habitats, some of which are shared with the devil lionfish. These lionfish actively

hunt prey in the midwater, in and around reefs, and along the seafloor [62].

The chromis (Chromis viridis) is a common reef-associated damselfish in tropical marine
habitats, from the Red Sea to the Indian and Pacific Ocean basins (figure 2.1) [36]. This
species is known to be preyed upon by red lionfish in the Pacific Ocean and, given their
abundance, are likely a common prey of the devil lionfish [36, 62]. Small groups of chromis
can be found hovering above coral heads and will dart back into the reef complex when
disturbed. Silversides (Atherina sp.) are a common midwater prey of devil lionfish [62]
and they create large schools that disperse after dark (pers. observ.). We collected chromis
and silversides from habitats where devil lionfish are routinely observed and we therefore
considered them to be native species and not naive. Mullet (Mugil cephalus) are found
nearly worldwide in tropical to temperate costal waters, including the Red Sea. This species
is popular for aquaculture and is a crucial food source for many piscivorous predators [93].
Because we sourced juvenile mullet from an aquaculture facility, we considered this species to
be native, but naive, to devil lionfish. Finally, we presented devil lionfish with a non-native,
naive prey choice, the gilthead sea bream (Sparus aurata). Sea bream are an abundant
coastal species in the Mediterranean Sea, where juveniles recruit on rocky reefs or sea grass
beds, and are a valued species in recreational, commercial, and aquaculture fisheries [63, 30].
Like the mullet, the sea bream were raised in a local aquaculture facility and thus were

generations removed from any kind of predator pressure.
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2.3 Material and methods

2.3.1 Animal husbandry

Experiments were conducted at the Interuniversity Institute for Marine Sciences (IUI) in
Eilat, Isreal between October 11 and November 4, 2018. The animals were obtained through
a combination of field collection and purchase through the aquarium trade. Red sea chromis
(C. wviridis, n = 9, mean total length, TL = 4.4 £ 0.3 cm) and silversides (Atherina sp.,
n =4, TL = 5.5+ 0.1 cm) were collected on SCUBA and by free diving with hand nets
from reefs local to the IUI. The fish were fed an enriched diet daily and housed in a 100 L
tank with flow-through seawater. Seabream (S. auratus, n = 10, mean TL = 5.2 + 1 cm)
and mullet (M. cephalus, n = 7, TL = 3 £ 0.5 ¢cm) were sourced from a local aquaculture
facility and held in recirculating 100 L aquaria, refreshed regularly with seawater. Devil
lionfish (P. miles, n = 4, TL = 23.44+8.3 cm) were collected with hand nets (from a depth of
~ 30 m) and housed together in a large outdoor tank (~ 1000 L) with flow-through seawater
(26°C, 40.5 ppt; 60m?® per hr). Throughout our predation experiments, the devil lionfish
were permitted to feed on a maximum of two prey in an 18 hr period and were not given

supplemental feedings to keep them motivated for prey pursuit.

2.3.2 Behavioral experiments

Our experiments entailed video-recording the behavioral interactions between individual
devil lionfish and prey fish. Experiments were conducted in a circular arena (& ~ 1.6 m,
with water depth of 0.3 m) and filmed from above with a DSLR camera (1080 x 1920 at 60
fps, Sony Alpha, A7SIII or A7RIII, Sony Electronics Inc., San Diego, CA, USA) using an
external recorder (Atomos Ninja Flame, ATOMOS Global Pty Ltd, Los Angeles, CA, USA).

The arena was illuminated from above with fluorescent and LED lights. A fine-mesh barrier
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was suspended just below the water’s surface to dissipate surface ripples created by the fins
of the devil lionfish. The prey fish were introduced to the arena and allowed to acclimate
undisturbed for 1 hr before the devil lionfish was introduced and the recording began. The
interactions were permitted for up to 1 hr, if the prey failed to be captured by the devil

lionfish. Prey fish that survived the experiments were not reused.

We used kinematic measurements to characterize the targeting behavior of devil lionfish
and the avoidance behavior of prey fish. These measurements consistent of tracking the
body position of both the predator and prey fish in the 5 min leading up to the moment
when the predator came closest to the prey. In the majority of experiments, the closest
distance was achieved when the predator attempted a predatory strike towards the prey. We
extracted the position of each fish using semi-automated tracking software (in MATLAB, v.
2019b, MathWorks, Natick, MA, USA) that was developed previously [73]. This software
uses grayscale thresholding for instance segmentation to locate the centroid of each animal’s
center-of-area, but requires manual tracking of the prey for video frames with poor contrast.
After smoothing positional measurements with a moving average (0.33 s), we discretely
calculated the speed, distance, and heading () from the trajectory of each animal. We
found the proportion of time that each fish spent at a near-zero velocity (< 0.005 cm s71)

as a metric of intermittent swimming.

To relate fish movements to behavioral strategy, we calculated the orientation of predator
and prey relative to the line-of-sight, which is the axis drawn between the position of the
prey and rostrum of the predator (figure ?7b). A prey’s relative heading was calculated as
the orientation of the prey relative to the predator’s position, as follows:

B =tan"* (M) : (2.1)

cos (@ — Oprey)
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where 0,0y is the prey’s heading and « is the angle of the line-of-sight relative to the inertial
frame of reference. The bearing angle (¢) was calculated as follows:

¢ = 580 (Bpreq) tan ™! (M) ) (2.2)

cos (o — Opred)

where 0,4 is the predator’s heading and épred is its rate of change. The sign of 9pred indicates

when the heading is directed to the left (sgn(fprea) = 1) or right (sgn(fpreqa) = —1).

To test whether devil lionfish alternatively moved with parallel navigation, we compared

bearing measurements against the bearing predicted (¢paa) by the following equation [79]:

sesinﬁ)’ (2.3)

Sp

¢para = Sinil (

where s, and s, are respectively the speed of the prey and predator. This calculation was
only possible for during periods when the prey was either slower or directed towards the

predator.

2.3.3 Statistical analysis

Our analysis included non-parametric statistical tests, due to many measurements’ failure
to conform to a normal distribution [94]. Normal distributions were assessed with a One-
sample Kolmogorov-Smirnov tests [94]. Relationships between independent variables, such
as predator and prey speed, were evaluated using a Wilcoxon rank sum test. We used the
Kruskal-Wallis test, which is a non-parametric equivalent of a one-way ANOVA, to analyze
mean measures of kinematic data between individual predators or individual prey species.
Angular data were evaluated with circular statistics, specifically employing the ‘CircStat’
toolbox available for use in MATLAB [11]. Predicted bearing angles (determined using 2.3)

were evaluated against measured bearing angles using a Model II linear regression (reduced
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major axis regression). This method evaluates variables that are subject to measurement

error, without assuming dependence, such as a measurement and a prediction.

2.4 Results

2.4.1 The predatory behavior of devil lionfish

Devil lionfish were effective at targeting prey in our experiments. These predators attempted
strikes in in the majority of all encounters with seabream (90%) , mullet (90%), and silversides
(90%). Chromis were the most evasive prey species and devil lionfish attempted a strike in
only 5 out of 9 individuals, successfully capturing 3. In the remaining two attempted strikes,
C. wviridis escaped above the submerged, near-transparent, fine-mesh lid prior to a strike.
Devil lionfish still attempted to strike but we consider the outcome to be undetermined.
Predator and prey encounters spanned from 3 s to just over 1 hr (mean duration + 1 SD
= 12.7 4+ 20.2 min), but the average encounter duration did not differ significantly between
prey species (p = 0.62, n = 4), nor was there any effect of a particular lionfish individual

(p = 0.62, Kruskall-Wallis test, n = 4).

Predator targeting strategy can be tested by examining the relationships between a preda-
tor’s heading and the bearing angle (figure 2.1). Devil lionfish pursued prey with a near-zero
bearing, a strategy that was conserved across all prey species (p = 0.63, n = 30, circular
one-factor ANOVA, figure 2.3a—€). We applied a reduced-major-axis regression to each en-
counter that tested whether variation in bearing angle within individual encounters were
explained by values predicted for parallel navigation. We found that this relationship be-
tween predicted and measured bearing angle was significantly different from unity in all

30 experiments (p < 0.05, reduced-major-axis regression, figure 2.3f). Thus, regardless of

24



prey type, devil lionfish maintained a strategy of pure pursuit, with variation that was not

explained by parallel navigation.

The suction-feeding strike of lionfish is a critical facet of their effectiveness as predators. Devil
lionfish succeeded in capturing prey at distances between 1 and 14 cm from the mouth. The
average strike distance was not significant different between prey species (figure 2.4d) and
only varied between the two predators with the largest and smallest strike distances (devil
lionfish ‘1’ and ‘4’; figure 2.4¢). Devil lionfish ‘1" attempted only two strikes, both at with
the same prey species (sea bream) and at close distance in instances where the prey spent a
large proportion of the experiments paused. We found little difference in the pursuit strategy
of individual devil lionfish, regardless of predator size (p = 0.032, n = 4). The consistency of
lionfish predatory behavior indicates a conserved pursuit strategy where variation in outcome

is largely determined by the behavior of prey.

2.4.2 Swimming behavior

The devil lionfish were quick to identify a potential target and would immediately begin
advancing toward the prey at the outset of the experiments. They approached prey at a speed
(8.54 11 cm s71) that was consistent among individuals (p = 0.77, n = 30, Kruskall-Wallis
test, figure 2.4a) and did not differ between prey species (p = 0.77, n = 4, Kruskall-Wallis
test, figure 2.4b). The prey species differed in their behavioral response to the devil lionfish.
The mean swimming speed of seabream, mullet, chromis, and silversides was similar to that
of the devil lionfish (p = 0.11, p = 0.30, p = 0.07, p = 0.37, n =10, 7, 9, and 4, respectively)
but this metric alone obscures the individual variation of prey swimming behavior (figure
2.6a-d). We explored the swimming capacity of devil lionfish, which we defined as the 90t
quantile of speed measurements, and the range between the 90 and 10" quantiles (figure

2.6a-d). The seabream were on average, slower than the devil lionfish but were capable
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of exceeding the speed capacity of the predator (figure 2.4a). The silversides had a mean
swimming speed similar to that of the devil lionfish but maintained a slightly greater capacity
and range for swimming velocity (figure 2.6d). The mullet and chromis were nearly twice as
fast as the devil lionfish (742.6 cm s™1) in mean values, with both species exhibiting a large
capacity for speed compared to the predator (p = 0.05 and p = 0.04, n = 7, respectively,

Wilcoxon rank sum test, figure 2.6b,¢).

A major difference between the devil lionfish and prey was the degree to which they would
pause their swimming. We measured the proportion of time that the fish remained nearly
stationary (i.e., < 0.005 cm s, figure 2.7a-b). Seabream (42 + 38.4%) and mullet (42.1 +
24%) spent nearly half of the time motionless, while the devil lionfish they encountered were
in nearly perpetual motion (0.1%), a difference that was statistically significant (p = 0.01,
n =10, p = 0.02, n =7, figure 2.7a,b). Chromis and the devil lionfish they interacted with
spent a similar proportion of time stopped (16.2 4+ 27.7% and < 1%, p = 0.19, n = 9, figure
2.7¢) In contrast, the silversides and the devil lionfish they encounted spend a very little
proportion (< 1%) of the time paused (figure 2.6d). Individual devil lionfish were similar

(< 15%, p = 0.07, n = 4, Kruskall-Wallis test) in their pausing behavior.

2.5 Proximity-dependent effects on pursuit and eva-

sion

We evaluated whether swimming kinematics of animal changed as the devil lionfish closed the
distance to their prey. As established above, the bearing was not significantly different from
zero (figure 2.3), but we observed a greater degree of variation in the predators bearing at
greater distance (figure 2.8a—d). This variation may largely be attributed to the reorientation

of the predator while searching for the prey. The relative heading of the prey indicates their
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direction of swimming in relation to the line-of-sight (figure 2.1). We found that prey tended
to evade devil lionfish at a right angle to the line of sight (p = 0.57, n = 30, circular equivalent
to the Kruskal-Wallis test for median direction, figure 2.87), with neither a clear difference
between species, nor differences that correlated with distance (figure 2.8e-h). We found
that the speed of prey tended to approach that of the predator as the distance between the
animals approached zero. We calculated the difference in speed between predator and prey,
such that values below zero indicated when the prey was faster than the predator (figure
2.9a-d). These measurements showed that the speed of predator and prey became more
similar when at close proximity. This pattern aligns with the tendency of all prey to spend

a smaller proportion of their time stopped when the predator was within close proximity.

2.6 Discussion

Our kinematic measurements addressed how predator-prey interactions differ among prey
species with a common predator, the devil lionfish. We considered whether the devil lionfish
employ different targeting strategies for different prey. Our measurements of prey locomotor
behavior revealed how species differed in their temporal patterns of locomotor behavior
(figure 2.6). The behavior of both predator and prey collectively yielded experiments where
the duration of the interaction and probability of prey capture that were similar across all

prey species.

We tested how devil lionfish targeted prey and whether they vary their strategy in response
to species-specific behavior. Given the differences in motion by the prey (figures 2.5 and 2.6),
it is reasonable to predict that targeting behavior by lionfish could vary as well. However,
we found that devil lionfish maintained a bearing close to zero (figure 2.3a-d) for all species,
with deviation from that value only at relatively large distances (figure 2.8a-d). This pattern

is consistent with a pure-pursuit strategy and we found no support for parallel navigation
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(figure 2.3f). In addition, the devil lionfish maintained a consistent swimming speed across
individuals, irrespective of the prey species (figure 2.4¢-d). We therefore failed to find any
differences in strategy when devil lionfish preyed upon different species, like what has been
observed among aerial predators [51, 65, 95, 56, 15]. Pure-pursuit was previously discovered
for a lionfish species of the same genus (Pterois volitans [73]) and bluefish were found to
employ a similar strategy [60]. The generalist nature of lionfish, and their ability to forage
in a variety of habitats [62, 23, 25| might indicate a plastic pursuit strategy, but it is instead
possible that a single strategy may be sufficiently general to prey locomotor behavior. It is

furthermore possible that pure pursuit is a targeting strategy that is general to fishes.

The consistency in predator behavior is perhaps surprising given the differences in prey
behavior that we observed. These differences were most apparent in the extent to which
swimming was intermittent. The silversides rarely stopped moving (figure 2.7d) and conse-
quently exhibited a relatively low degree of temporal variation in acceleration. Although the
sea bream achieved an indistinguishable difference in mean speed (figure 2.6), that species
often did not swimming a large proportion of the time in our experiments (figure 2.7a).
A lack of swimming may be due in part to a lack of conspecifics, as this species is tank-
raised in population densities much higher than would be seen in a wild-caught animal, or
a tendency to respond to a threat by freezing, which is a behavior where the prey ceases
motion in response to a predator’s appearance [19]. However, sea bream still regained the
capacity to respond to the predator at close distances (figure 2.9q,e) suggesting a switch
in avoidance strategy that may be distance-dependent. Mullet were also raised in high
densities, but attained similar degree of intermittent swimming and mean speeds to that
of chromis. Chromis maintained intermediate swimming speeds and only a few individu-
als spent a greater proportion of time stopped. Typically found foraging above coral heads,
chromis are rapid swimmers that can inhabit areas of high current, but are dependent on the
refuge of the coral complex [36, 75]. Despite the contrast in swimming behavior among prey

species, the outcome of their interactions with devil lionfish were similar. Both the duration
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of the interactions and probability of prey capture were indistinguishable between experi-
ments that featured different prey species. These ultimate metrics of predation performance
occurred despite the consistency in targeting behavior by devil lionfish, which suggests a

lack of compensation by the predator for the differences in prey behavior.

The similarity in outcome across prey may be partially understood through the similarities
among prey species, beyond the aforementioned mean speed of swimming. We incorporated
the difference in fish speed in relation to the distance between animals. Although the species
varied in swimming speed and in their degree of intermittent swimming, these differences
reduced as the devil lionfish approached. In particular, we found that all species moved
continuously (figure 2.9¢) with a speed close to that of the devil lionfish (figure 2.9a-d)
when the predator and prey were close to one-another. This suggests that prey recognize
devil lion fish as a threat, yet generally fail to maintain their distance, regardless of their
swimming abilities. Animals in multi-predator environments may have the capacity to avoid
many threats [13], but the response of completely naive species (e.g., seabream and mullet)
may be attributed to the innate response of animals to avoid a looming stimulus, rather
than a specific response to lionfish [61, 87, 28]. An additional similarity among species
was the direction of swimming. All prey species tended to move in a direction that was
perpendicular to the line-of-sight, irrespective to their distance from the devil lionfish (figure
2.8e-1). Therefore, prey responded to the devil lionfish in a similar manner, especially when

close enough to permit a suction-feeding strike by the predator.

2.7 Summary

In summary, the interactions between devil lionfish and four diverse prey are generally sim-
ilar, regardless of prey ecology and prior exposure to predators. The vast majority of these

interactions ended in a successful prey capture, with a pursuit that transpired over a similar
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period of time. These similarities in outcome occurred despite the prey moving intermit-
tently to a variable degree and the devil lionfish varying little in their targeting strategy and
swimming speed. Despite these differences in locomotor capacity among prey, all tended
to approach a similar swimming speed to the devil lionfish at close distance and thus the
interactions were similar. Therefore, prey appear to respond to devil lionfish in a similar
manner, despite their otherwise distinct behavior. These results offer alternative hypothesis
for the predatory success of both the red lionfish and the devil lionfish, in that the outcome
of an interaction is less dependent upon the capacity of prey to respond and more on the
robust nature of a slow persistent approach. This strategy is likely aided by the unique
appearance of lionfish and the potential for their large pectoral fins to reduce the available

space available for prey evasion.
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2.8 Figures and tables
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Figure 2.1: Study species and kinematic parameters. (a) The predator species, the devil
lionfish (Pterois miles), and prey fishes, chromis, sea bream, mullet, silversides (sketch), shown
from a lateral perspective, scaled to mean total length. (b) The heading of the predator (red)
and prey (blue) may depend on the line-of-sight (gray line), the predator’s bearing (¢), and
the prey’s relative heading (). (c—d) Trajectories of predators (red curves) target prey (blue
curves) by either (¢) ‘pure pursuit’ or (d) ‘parallel navigation’ targeting strategies. The two
sets of trajectories are predicted from common starting positions (filled circles), with the line-
of-sight (gray lines) drawn at an even interval. (¢) Pure pursuit is characterized by a predator
maintaining a zero bearing. (d) Parallel navigation yields a non-zero bearing to direct the
predator toward the point of interception with the prey.
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Figure 2.2: The duration of experiments. (a) The total duration of experiments (logl0
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if no strike occurred. The individual duration measurements (gray circles) are displayed in
seconds and transformed with a 10-base logarithm and grouped by the (a) individual predator
and (b) the prey species. The distribution of values are visualized with violin plots that include
kernel density estimate of the probability density function (shaded area) with inset boxplots
(vertical line) with boundaries that depict the first and third quartiles with the median value

highlighted (white circle).
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Figure 2.3: The predatory targeting behavior of devil lionfish. (a—e) The mean bearing angle
measured during encounters with each prey species was not statistically different from zero
(p < 0.05, n=30). (a—d) Individual counts of mean bearing angle for each prey species, (a)
seabream, (b) mullet, (¢) chromis, and (d) silversides. The mean bearing angle was indistin-
guishable between prey species. (c¢) A representative regression analyses of pursuit strategy
from a devil lionfish and chromis, with the measured bearing plotted against the calculated
predicted bearing angles for parallel navigation. Deviations of the best fit by least squares
(solid line) from the line of unity (dashed gray line) indicate that the measured bearing is not
characterized by parallel navigation. None of the experiments analyzed with the regression
analyses returned 95% confidence intervals that included the slope of unity (n = 30).
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figure 2.2.
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Figure 2.6: Descriptors of swimming speed for devil lionfish and prey. (a—d) Three metrics
of speed (mean speed, capacity, and range) were used to asses the swimming behavior of devil
lionfish during interactions with (a) seabream, (b) mullet, (¢) chromis, and (d) silversides. The
mean swimming speed of predator and prey between species groups was similar. Apart from
seabream, prey generally maintained greater capacity for speed and a greater speed range. The
violin plots are described in the legend text for figure 2.2.
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Figure 2.7: The proportion of time devil lionfish and prey spent swimming. Devil lionfish
spent a very small proportion of time stopped relative to the prey, however between individuals
within an experiment, the difference was not always significant. (a,b) Seabream and mullet
spent greater periods of time at near zero speeds, relative to the devil lionfish they encountered.
(¢) chromis and devil lionfish spent similar proportions of time stopped, however the variation
was greater among the prey. (d) Silversides and the devil lionfish they interacted with spent
almost the entire interaction swimming. The violin plots are described in the legend text for
figure 2.2.
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Figure 2.8: The relationship between fish distance and the bearing and relative heading
angles of devil lionfish and prey. a—c Polarhistograms (counts) of the absolute value of the
mean devil lionfish bearing angle for a given proximity. (e—h) Polarhistograms (counts) for the
absolute value of the mean relative heading of each prey species. i The absolute value of pooled
mean relative heading angles from all prey species is depicted in a polarhistogram (counts). All
species shared a common mean relative heading angle (abs. value) that was similar to 90°. (a-
h) Each circle within a row represents the average bearing from interactions within individual
species. Columns correspond to specific distances (grouped by 10 cm bins). Distance bins
increase in value from left to right. The angular coordinates for individual polarhistograms
are identical to (i) (a—c) As the distance between predator and prey reduces, devil lionfish
bearing concentrated heavily arount a zero bearing angle. (e—h) There was very little influence
of distance on the relative heading of the prey, regardless of prey type.
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Figure 2.9: Metrics of the swimming behavior of devil lionfish and prey as a function of
distance. (a—d) The relative mean speed difference between devil lionfish and prey, binned by
distance is depicted by the black lines. The standard deviation is depicted with a grey shadow.
The horizontal grey line depicts a speed difference of zero, indicating the speed of the predator
and prey is matched. Speed difference values greater than zero represent a relatively slower
prey, while speed difference values less than zero represent a relatively faster prey. The relative
speed varied with distance but generally approached, or crossed zero for all prey species as the
distance declined. (e—f) The average proportion of time spent at a near zero velocity for the
(e) prey (blue lines) and (f) devil lionfish (red lines) were determined across bin distances.
The standard deviation is depicted with a colored shadow. (e) All prey (except silversides,
blue line closest to zero) spent a greater proportion of time swimming at the furthest distance
bins. The proportion of time stopped, began to approach zero with increasing proximity to the
predator. (f) Devil lionfish spent nearly all of every experiment swimming, however, in some
instances where the distance between lionfish and prey was small, the devil lionfish paused
more frequently.
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Chapter 3

Modeling as a tool for uncoupling

predator-prey interactions

3.1 Abstract

The outcome of predator-prey interactions depends on how the animals respond to one-
another. Such interactions are defined by a myriad array of traits in sensing, neural process-
ing, and biomechanics. The coupled nature of these behavioral interactions challenge the
ability to resolve what aspects of performance matter to whether prey are captured. To ad-
dress this challenge, we developed a 2D agent-based mathematical model for a fish predator
and an individual prey fish enclosed within a circular arena. We parameterized and tested
the predictions of this model with previous experimental measurements of the trajectories
of red lionfish (Pterois volitans) as they preyed upon a smaller reef fish (Chromis viridis).
Lionfish successfully capture a diversity of prey types, including prey with a greater capac-
ity for speed and maneuverability. Consistent with experimental observations, the predator

controlled its heading to target the prey with a pure-pursuit strategy and the prey moved
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with intermittent bouts of swimming. Based on these behavioral rules, we performed nu-
merical simulations to predict the trajectories of predator and prey, until the predator closed
within sufficient distance for a suction feeding strike. These simulations were performed
with a Monte-Carlo approach where some of the parameter values for the prey were selected
by random-number generation from measured probability distributions. We found that the
populations of simulation results were statistically similar in the duration of the interac-
tions to experimental measurements. A sensitivity analysis found that the model predator’s
performance is rapidly improved with small increases in speed. Increasing the size of the
simulated arena had the greatest effect on the simulation outcome and behavioral parame-
ters for the prey showed a relatively minor influence on the simulation results. Our findings
demonstrate the power of agent-based mathematical modeling for testing hypotheses about

the salient features that determine the outcome of predator-prey interactions.
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3.2 Introduction

Predation is a fundamental interaction between animals with implications for the ecology
and evolution of a species. Although it is broadly appreciated that the outcome of these
interactions depends on how both animals sense and respond to one-another (e.g., [48, 78,
3, 81, 27, 71, 74, 17]), it is largely unclear what traits matter to the success of a predator
or prey, particularly when the predator is slow. This lack of understanding may partially
be attributed to the sensorimotor complexity of these coupled interactions, which challenges
the ability of investigators to resolve the salient features that determine their outcome.
The aim of the present study was to develop an agent-based model for the predator-prey
interactions in fishes that allows for an evaluation of the roles of sensing and locomotion by
both animals. The predictions of this model were tested against previous experiments [73]
on the interactions between a slow predator, the red lionfish (Pterois volitans) as they prey

upon a smaller, but faster, reef fish (Chromis viridis).

Models of predator-prey interactions generally consider the behavior of either the predator or
prey. Weihs and Webb employed a classic game-theoretical model, the ‘Homicidal Chauffeur’,
to consider the behavior of prey fish [92, 82]. This model predicted that prey escape in a
direction that maximizes their distance from the predator, assuming that both animals
move with a fixed velocity. Howland developed a model that relaxed this assumption, and
instead determined the curvature of turning that allows bird prey to succeed in evading
larger predators in a chase [46]. Aerial predators have also provided the focus of models for
the targeting of prey, including hawks, bats, robber flies, and dragonflies [31, 14, 50, 52, 68,
37]. By comparing predicted trajectories of a predator to measurements, these studies have
demonstrated that aerial predators are capable of at least two types of targeting strategies
(‘pure-pursuit’ and ‘deviated pursuit’). However, when a similar approach was applied to
the study of bluefish (Pomatomus saltatriz), it was discovered that only a single strategy

was employ by these aquatic predators [60, 35]. This strategy, known as pure pursuit,
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requires merely that the predator direct its heading at the instantaneous position of the prey
throughout its approach (figure 3.1,a). Each of these models has offered critical insight into
the strategy of predator or prey, but fall short of considering the coupled nature of behavioral

interactions between the two animals.

The present consideration of lionfish violates an assumption of many pursuit models that
the predator moves faster than its prey. Predators that employ variations of pursuit, such
as stalking, or persistent-pursuit, manage to successfully capture prey [41, 9, 44, 73]. Our
experimental work has shown that the lionfish are slow predators that conform to an effective
strategy of persistent pure-pursuit during behavioral experiments with faster prey fish [73],
irrespective of the species of prey fish [72]. It is presently unclear how to reconcile these
experimental findings with the common assumption that the predator moves more quickly

than the prey [82, 92], which the present modeling will address.

Our approach represents an advance in the study of predator-prey interactions through the
use of agent-based models of both predator and prey. Such models have been employed
for the study of collective behavior, such as fish schools [22], and bird formations [67]. In
the study of these collective behaviors, the emergent properties of the animal group are
simulated by solving for the trajectories of individuals, according to the stimuli to which
they are exposed and their control laws. Previous studies of the behavior of fish have
shown that prey may move both in response to the predator, as well as exhibiting stochastic
changes in speed and direction [82, 66]. We have incorporated these factors in numerical
simulations with a Monte-Carlo approach that includes random-number generation for key
kinematic parameters of swimming behavior. These random numbers draw from probability
distributions of measured values from previous experiments [73]. Therefore, each individual
simulation generates a unique result, but performing a series of simulations generates a
population of results with characteristic features. We compared the duration of interactions

by Monte-Carlo simulations against previous experiments of P. wvolitans and C. viridis as
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a means of testing the predictions of our agent-based modeling. Our sensitivity analysis
additionally evaluated the effects of behavioral parameters by predicting the changes in our

populations of predictions across variation in individual parameter values.

3.3 Mathematical modeling

Here we outline the methodology for our agent-based model and describe its primary features.
Both predator and prey were modeled as particles with 2D motion governed by first-order
ordinary differential equations and bounded by a circular arena. Numerical solutions to
these equations predict the trajectories of the two animals, given their initial positions and
behavioral parameter values. In this section, we detail the relevant equations for the predator

and prey (figure 3.1,b).

3.3.1 Modeling the predator

Lionfish move at a consistent speed, but adjust their heading continuously towards a prey
fish [73]. We therefore modeled the predator speed as a fixed parameter, but devised a
controller that avoids traversing the walls of the circular area while attempting to target the
prey with pure pursuit. This was achieved by calculating the rate of heading change for the
predator (épred) as the sum of terms that serve to avoid collision with the arena’s walls (9wa11)

and track the prey (étrack):

épred = éwall + étraclv (31)

To ensure that the predator did not exceed the circular boundary, we modeled the wall

avoidance to increase exponentially as the distance to the wall (dyan) approached zero, as
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given by the following relationship:

éwall = Kwall Sgn(9 - 7) exXp (_Kturndwall |Sin (Htan - 0)|)a (32)

where K. and Ky, are constants that determine the intensity of wall avoidance, 7 is the
angular position of the fish with respect to the arena’s center, and 6;,, is the angle tangent
to the arena’s boundary (figure 3.10). The tangent angle for the predator was calculated as

follows:

etan,pred =7 + sgn (9 - 7) (ﬂ- + ‘etan,o‘) ) (33)

where 0y, o is the offset angle from which to turn away from the wall. To model pure pursuit,
the rate of change in heading due to tracking attempts to maintain a zero bearing (¢), as

determined by the following relationship [79]:
9track - Ktrack sin ¢7 (34)

where Kiac is the tracking constant. The bearing was calculated as follows [79]:

¢ =tan™! (M) : (3.5)

cos(av — 0)

where « is the prey’s angular position relative to the predator (figure 3.1,a) and Opeq is the
predator’s heading (figure 3.1). The occurrence of a strike was dependent upon both the
distance between the predator and prey, and the angular position of prey with respect to
the line-of-sight (), a combination which we term the ‘strike-zone’. Based on observations
of lionfish striking behavior, we determined the threshold range of the bearing angle for a

strike to occur within —15° < ¢ < 15°.
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3.3.2 Modeling the prey

Unlike red lionfish, the prey C. wiridis varies both speed and heading over time [73]. We

modeled the heading of the prey to avoid the walls and the predator (fayeiq), in addition to

routinely changing direction (Gpoy):
9prey = éwall + éavoid + érout' (36)

Wall avoidance was calculated in the same manner as for the predator (equation 3.2), but
the tangent angle was calculated differently to account for spontaneous change in direction

near the walls. This tangent angle was calculated by the following equation:

Qtan,[) + etan

) , (3.7)

etamprey =7 +sgn (0 - 7) <7T +

where 0, is a randomly-generated bias angle for prey. Predator avoidance was calculated

as follows:

éavoid = Kavoid Sin (6 - Sgﬂ(ﬁ) |ﬁ0| )7 (38)
where f is the prey’s relative heading (figure 3.1a), K.oiq is the avoidance constant, and
Bp is the avoidance heading. The relative heading is the prey’s orientation relative to the
line-of-sight, given by the following relationship:

B =tan"* (M) : (3.9)

cos (¢ — Oprey)

where 0,y is the prey’s heading. Routine heading changes were initiated at the start of each

new period of acceleration of deceleration and were determined by the following equation:

Nl

, (3.10)

Qrout -
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where B is the routine heading constant, a randomly-generated angle chosen at the beginning

of an acceleration phase and T is the duration of periods of acceleration (Tyccel) or deceleration

(Tdecel) .

Consistent with experimental results [73], the prey was modeled with intermittent bouts
of swimming behavior that span a series of tail-beats. Over the duration of periods of
acceleration, we calculated the speed at time ¢ during accelerations (Saccer) by assuming a

constant acceleration (a):

Saccel = Q (t - taccel,O) + Saccel,0; (31]‘)

where taccer0 and Saccelo are respectively the time and speed at the initiation of a bout
of acceleration. The speed values during simulations were not permitted to exceed the
maximum of measured values (Spax). Over the periods of deceleration (for a duration of

Thecel), the speed (Sgecel) Was modeled as a decay function, as follows:

tdecel,O —t
Sdecel = Sdecel,0 €XP (7)? (312)

where fgecer,0 and Sgecelo are respectively the time and speed at the start of deceleration

period and 7 is the decay constant.

3.4 Model simulations and validation

We used a numerical approach to simulate the interactions between predator and prey (fig-
ure). Here we outline the method for parameterizing the model with experimental measure-
ments, the procedure for obtaining the numerical solutions, and the results of model valida-
tion against experimental results. This was achieved by integrating the first-order differential
equations for the predator’s heading (equation 3.1), and the prey’s heading (equation 3.6)

and speed during periods of acceleration (equations 3.11) and deceleration (equation 3.12).
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We used a variable time-step solver, based on an explicit fourth-order Runge-Kutta formula-
tion (the ‘ode45’ function in MATLAB, v. 2021a, Mathworks, Natick, MA, USA). The initial
conditions and parameter values used in a particular simulation depended on whether we
were attempting to validate the model against experiments, or were performing a sensitivity

analysis, as described below.

We tested the accuracy of the model with two approaches. The first approach, called
‘experiment-specific validation’, evaluated the ability of the model to simulate the interac-
tions measured in individual experiments, using particular measured kinematic parameters.
The second approach, known as ‘population validation’, drew from distributions across all
experiments to simulate the broad characteristics of interactions between P. volitans and
C. viridis. For both approaches, we compared the population of simulation durations of
the interaction against the measured duration of the experiments. The simulations for both
approaches assumed a fixed diameter for the arena equal to the size of the previous exper-
iments (1.2 m) [73]. A number of kinematic parameters were used for all simulations that
were determined by stepwise inspection of simulation results to qualitatively match kinematic
measurements (itemized in table 3.1). Simulations were performed until the prey appeared
within the strike-zone of the predator, or the maximum duration transpired, which ever oc-
curred first. The maximum duration of 300 s was used for validation, which corresponds to
the period of kinematic analysis in the previous study [73]. Each simulation that ended after
exceeding the maximum duration were deemed ‘time-terminated’, while those that ended
with the predator and prey reaching the strike-zone were designated as ‘strike-terminated’.
Therefore, the overall strike probability of a batch of simulations could be determined by
finding the proportion of strike-terminated simulation. For both approaches, we performed
batches of 300 simulations to generate a population of predicted outcomes with variation

generated by randomly-selected parameter values.
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3.4.1 Experiment-specific validation

The simulations for the experiment-specific validation used fixed parameter values that were
drawn from individual measurements specific to each experiment. This included the ini-
tial conditions of the position and heading of each fish, and the predator’s strike distance.
The predator was modeled with a speed equal to the mean value of the experimental mea-
surement. The prey’s changes in speed were determined by random number generation
from distributions of values from within each experiment for a, Tyccel, and Tgece;. The only
randomly-selected variable in experiment-specific validations was the change in heading (5’ ,
equation 3.10), which was calculated at the start of each period of acceleration and deceler-
ation. The distribution fit for this variable was based on the observations of prey behavior

during experiments and represented the magnitude of a change in heading, rather than a

new heading set point (figure 3.2d).

We compared the population of predicted outcomes against the results of 17 previous ex-
periments [73]. For purposes of validation, we removed time-terminated simulations from
this analysis because of the artificial limitations we placed on the maximum duration. The
percentage of strikes measured in experiments (82%) fell within 1 S.D. of the mean propor-
tion of strike-terminated simulations (72% =+ 36%). The mean duration of strike-terminated
simulations, was not significantly different from the duration of experiments that ended in
a strike (p = 0.67, Wilcoxon sign rank test, figure 3.2a). Therefore, the model simulations

largely predicted the duration of our our experimental results.

3.4.2 Population validation

The population validation sought to test predictions that were general to the types of interac-
tions characteristic of P. volitans and C. wviridis. Because the population validation was not

focused on simulating any particular experiment, these simulations employed a number of

49



variable and parameter values that were selected randomly. The random variables included
the initial conditions for the position and heading of predator and prey, each with an equal
probability for each position in the arena and body orientation. Strike distance was chosen
from a ‘log-normal’ probability distribution fit (using the ‘makedist’ function in MATLAB)

to experimental measurements (figure 3.2c).

Other random parameter values were chosen from probability distribution functions that were
fit (using the ‘makedist’ function in MATLAB) to experimental measurements. This included
parameters that determined the speed of prey: prey acceleration, acceleration duration, and
deceleration duration. We extracted the mean value (1) and standard deviation (o) for these
parameters across all bouts of acceleration and deceleration, within each experiment. Using
the mean measurements from all 17 experiments, we were able to formulate a distributions
of values for the mean (pp0p) and standard deviation (opep) of particular parameters. A
simulation-specific probability distribution for each parameter was created at the onset of
a simulation, from which particular values could be selected from within a simulation. For
example, at the start of a simulation, the solver randomly selected a mean value for accel-
eration from the distribution of mean values, and a standard deviation value of acceleration
from the standard-deviation distribution. Those mean and standard deviation values would
then provide a distribution from which random values for acceleration would be chosen at
the start of each period of acceleration during the simulation (figure 3.2). We additionally
recorded the minimum and maximum values of each parameter across all experiments (ta-
ble 3.2) and restricted the selection of random values within those bounds. The change in
heading of prey (B, equation 3.10) was randomly-generated as in the experiment-specific

validations and was calculated at the start of each period of acceleration and deceleration.

The strike probability of simulations (69%, when the maximum duration was 300 s) was
slightly less than the percentage of strikes within experiments (83%), but the mean du-

ration of experiments where strikes occurred was not significantly different from that of
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strike-terminated simulations (p = 0.45). We ran an additional population validation using
batches of simulations with a maximum duration of 3600 s. This validation was used to de-
termine a fixed maximum duration that encompassed almost all of the validated simulation
duration. From this batch, we found the 85th quantile of duration, 1200 s, which was set
as the maximum simulation duration for all remaining experiments. To validate the longer
simulation duration, we validated a third batch of simulations and found that the strike
probability of population-level simulations (80%) at this level was nearly identical to the
percentage of strikes within experiments (83%). To validate simulations of longer duration,
we compared the duration of strike-terminated simulations to the mean measured duration
and found that the model was indistinguishable from the experimental duration (p = 0.09,

Wilcoxon rank sum test).

3.5 Sensitivity analysis

We performed a sensitivity analysis that considered the role of behavioral traits in the
outcome of predator-prey interactions. The nature of each parameter (fixed or time-variable)
dictated the method in which the parameter was varied. For parameter values that did not
depend on random number generation (i.e. fixed values, predator speed, tank size, constants),
we set a series of predetermined parameter values, then ran a batch of simulations for each
value in the series. Here, the value of the parameter of interest was set at the beginning of
each batch. For a sensitivity analysis of prey swimming behaviors (determined by random
number generation), the population mean (fp0p) of a particular variable was changed in
increments of £10%. The population standard-deviation distribution (oy.p) Was not altered.
A new population probability distribution was created using the new mean value, from which
simulation-level probability distribution curves were created at the start of each simulation.

Simulation distributions were still truncated to the maximum and minimum measured values
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to maintain biological relevance. Thus shifting ji,, would shift the frequency of a particular

variable value being randomly generated.

3.5.1 Predator traits

To examine the influence of the predator, we varied predator speed and Ki.q, a constant
related to the control of heading during pursuit. We tested predator speeds with a range
of values that spanned a near zero swimming speed, to speeds that matched the maximum
measured prey speed. We found that predator speed had a strong effect on both the sim-
ulation duration and the strike probability. Small changes in speed beyond the measured
mean values for experimental red lionfish resulted in the shortest simulation duration, and
the strike probabilities near unity. However, increasing speed beyond this range did not
return a proportional benefit for the simulated predator. For simulations where the predator
speed was near zero, less than 10% of simulations within a batch were strike-terminated.
Predator speed values that fell within the measured range of mean red lionfish speeds had
a non-linear effect on both the duration and outcome of an interaction. As the simulated
predator speed increased within the biological range of red lionfish, the simulation duration
decreased rapidly, but the average duration of simulations with a positive standard-deviation
of the mean red lionfish speed were not drastically different (figure 3.3a). Such non-linearity
suggests that small increases in speed within the lower biological bounds of lionfish speed
can drastically decrease the duration, but an increase in speed beyond the mean value does
not have a major effect on the duration of the interaction. Increasing predator speed does
increase the strike probability by 10% (figure 3.3b). The pursuit constant represents a met-
ric of the predators responsiveness to the movement of a prey, but we found that a 3-fold
increase in this constant had little, to no, effect on the simulation duration or the strike
probability (figure 3.3¢). It was only when the pursuit constant was half that of the vali-

dated value was there a slight increase in the simulation duration and a large increase in the
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range of simulated duration. The strike probability was also less affected at lower values,

but the strike probability was still within 20% of the measured mean duration (figure 3.3d).

3.5.2 Fixed prey traits

We examined the influence of the prey’s kinematic and behavioral traits on the outcome of
a simulation. Behavioral traits were described by the fixed parameters, K,,.q, the evasion
bias angle, and the routine heading constant. The avoidance constant K,.iq was a metric
for prey’s responsiveness as they attempted to avoid the predator. Small values equated to
low responsiveness to a predator, which resulted in short simulated duration, and a strike
probability near 1 (figure 3.4a,d). As responsiveness to the predator increased, we found
a positive near linear relationship of mean duration, and a similar negative relationship
with the strike probability. The range in simulation duration also increased as a function
of increased responsiveness. Increased evasion bias angle altered the direction changes that
occurred during an interaction. Values near zero represent a strategy where prey attempts
to move directly away from the predator, while values close to 180° represented a change
in direction toward the predator. Evasion bias angles from 0° to 45° resulted in the longest
duration, after which increased angular values corresponded to a rapid decline in duration
(figure 3.4b). Increased evasion bias angle had a small effect on the strike probability.
Bias angles below 45° resulted in a slightly lower strike probability than evasion bias angles
greater than 45° (figure 3.4¢). The routine heading constant directly affected the distribution
of possible heading changes from 0° to 360°. Small values of this constant resulted in a
near uniform distribution of potential angular values from 0° to 360° that could be chosen
at the start of behavioral phases. Large values of the routine heading constant resulted
in a distribution of possible values heavily skewed around 0°. The angle chosen during
a simulation reflects a large or small magnitude in the future change of head from that of

prey’s prior heading. Changes in the routine heading constant had little effect on the average
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duration or the strike probability (figure 3.4¢,f). The routine heading constant increased
the range of duration values within a batch, likely a reflection of increased stochasticity of

the positional changes of the prey.

3.5.3 Time-variable prey traits

Traits related to the kinematics of prey were based on probability distributions of population-
level kinematics, and values were randomly generated during the acceleration and decelera-
tion phases of the prey. Acceleration duration correlated to the periods of time that a prey
spend accelerating, thus a negative change in the original value of ji,0, caused a shortening of
the acceleration phase, reducing the speed of the prey. A positive change to the acceleration
duration extended the period of time a prey spent accelerating and thus increasing the speed.
We found that the change in acceleration duration was similar to a mild sigmoidal distri-
bution, where negative changes of acceleration caused a sharp reduction in the simulation
duration and the range of duration. A positive change in acceleration caused small increases
in the mean duration (figure 3.5a). The range of duration seen within batches rapidly ex-
panded with positive changes in acceleration duration. As changes to acceleration increased
in the positive direction, the strike probability decreased by 20%, with a similarly scaled
increase in strike probability as the change in acceleration duration became more negative
(figure 3.5b). Changes to p,0p Of acceleration at the outset of simulation directly affected
the swimming speed of the prey. As the value of acceleration increased from 0 to 100% of
the original value, the mean duration increased, as did the range of the duration’s simulated.
As acceleration was decreased by 0 to —90% of the original value, the simulation duration
dropped sharply, and the duration of simulations within a batch also became shorter. We
found a similar relationship between acceleration and the strike probability. For changes in
acceleration from 0 to —90%, the value of acceleration decreased and the strike probability

rapidly increased. However, as the change in the acceleration increased from 0 to 100%, the
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probability of a strike remained similar to the probability found when acceleration was set
to the original value. The deceleration duration of a prey and the decay function served to
determine the instantaneous prey speed. As the i, of deceleration was changed in the pos-
itive direction, there was a slight decrease in the average simulation duration, and a decrease
in the range of duration. As the change in deceleration duration became more negative,
there was an immediate increase in the simulation duration, followed by a rapid decline in
duration around a percent change of —40. Thus, the average simulation duration for extreme
negative changes in deceleration duration were actually lower than the average simulation
duration at extreme positive changes in deceleration duration. This pattern was directly
reflected in strike probability. The strike probability declined from a change in deceleration
of 100% to —40%, after which there was a steep increase in the probability of a predator
strike. The change in simulation duration between 0 to —40% and —40 to —100% is likely

explain by a high prey speeds as the period for deceleration shortened.

3.6 Discussion

Our mathematical modeling of predator-prey interactions well replicated the simulation du-
ration and strike outcome seen in lionfish and their prey. The model was parameterized
with the results of experimental measurements (tables 3.1 and 3.2) [73] and we tested the
predictions of the model for individual experiments, as well as the overall results of measured
interactions (figure 3.2). Upon validating the model’s predictions, we performed a sensitivity
analysis to probe the effects of the model’s parameters on the duration of the interactions

and the probability of prey capture.

The predictions of our model were tested in ways that were both specific and general to the
conditions of our experiments from a previous study [73]. Simulations for our experiment-

specific validation used the initial position and heading of the fish and kinematic parameters
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from the measurements within individual experiments. For most of those experiments, the
measured duration of an experimental interaction was not significantly different from the
duration of strike-terminated simulations (figure 3.2a). To evaluate whether the model could
accurately predict the population of experimental results, our population validation test
consisted of performing a series of simulations with random initial conditions and parameter
values that were drawn from distributions (tables 3.1 and 3.2), based on all experiments. The
probability of prey capture was indistinguishable from the capture success seen in behavioral
experiments, and the duration of strike-terminated simulations well represented the duration
of experiments (figure 3.2b). The use of complex agent-based controllers for both predator
and prey is distinct from previous studies of pursuit and evasion, where the focus is typically
on reproducing the trajectories of one animal in response to the predetermined positions of

the other [60, 21, 83, 14].

Our validated model afforded an opportunity to evaluate the effects of predator behavior on
predator-prey interactions. The tracking constant of our model determines how readily the
predator adjusts its heading in respond to a change in the prey’s position (equation 3.4).
There was a subtle inverse relationship between the simulation duration and the tracking
constant and only the lowest values of this parameter offered a detectable influence on strike
probability (figure 3.5¢-d). This suggests that the interactions are affected only when the
predator is exceptionally sluggish in it ability to turn, which is consistent with previous
observations of lionfish behavior. Lionfish generally do not chase prey with high-curvature
turns, instead they flare large, fan-like pectoral fins continuously during their slow and
persistent approach [73, 39, 76]. In contrast, speed was an important mediating factor in the
outcome of the simulations. A slight reduction in predator speed below the mean measured
speed in experiments showed a ~ 2.5x increase in the simulation duration, whereas the
same increase in speed reduced the duration almost 4-fold, due to the nonlinear dependence
of duration on speed (figure 3.3a). Further small increases in speed reflect only small (<

1.5%) decreases in average duration. Strike probability exhibited an approximately inverse
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relationship to that of simulation duration, with an almost perfect strike probability at
slightly faster predator speeds (figure 3.3b). Beyond the physiological costs of speeding up,
the trade-off may be less favorable for predators with cryptic appearances. The large frontal
view imposed by the pectoral fins of lionfish may induce a greater looming stimulus to prey
at higher speeds, serving to startle prey [28, 61]. Increased approach speed can elevate the
distance at which prey display evasive behaviors, while a slow approach may serve to delay
the response of prey [18, 16, 20]. While aspects of sensory biology are not directly modeled
here, predictive behaviors are helpful for reconciling physiological constraints and observed

behaviors.

We considered how the control of prey heading affects predator-prey interactions. We found
that the kinematics of routine swimming offered a relatively minor influence on the outcome
of interactions. In particular, changes in the routine heading constant, which determines
the extent of heading changes from spontaneous turns (equation 3.10), showed a modest
influence on mean values of the simulation duration (figure 3.4¢). Perhaps not surprisingly,
the kinematics of avoidance showed a stronger effect on the outcome of interactions. This
was apparent through manipulations of the avoidance constant, which determines the rate
at which a prey turns away from a predator (equation 3.8). Our 6-fold variation in values
of this parameter exhibited an even greater range of variation in simulation duration (figure
3.4a). Therefore, the responsiveness related to turning away from the predator’s heading
did succeeding in aiding predator avoidance. Variation in the avoidance heading, the angle
relative to the line-of-sight at which the prey moves (equation 3.8), affected the duration
and strike probability (figure 3.4b,¢). Prey were most successful at avoiding predators when
moving directly away from the predator (fy = 0) to a right angle to the predator’s heading
(Bo = 90°). Escaping prey may attempt to maximize the distance from a predator [92, 82], or
respond with random changes in heading of evasive [47]. Maximizing distance may be most
effective to a prey that is faster than the predator [82], but may be less useful in confined

spaces, where random encounters may be possible. Angles directed toward the predator
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were, not surprisingly, less successful. Strategic and sharp turning maneuvers are common
in some flying prey [46] as a way to outmaneuver a predator, but directions directly toward
the prey may be risky, particularly when the suction feeding strike of many fish may reduce

the distance necessary for capture [89, 42].

Our simulations additionally considered how the control of speed in prey affects the duration
of their survival in interactions with lionfish. Due to the intermittent swimming of prey fish,
speed was modeled as varying over time and hence was determined by the acceleration and
the duration of acceleration and deceleration, whereas the rate of deceleration was governed
by a fixed decay constant. All of these parameters influenced the interactions largely in the
manner that might be expected. Simulations extended over longer periods of time, with
a decrease in the strike probability, as the acceleration and its duration increased (figure
3.5a-d). An increase in the duration of deceleration also generated a predictable decline in
the simulation duration, but an even large reduction in deceleration duration generated a
surprising reduction in simulation duration as well (figure 3.5¢). We attribute this effect to
the manner in which continuous swimming increases the encounter rate between predator and
prey, within the confines of the modeled arena. Future simulations are needed to determine

if this trend is an artifact of a particular arena size or shape.

3.7 Summary

In summary, our agent-based model succeeded in replicating many of the features of interac-
tions between lionfish and their prey. The duration of interactions and the strike probability
were similar between experiments and strike-terminated simulations (figure 3.2). Our sensi-
tivity analyses revealed how the model’s predictions varied substantially when the predator’s
speed was reduced to a level slightly below that of lionfish (figure 3.3), and that the factors

that govern prey speed exhibited a more subtle, but significant, effect on the interactions
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(figure 3.5). In experiments with devil lionfish, the locomotor behavior of prey did not offer a
predictive determination of a prey’s ability to avoid lionfish [72]. Simulated strike probabili-
ties suggest that variably between the locomotor behaviors of prey may have an effect on the
time of survival but a lesser effect on overall evasion. These results support the fundamental
importance of the speed of predator and the decision of prey to make changes to heading
and speed in their interactions. Our modeling furthermore demonstrates the promise of

agent-based models to reveal the mechanistic role that locomotion plays in predation.
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3.8 Figures and tables

Table 3.1: Fixed parameter values for simulations.

parameter  units  predator prey

T S — 2
Kyan rad s—* 1000 1000
Kium m~! 10 10
Otan.0 rad 0.52 0.17
Bo rad — 0.01
Smax ms ! — 0.40
Kirack rad s—* 1.0 —
Kovoid rad s—* — 2.0

Table 3.2: Probability distribution statistics for random parameter values.

. Fpop Tpop '
parameter units o o 7 o min. max.
a ms—2 0.0394 0.0244 0.021 0.0158 0.0052 0.0935
Astrike m -2.7732 0.4090 — - 0.0302 0.1693
Taccel S 0.9985 13.65 0.6646 0.3876 0.9985 0.7280
Tiecel S 1.0447  0.6918 0.7426  0.4572 0.0667 2.6409
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variable

Table 3.3: Table of symbols

definition

a

2 ™R

dstrike
dyan
¢

Po

0

Otan

gAtan,O
Qtan

H.pred
B
Qprey
gavoid

grout

ewall
K. wall
K, turn
K avoid
K; track

o

Hpop
Sbhehav
Shehav,0
o

Opop
t

thehav,0
Tacccl

Tdecel
T

prey acceleration

angle of the line-of-sight
relative heading

relative heading bias

routine heading constant
angular position

distance between predator and prey
strike distance

distance to wall

bearing

bearing setpoint

heading

wall tangent angle

wall bias angle

wall error offset angle

rate of turning in predator
rate of turning in tracking
rate of turning in prey

rate of turning for predator avoidance
rate of routine turning in prey
rate of routine turning for wall avoidance
wall avoidance constant

wall turning constant
avoidance constant

tracking constant

mean

population mean

prey speed

initial prey speed

standard deviation

population standard deviation
time

behavior start time

duration of acceleration
duration of deceleration

decay constant
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Figure 3.1: Schematic illustrations of the angles and control diagram for the predator-prey
agent-based model. (a) Depiction of angles used in simulation control model, with the position
of predator (red circle) and prey (blue circle) and the heading (0, arrows), defined relative to
the global frame of reference (dashed lines). The line-of-sight (grey line, at angle «) represents
the prey’s angular position relative to the predator. Angles related to the pursuit (the bearing,
¢) and evasion (the relative heading, 3) are found with respect to the line-of-sight. (b) Diagram
of control for simulated predator-prey behaviors, with the control of simulated predator (red
arrows, equations 1 to 5) and the prey (blue arrows, equations 6 to 9). Prey locomotor behavior
(filled blue box) included randomly generated parameter values determined at the beginning
of a behavioral phase (equations 10 — 12). Control of simulation termination is depicted with
a decision tree (filled purple), with strike-terminated simulations occurring when prey were
with the strike-zone of a predator. Simulations that exceeded the maximum set duration were
time-terminated. See table 3.3 for additional symbol definitions.
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Figure 3.2: Comparison of model predictions against experimental measurements. (a)
Experiment-specific validation, with experimental measurements (purple circles) plotted along
with violin plots of simulations modeling the conditions of each experiment. Violin plots vi-
sualize distributions that include kernel density estimate of the probability density function
(shaded area) with inset boxplots (vertical line) with boundaries that depict the first and third
quartiles with the median value highlighted (white circle). The absence of a purple circle indi-
cates that the individual experiment did not end in a strike, but that simulation was still able
to replicate interactions that did result in a strike. (b) The duration of experiments and of
two sets of pooled simulations are depicted with violin plots, where the maximum simulation
time was capped at 300 s and 1200 s. Simulations were based on the kinematics of a species
that were pooled together, where some variables pulled from distributions of kinematics. Mean
values are overlaid in a black circle with white edges. (¢) Histogram of measured red lionfish
strike distance from kinematics, with a log-normal distribution curve-fit to the data (black
line). (d) An example of the circular probability distribution used to determine the changes in
prey’s routine heading. The shape of the circular distribution represents the frequency that a
particular angular value was chosen by circular random number generation during at the start
of acceleration and deceleration phases.
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Figure 3.3: Sensitivity analysis of parameters for predator behavior. (a-b) Predator-specific
parameters were varied for batches of simulations. The results for simulation duration are
shown with the box plots (thick vertical gray line) depicting the first and third quartiles,
whiskers (thin vertical line) indicating the range of the data, outliers (gray circles), the median
value (horizonal gray line), and the mean (black circles). The mean measured value (red line)
is highlighted with 1 SD (filled gray area). These results are shown for variation in (a) predator
speed and (b) the tracking constant. (c-d) The probability of a predator’s strike (gray circles)
for each parameter value, with 95% confidence intervals (vertical grey lines), and the measured
value (red line) for the (¢) predator speed and (b) the tracking constant.
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Appendix A

Chapter 1 Supplemental Material

A.1 Animal care

Red lionfish (Pterois volitans, n = 5) and C. wiridis (Chromis viridis, n = 23) were sourced
from the ornamental fish trade and housed in 75 L tanks (25°C, 33.188 ppt). Lionfish were
housed in individual tanks and the C. wviridis were housed in small groups. The two species
were held in separate recirculating aquarium systems to avoid acclimation to any potential
olfactory or visual cues. When not running experiments, lionfish were fed an alternating
diet of squid, shrimp, or silversides every-other day and the C. wviridis were fed an enriched
diet daily. During a period when experiments were conducted, the lionfish were allowed to
pursue a maximum of two prey in a 24 hr period. Lionfish have highly expansive stomachs

and were therefore unlikely to be fully satiated within this period.
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A.2 Behavioral experiments

Experiments (n = 23) were conducted over two periods of activity, with each period em-
ploying slightly different experimental conditions. The experimental setup was upgraded
between periods due to the acquisition of lionfish that were too large for the original arena.
Lionfish were more that 5x greater in length (n = 5, mean total length, TL = 17.6 cm +5.0
cm, this and all further measurements are reported as Mean 4+1 SD) than the C. viridis
(n=23, TL = 3.4 cm 0.7 cm). C. viridis size did not vary significantly between the two
experimental periods (p = 0.75, Wilcoxon rank sum test). However, lionfish in the early
experiments (TL = 14.8 cm £2.1 cm, n = 2) were substantially smaller that in the later
experiments (TL = 22.8 cm +0.1 cm, n = 3). For both periods of experiments, a single
lionfish and single C. viridis were placed in a cylindrical arena and permitted to interact,
until a prey was consumed, or 1 hr had elapsed, whichever occurred first. The motion of
predator and prey was filmed with a camera placed above the arena. In cases when a C.

viridis survived the experiment, prey were not reused in another experiment (n = 9).

In the early experiments (n = 6), the arena (& ~ 0.6m, 0.2m depth) was recorded with a
VGA camera (640 x 40, Pike F'—032B with 12.5 mm lens, Allied Vision Technologies, Exton,
PA, USA), at either 15 fps or 30 fps. Videos were streamed to a computer and recorded with
software (StreamPix 5, NorPix, Inc., Montreal, Quebec, Canada). A single experiment was
filmed in HD resolution (1920 x 1080) at 60 fps with a DSLR camera (Sony Alpha, A7SIII,
Sony Electronics Inc., San Diego, CA, USA). To begin each experiment, lionfish and C.
viridis were separated by an opaque divider and allowed to acclimate in the arena for 1 hr.
After this period, the lionfish was corralled within a bucket, the divider was removed, and
the predator was released. Lionfish were rarely startled and careful capture and re-release

did not deter them from pursuing prey.
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In later experiments (n = 17), the upgraded arena (& ~ 1.2m, 0.3m depth) was filmed in
4k resolution (3840 x 2160) at 30 fps with a DSLR camera (Sony Alpha, A7SIII or ATRIII,
Sony Electronics Inc., San Diego, CA, USA) using an external recorder (Atomos Ninja Flame,
ATOMOS Global Pty Ltd, Los Angeles, CA, USA). A mesh lid was positioned just below
the water’s surface to prevent ripples that were otherwise generated by the dorsal fin of the
large lionfish. Handling this lid required that the lionfish be introduced to the arena prior to
the prey, but we first allowed the C. viridis to acclimate in the illuminated arena alone for 1
hr. At the end of the acclimation period, all lights were turned off (with the exception of a
dim red light) and the prey was removed in a large bucket. Preliminary experiments showed
that lionfish failed to locate prey under these lighting conditions. This allowed us to place
the lionfish into the arena, then introduce the prey, and control the start of the experiment
by activating white lights that surrounded the arena. We tested for differences between the
two experimental setups by comparing the subsample duration of the interactions between
lionfish and C. viridis. We found that this duration was not significantly different (p = 0.151,
Wilcoxon rank sum test), which suggests that any difference between the two setups was

negligible.

A.3 Kinematic analysis

We performed a kinematic analysis of the events leading up to prey capture to identify the
pursuit strategy of the lionfish. This analysis focused on the 5 min before capture, if the
predator was successful, or the time when a failed predator reached the closest distance
to the prey in experiments where there was no capture. We extracted the trajectories of
each fish’s center-of-area using a semi-automated tracking program written in MATLAB (v.

2019b, MathWorks, Natick, MA, USA).
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The automated portion of our tracking software required manual user input to set initial
parameters. An interactive graphical interface allowed the user to manually mark initial -
and y-coordinates for the body position of each fish from the first frame of a video. The
diameter of a region of interest (ROI) was then chosen to encompass each fish, which served
as the primary search region for the ‘blob’ tracking analysis. For each recording, a single
mean image was compiled from the video frames (up to 100 frames) and used for background
subtraction. A user-chosen contrast difference between the fish blobs and the mean image
was used to create a binary image of each video frame. The contrast threshold value was

determined based on a sample of nine frames pulled throughout the video duration.

The software stepped through each video frame to track the positional changes of predator
and prey using a combination of binary image thresholding and ‘blob’ area-tracking. After
conversion of a video frame to a binary image, the centroid coordinates of all blobs within the
ROI diameter were calculated and the blob that best-matched the area of the prior video
frame was selected for initial tracking and the pixel area of each fish was measured from
nine representative frames from the video for user approval. All blobs within the ROI were
surveyed and those within a designated area range were recorded. If more than one blob
was found, the blob with the closest centroid to the blob in the prior frame was chosen. If
no blob was found within the ROI, the tracking code expanded the survey to the full frame,
and the closest blob matching the area conditions was chosen. The heading (fpeq) of the
lionfish body in each frame was found using image registration (the ‘imregister’ function in
MATLAB). This approach used the predator’s image from the first frame to find the body
rotation in subsequent frames. Upon completion, for each video frame the blob of each fish
was overlaid on the original video frame and a full movie was compiled for user approval.
Fish position was manually selected with an interactive subroutine in MATLAB for a small

number of frames that could not be automatically tracked.
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A.4 Analysis of strategy

A cubic spline fit (the ‘spline’ function in MATLAB) of the coordinates of each fish were
evaluated with respect to time by finding the first-derivative (the ‘fnder* function MATLAB)
of position, to determine velocity. The total time each fish spent below a near-zero swimming
velocity was determined for each experiment. The threshold for near-zero velocity was chosen
based on mean prey size and prey swimming speed, and encompassed measured swimming
velocities from both predator and prey. The proportion of time each fish spent stopped was

found by dividing the total time stopped by the subsample duration.

The distance between predator and prey coordinates was continuously measured. Each
experiment was analyzed for the presence of an ‘alternative minimum distance’ (dy). This
distance represented the singular closest proximity between predator and prey where the
predator did not attempt a strike. d,; was found using an inverted peak-finding analysis
(the ‘findpeaks’ function in MATLAB) and was used to determine whether the distance at
which lionfish choose to strike was significantly different than other minima in predator-prey
distance. Experiments where the distance between lionfish and C. viridis declined in a linear
fashion did not have a d,;;. Additionally, coordinate points were manually selected for the
predator’s rostrum and the prey’s center of area from the video frame at the time of d,; and

from the strike frame (or final frame, if a strike was not attempted).

We calculated kinematic variables related to pursuit strategy from the trajectories of each
fish. The line-of-sight between the animals was defined by the body position of the prey
relative to the body position of the predator. The prey’s orientation (fp.ey) Was determined
by the direction of the prey’s velocity vector. The prey’s orientation with respect to the
predator’s position was deemed the prey’s relative heading (5) and found as follows:

8 = tan™" (—Sin o= epfey)) , (A1)

cos (¢ — Oprey)
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where 0., is the prey’s orientation and « is the angle of the line-of-sight relative to an

inertial frame of reference.

The orientation of a predator relative to the prey’s position is referred to as the bearing
angle (¢), and is the focus for determining a predator’s strategy. The bearing angle was

determined as follows:

¢ = 5g0(Bpreq) tan ™! (M) : (A.2)

cos (¢ — Oprea)

where « is the line-of-sight angle, 0,q is the predator’s heading, and épred is the rate of
change of 0peq. ‘sgn’ refers to the sign of épred, such that the heading is directed to the left

(sgn(fprea(t)) = 1) or right (sgn(fprea(t)) = —1) of the line-of-sight.

A.5 Statistical analysis

Kinematic data was tested for normality using One-sample Kolmogorov-Smirnov tests prior
to statistical analyses. Data did not follow a normal distributions and were evaluated using
non-parametric statistical methods. Mann-Whitney U-test (also known as Wilcoxon rank
sum test) was used to evaluate relationships between independent variables, such as average
predator and prey speed or capture and miss striking distance. A Wilcoxon Sign Rank Test
was used for paired kinematic data, such as significance between the alternative minimum
distance and striking distance within experiments. Angular data was evaluated with circular
statistics, specifically employing the ‘CircStat’ toolbox available for use in MATLAB [11].
Predicted bearing angles were evaluated with measured bearing angles using a Model II
linear regression (reduced major axis regression). This method evaluates variables that are
subject to measurement error, without assuming dependence, such as a measurement and a

prediction.
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