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GENERAL SUMMARY

Predator — prey interaction provide the context for some of the best-studied
cases of cooperation. Some predator species can hunt together and coordinate
their moves within active and diverse roles to increase capture rates of their
prey; this is known as cooperative hunting. Lionfish are common piscivores in
the Indo-Pacific and invasive in the Caribbean. Since lionfishes hunt alone by
nature, a study by a former researcher that demonstrated active recruitment,
coordination, and alternated (perhaps reciprocal) striking in the dwarf lionfish
Dendrochirus zebra has attracted much interest. Zebra lionfish have been seen
to use a fin-flaring pattern that involves undulation of the caudal fin and
successive flares of both pectoral fins to indicate the start of cooperative
hunting. The findings suggested that the ability to hunt cooperatively may have
contributed to the success of a sister lionfish species, Pterois miles and P.
volitans, in invading the Caribbean.

Here, | investigated Pterois miles - one of the invasive species - in its natural
range in the Red Sea. In the field, | found no signs of coordinated hunting. |
supplemented field observations with a laboratory experiment, in which I
exposed individuals to a possible hunting partner and inaccessible prey in a
transparent housing. | observed the fin-flaring pattern, but it is vital to note that
the partner was not the target of this fin-flaring signal. Also supporting the field
findings that this species in the Red Sea does not rely on cooperative hunting
to catch fish is the result that the two lionfish did not congregate at the prey
patches. | further supported these findings by examining coordinated
movement and strike alternation during hunting. | exposed subjects of P. miles
pairings to inaccessible prey in three clear housings. In the presence of prey,
the two lionfish did not congregate at the same prey house in space or time. In
a second experiment, | put food pieces on a "feeding tree" stick to test for
reciprocal alternation of strikes. | generally saw fewer alternations than
expected by chance, and found that alternations can be increased by putting
constaints on individual monopolization of food.



In conclusion, the fin flaring movement pattern seen in the Red Sea sister
species P. miles that were previously thought to be a signal was now
interpreted as a swimming mode. Additionally, pairs of P. miles in the Red Sea
did not reciprocally alternate their strikes. | interpreted the result of the
previous study of D. zebra that some alternation might be generated if prey
items become alternately available at two corners in a confined space, with
each lionfish preferring to monopolize one corner each.

Eventually, due to some challenges encountered in the original study, which
prevented me from conducting more empirical research, I complimented the
empirical chapters of the PhD thesis with a research review on the perspectives
of predator inspection in fishes. The topic was chosen because predator
inspection is another classic example of cooperation. This review looked at the
possible goals and functions of prey fishes inspecting potential predators and
how prey approach them based on the inspection goals. We discussed the
assessment of prey motivations and indicators that moved from predator
presence and state indicators that could show why an attack was made. Also,
we discussed what types of games are involved in predator inspection
behaviour. The review identified several important gaps in our knowledge that
currently prevent a proper assessment of what cooperation games might apply.

In conclusion, the thesis demonstrates that it is an important scientific task to
revisit apparently well-established examples and to challenge previous
interpretations.



GENERAL INTRODUCTION

I.1.  The evolution of helping

Helping is a behavior in which an individual improves the fitness of one or
more other individuals. Helping is prevalent in nature and may be found at all
levels of organization, from unicellular organisms to eusocial insects and
sophisticated animal and human communities (1,2). As natural selection favors
a certain behavior only if it boosts the individual's average lifetime fitness, the
existence of helping creates challenges for evolutionary scientists.

Individuals who help others lower their own direct fitness in one type of
helping, known as altruism (3). Meanwhile, (4) demonstrated that such
altruistic behaviour can exist in nature when the act of helping is directed to
kin. According to Hamilton’s rule (b* r > c), the inclusive fitness of an actor
(the helper) is increased if the benefits of the receiver (b) multiplied by the
degree of relatedness (r) between actor and receiver outweigh the costs (c) for
the actor. In the other form of helping; cooperation, all participants, actor and
recipient enhance their direct fitness on average (3). The term "inclusive
fitness" refers to both direct fitness, which is assessed by reproductive success,
and indirect fitness, which is the influence of one's own behavior on the
reproductive success of its kin (5).

Achieving stable cooperation can be challenging, as illustrated by the well-
known prisoner's dilemma game PD (6,7). In the PD game, two players can
either cooperate or defect, where the combination of actions affects individual
payoffs. In the standard payoff matrix of the PD game, mutual cooperation
yields three units to each player, while mutual defection yields only one. In
the asymmetric circumstance in which one player defected and the other
cooperated, the defecting player receives five units while the cooperating
player receives zero. Therefore, mutual cooperation is better than mutual
defection, but each player obtains more units upon defecting, independent of
the other player's actions. The prisoner’s dilemma payoff matrix illustrates that
to cooperate is often an investment, while to defect (to cheat) yields immediate



benefits. This leads to defection being the only evolutionarily stable strategy
(ESS) (8), resulting in a social dilemma (9), if there is only one interaction.

Stable cooperation may be achieved in an iterated version of the standard
prisoner's dilemma, i.e. when the same participants interact repeatedly. In that
case, cooperative individuals must ensure that their investments generate
future benefits. In other words, investors must avoid being exploited by
cheating partners. The solution is that players can learn about the behavioral
tendencies of their partners and show conditionally cooperative strategies, i.e.
Tit-For-Tat like (10-14).

Cooperation in N-player situations differs from the 2-players game in that it
produces a public goods situation because the contribution made by an
individual will not only benefit one specific member in the group, but the
benefit can extend to the entire group members who did not participate in the
public good. This can lead to the following problem explained in an example
with three players (A, B, C). In the first round, players A and B cooperate by
contributing to the public good, while player C cheats by not contributing,
resulting in the highest payoff for C. In the second round, player B also cheats
by not contributing, with the consequence that there will not only be a negative
effect on the previous cheater C, but also on the cooperator A. Briefly said: not
contributing in the public good affects all group members. The potentially
resulting problem from the scenario described above can be illustrated with an
N-player prisoner’s dilemma NPD, a specific type of public goods game (15).
In the NPD, when only defecting is that evolutionary stable strategy ESS (16),
resulting in the so-called “tragedy of the commons”.

Despite the conceptual issues raised by the prisoner’s dilemma, cooperation is
frequently observed among unrelated individuals of the same species (17-22),
and between individuals of different species (23-25). This latter form of
mutual helping is termed mutualism (5). As it stands, few existing examples
of mutual helping seem to fit the strict conditions of an iterated prisoner’s
dilemma (6,11,14). Instead, conflicts can be intermediate or even absent.
Different games have been developed with different payoff matrix, for
example, the snow drift game SD (26). The payoff matrix of the SD is such
that the best possible response to the partners’ defection is to cooperate with
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t> r> s> p (26). This game also exists in the N-player version, the volunteers
dilemma (27). Recently scientists have argued that the payoff matrix of the
volunteer’s dilemma, which is either sigmoid or a step function of the
individual contribution, might be more applicable to natural cooperating
systems than the payoff distributions of the NPD, which is a linear function
(15,28). A reasonable explanation is that just one or a few individuals can
establish the public good by fulfilling a costly act (33), such as an alarm call
in animals (29,30). Any conflicts over investments are entirely absent in the
so-called prisoner’s delight game (31,32). In this game, to cooperate yields the
highest payoff, irrespective of what the partner is doing. The resulting
cooperation is hence a by-product of self-serving actions (termed by-product
mutualism by (33)).

.2.  Links between cooperation and cognition

Among species that lack a brain, examples of cooperation based on strategic
decisions can emerge (e.g. mutualism between leguminous plants and rhizobia
(34)). Furthermore, some cooperation challenges are independent of the issue
of cheating, and successful cooperation may require the ability to coordinate
actions in space and time. Coordination challenges may arise in interactions
that fit a prisoner’s dilemma, snowdrift, or prisoner’s delight payoff matrix.
Thus, many forms of cooperation are considered to require some forms of
cognitive abilities. The important components that appear to be most relevant
are individual recognition, book-keeping, planning and communication. For
example, most species that perform cooperative interactions are mobile (35).
Hence, the decision to conduct a gainful cooperative interactions is determined
by the ability to recognize - and remember - past partners for being cooperative
or defective (36). In the absence of previous experience of partner or
interactions, it is important to prevent a potential defection through partner
discipline in order to increase the net benefit, without lowering the total
production of its investment (37,38). Such mechanisms, for example
punishment (37,37,39), partner switching (40), or image scoring (41), were
found to prevent partners from cheating. A more complex type of cooperation
is for example collaborative hunting, where cooperators coordinate their
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actions in space and time and play diverse roles (22). Collaborative hunting
may involve some planning, and individuals must learn to perform different
behaviours while at the same time observing the actions of the other members
in order to perform a successful hunt (35). Thus, many decisions an individual
must make, like whether it is beneficial to recruit a partner in the first place,
and if the partner is recruiting, whether the probability of success and per capita
is increased with the presence of multiple partners, may demand cognitive
abilities (21). Finally, cognition may play a key role in strategic decisions
regarding the best behavioral options for a given situation (35). However, the
precise cognitive processes underlying different components of cooperative
hunting are currently unknown. Hence, providing a conclusive response to the
question of whether or not collaboration involves ‘complex’ cognitive abilities
would currently be difficult.

1.3. Predator-prey interactions to study cooperation

Predator-prey interactions can be seen as an arms race (42), however, as
cooperation occurs in many different contexts, several classic examples
involve interactions between predator and prey. For the predator side, the most
common form of cooperation is cooperative/collaborative hunting. Carnivores
like wolves, wild dogs, and lions frequently collaborate to capture and Kill their
prey (43,44). Other organisms, such as ants, spiders, and birds, also work
together to find and attack their prey (43,45). On the other hand for the prey
side; a prominent example is observed in shoal-living prey is the dilution
effect, which entails that larger groups may have higher perception of safety
and flee at shorter distances from the predator than if in small groups. In
species that use dilution effect, larger groups respond with less flight distance
and distance moved, because the risk is smaller per capita (46-48). Another
antipredator behaviour is cooperative vigilance which implies shared
monitoring, emitting alert calls or adopting alarm postures that trigger
responses from peers of the group (49,50). As a consequence, prey tend to
adopt and enhance anti-predator responses to reduce the capture success by
predators, which in turn, lower the attack probabilities by predators.



1.3.1. Cooperative hunting

Cooperative hunting can be defined as two or more individuals working
together to pursue a hunt, which on average, yields greater rewards per hunter
than solitary hunting (51). For numerous mammals and birds, there is evidence
of a positive link between hunting group size and group hunting success
(52,53). While cooperative hunting may often represent cooperation based on
by-product benefits (participation is better than standing aside as long as the
benefits of participation outweigh the costs), behavioural biologists have
emphasized cognitive challenges of more complex forms of cooperative
hunting. Coordinated hunting, in which individual predators respond in time
and space to each other’s actions, is a complex and rare form of cooperative
hunting (18,54). It has been observed and described in primates (22,55),
carnivores (19,21,54), marine mammals (18,54,56), birds (57), and fishes (23).
Coordination can range from simultaneous single hunts’ to individuals
organizing a hunt (intentional hunting) in which they play distinct roles
(termed collaboration) (46, 42). For example, e.g. coordinated hunting between
heterospecific (groupers Plectropomus pessuliferus and giant moray eels
Gymnothorax javanicus (23)), conspecific (Yellow saddle goatfish Parpenus
cyclostomus (58), and lions Panthera leo (19)). In its most complex form,
collaborative hunting, individuals adopt specific hunting roles to herd and
catch their prey (18,19,23,54,58). Complexity can be further increased if
hunting partners actively communicate to initiate a hunt and during a hunting
event (22,23).

1.3.2. Predator inspection

All animals can be targets of predation. The instinctive reaction for many prey
encountering a predator is to flee. However, studies found that many prey
animals approach predators with a sit-and-wait hunting mode (59-64). One
predator assessment strategy that prey uses is Predator inspection; where one
oer more prey fish separate from the safe shoal and approach a potential
predator to identify, gain information and assess their risk, i.e. whether a
predation attempt is likely to occur (62). Then inspecting individuals return to



the group, exhibit changes in behavior, which imply that information had been
gained and could be transferred among the shoal (59,60,63-65). Although
inspecting predators appears risky there is no direct evidence that inspectors
are at risk of being attacked (66-69); it is even claimed that they may even
gain from pursuit deterrence (66,70,71). Since inspectors often have a
companion nearby and make their further approach conditional (aka
conditional approach depending on the contribution of the partner to the
inspection approach) on the other one's presence (72-75), the companion
potentially dilutes the risk (72). Thus, predator inspection is typically viewed
as a cooperative behavior observed among vertebrates. It has been examined
in most detail in fishes when encountering a stalking predator - real or model
(63,67,69,76).

1.4.  The Ph.D thesis
1.4.1. The study species

My main study species was the Pacific red lionfish Pterois miles. In the mid-
1980s, this species and and P. volitans invaded the Western Atlantic via the
aquarium trade (77). Genetic research suggests that the invasive fish were
introduced off Florida's southeast coast via repeated aquarium releases (78).
Lionfish have been recorded far from north Rhode Island and till south of
Brazil (79-82). A combination of a high reproductive rate and the absence of
native predators allowed lionfish populations in the western Atlantic to grow
with density factors higher than in their native habitats (83,84). These high
densities of lionfish imply that they have become invasive and can impact the
richness and structure of reef fish communities, as well as cause substantial
ecological change (85,86).

Lionfish are generalist predators with a diverse diet, consuming large amounts
of small and juvenile fishes as well as small invertebrates (87-91). This
opportunistic generalist feeding style has the potential to transform reef fish
populations in the Bahamas, where the relative growth of lionfish from 23 to
40 percent of total predator biomass occurred concurrently with a 65 percent
drop in prey fish biomass between 2008 and 2010. (92,93). While lionfish are
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typically opportunistic predators (87), contributions of various species to
lionfish diets vary by location, depth, and season, suggesting that lionfish may
consume specific prey species based on their availability or ease of capture
(90,94,95). However, it is unknown if the distribution and availability of prey
types may impact the abundance and dispersion of lionfish.

Two different hunting strategies are used by lionfish: a sit-and-wait ambush
strategy and leisurely tracking of prey with the help of pectoral fins that
resemble fans and herd prey (96). Blowing behaviour, lionfish's ability to
"blow" a water stream at their prey when approaching them, increases the
effectiveness of their hunting by confusing or distracting the prey. (97).
Hunting takes place during crepuscular periods (96) when low light levels
impede visually adapted prey. At invaded locations, lionfish consume a broad
diversity of small fishes and crustaceans, including juveniles of herbivores
(87), and even conspecifics (89). Behavioural comparisons between
populations of both predator and prey in native vs invaded ranges might be
highly informative because they may identify factors that foster invasion
success (98-100) and help develop control measures (93,99,101). For invasive
predators, such differences can mean access to more abundant or higher quality
prey (100), enhanced by the substantial advantages novel invasive predators
usually have over naive native prey (102).

Of particular importance for my PhD thesis was a case study on zebra lionfish
Dendrochirus zebra, proposing a particularly complex hunting pattern
described as communicative and cooperative hunting (103). The authors
mentioned field observations that lionfish species not only hunt alone (97) but
also in the presence of conspecifics (104) and with moray eels (105). Based on
such observations, Zebra lionfish were subjected to laboratory experiments
(103), where subjects were initially exposed to inaccessible prey. The subjects
were described to recruit conspecifics and heterospecific lionfish Pterois
antennata, being held behind an opaque barrier, unaware of the presence of
prey, to join the hunt. To do so, subjects approached the potential partner head-
on, and pectoral fins flared, rapidly undulating their caudal fin, with flaring
their pectorals (103). Then, subjects would swim back to the location of the
prey (‘leading' behavior) and then return to the partner to repeat the display
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(103). Once the experimenter released the partner, the pair would then hunt on
accessible shoaling prey in a cooperative and coordinated manner, alternating
attacks in what looked to be a reciprocal manner. (103). These findings have
been taken as proof that Zebra lionfish exhibit very sophisticated social
behavior in order to achieve high hunting success rates (92). Furthermore, the
result showed similar behaviour by P. antennata, and the authors also
hypothesized that sophisticated cooperative hunting might explain Pterois
lionfish species' strong feeding rates throughout their invasive area in the
Caribbean. After | started my PhD project, concerns were raised about the
credibility of the published data as sample sizes were smaller than declared
(106). Nevertheless, knowing the hunting strategies of Pterois species may
contribute to understanding their invasion success in the Caribbean, and
recently the Mediterranean (80,107,108).

1.4.2. Aim of the thesis

The original aim of the study was to conduct a comparative study of the
cooperative hunting lionfish Pterois miles between the native range in the Red
Sea and the invaded range in the Caribbean. In addition, | intended to
investigate the predator-prey interaction and the efficiency of the anti-predator
responses of lionfish common prey in both the the native range in the Red Sea
and the invaded range in the Caribbean. However, after the comparative plan
has been finalised, | faced several obstacles. First, the primary key study by
Lonnstedt et al., 2014 (103) received a note of concern (106), and was reported
as unreliable research due to fraud and misconduct (109). Second, | faced
major challenges in the data collection in the Caribbean zone, including the
rarity of the study species due to frequent culling on Barbados, and a lack of
quality facilities in the hosting research station on Jamaica to keep lionfish
healthy in captivity. In addition, the Covid-19 pandemic has limited the time
dedicated to field data collection. As a result, | dedicated our research to
continue investigating and provide reliable result on the cooperative hunting
behavior in the Red Sea by lionfish P. miles, and on providing a review on the
predator inspection behaviour in fishes.
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The specific objectives for this thesis are:

1) Investigate the recruitment of lionfish P. miles conspecifics and interspecific
signaling.

2) Explore the tendency of the coordinated hunt and reciprocal attacks
performed by the P. miles within paired individuals.

3) Focus on a theoretical review on the perspectives of predator inspection
behaviour, and investigate the types of cooperation games played by
inspectors.

1.4.3. Thesis chapters

The aim of Chapter 1 was to investigate the cooperative hunting behavior of
the Red Sea lionfish P. miles, and focus on the lionfish conspecifics
recruitment and signaling occurring between the conspecifics. First, |
conducted field observation to investigate the duration and frequency of any
P. miles interspecific hunting associations. Second, using both field
observations and a laboratory experiment by Lonnstedt et al. (103), which
tested whether P. miles actively recruit naive partners to hunt in pairs. |
investigated whether the fin flaring pattern described for the Zebra lionfish D.
zebra is also shown by P. miles in the Red Sea. | adjusted the availability of
prey (present or absent) and partners (available initially in a separate
compartment, or absent) and recorded the prevalence of fin flaring patterns. If
the patterns of fin flaring function as a recruitment signal, | anticipated a strong
interaction in which fin flaring would be frequent near the separate
compartment if both prey and a partner were present.

Consequently, the aim of Chapter 2 was to investigate the coordinated hunt
and alternated attacks aspect in conspecific hunting of wild lionfish P. miles. |
conducted a laboratory experiment in controlled conditions and different
experimental setups to investigate whether lionfish tend to join a partner when
confronted with multiple prey locations. Moreover, if they do, do lionfish
individuals alternate their attacks in a reciprocal manner, or are there
potentially alternative explanations for alternating strikes?
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As complementary, the aim of Chapter 3 was to focus on the predator
inspection strategy in fishes as a means to include research on prey behavior
in the thesis. First, | analyzed the potential goals and functions underlying
predator inspection behaviour by prey fishes, and assessing the evidence for
the functional hypotheses: reputation gains, information gains, and prey
communication to the predator, with examples covering laboratory
experiments and wild observations. In addition, | shed light on the rules of the
predator approach by prey, and how predators inspection can affect the attack
probabilities by the potential predators, with discussion of why prey tend to
perform repeated visits. Furthermore, given the previous functions, | discuss
the kind of cooperation games that prey inspectors may play during predator
inspection.
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Abstract

Lionfish are common piscivores in the Indo-Pacific and invasive in the
Caribbean. A fin flaring pattern, involving a rapid undulation of the caudal fin
and sequential turning of both pectoral fins, was described in zebra lionfish as
a signal to initiate cooperative hunting, and it was hypothesized that such
hunting tactics may also exist in other lionfish species and contribute to their
successful invasion in the Caribbean. Here, we investigated one of those
invasive species, Pterois miles, in its natural range in the Red Sea. We did not
observe evidence for cooperative hunting in the field. We complemented field
observations with a laboratory experiment aimed at inducing subjects to recruit
partners for cooperative hunts, exposing subjects to inaccessible prey in a
transparent housing as well as to a potential partner. We regularly observed the
fin flaring pattern, but importantly it was not directed at the partner. Thus,
rather than being a signal, the fin flaring movement pattern seems to be a
swimming mode in a confined environment. Furthermore, the two lionfish did
not aggregate at the prey housing, reinforcing the field results that this species
in the Red Sea does not depend on cooperation to hunt fish.

Keywords: cooperative hunting, signaling, recruitment, lionfish.
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1.1. Introduction

One way in which animals may benefit from grouping is because of the transfer
of information regarding the distribution of patchy food (1). The transfer of
information may be passive, i.e., based on cues, or active due to
communication. Active communication warrants shared interest between
signaler and receiver. One possible cause is kin selection, like in the waggle
dance in honey bees (2) or pioneer ants leaving trails of pheromones that lead
foraging ants between food-rich areas and their nests (3). Alternatively,
recruiting partners yields direct benefits to the signaler. For example, ravens
recruit conspecifics to overcome defense of food by dominant individuals and
competitors (4). Recruitment may also occur between individuals belonging to
different species. Groupers may perform a head stand signal to attract various
partner species (moray eels, Napoleon wrasse or octopus) to a location where
prey is hiding in a crevice, eliciting a cooperative hunting attempt on that prey
(5). Cooperative hunting occurs when two or more individuals interact in
pursuing a hunt that eventually produces on average greater payoffs per
individual than solitary hunting (6). Correlative evidence for a positive
relationship between hunting group size(s) exists for a variety of mammals and
birds (7).

Much research on cooperative hunting has focused on the complexity of the
coordination between hunters. Coordination can range from spontaneous
‘simultaneous single hunts’ to individuals planning a hunt (intentional hunting)
in which they play different roles (termed collaboration) (9,7). Intentional and
collaborative hunting was initially reported in few endotherm vertebrate
species (Harris hawks (10); chimpanzees (9); lions (11); dolphins (12)) and
hence assumed to rely on advanced cognitive abilities that require at least an
endotherm vertebrate brain (9). However, the more recent description of
intentional communication and collaborative hunting in various fish species
(5, 13, 14) changed this view. A case study yielding seemingly particularly
complex hunting patterns in a fish described communicative and cooperative
hunting in zebra lionfish (Dendrochirus zebra) (13). Building on field
observations that lionfish species not only hunt alone (15) but also in the
presence of conspecifics (16) and with moray eels (17), Zebra lionfish were
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subjected to laboratory experiments (13). In these experiments, subjects were
initially exposed to inaccessible prey. The subjects were described to recruit
naive conspecifics and heterospecific lionfish (Pterois antennata), confined
behind an opaque barrier, to join the hunt. To do so, subjects approached the
potential partner head on and pectoral fins flared, rapidly undulated their
caudal fin with a slow and separate waving of the pectorals ((13), also see
Figure 1.C). Subjects would then swim back to the prey location (‘leading’
behavior) and return to a non-following partner to repeat the display (13). Once
the partner was released by the experimenter, the resulting pair would then
hunt in highly coordinated ways on now accessible shoaling prey, alternating
attacks in what appeared to be a reciprocal manner (13). The findings were
interpreted as evidence that Zebra lionfish display highly sophisticated social
behavior to achieve high hunting success rates (18). Furthermore, as recruited
P. antennata behaved very similarly the authors also hypothesized that
sophisticated cooperative hunting may explain the high feeding rates of Pterois
lionfish species in their invasive range in the Caribbean.

Pterois miles and P. volitans were introduced in Florida water in the 1980s,
apparently from home aquaria (19). The following invasion across the
Caribbean has attracted great attention by conservationists as the negative
effects are very strong (20). Some parameters have already diverged from the
native populations in the Indo-Pacific: lionfish in the native range exhibit
slower life histories and/or narrower resource use (15-17). One proposed
reason for lionfish being successful hunters in their invasive range is that they
display a rather unique combination of adaptations to hunting that Caribbean
prey had not encountered before. Lionfish show striped coloration for crypsis
(21), slow movement to avoid prey flight responses (22-25), and they blow
water towards prey to make it orient against the resulting current and hence
towards its predator (21). The hypothesized cooperative hunting with active
recruitment of partners based on the study of Zebra lionfish (13,16) would
hence add to an already fearsome list of features.

Given that P. miles is one of the two lionfish species of Indo-pacific origin that
is found in the Caribbean, we decided to investigate whether this species
exhibits communicative cooperative hunting in its native range that is similar
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to what has been described for zebra lionfish. Only after our plans had been
made, a note of concern was published indicating that the data by Lonnstedt et
al. (13) may be at least in part manipulated and/or fabricated, as the number of
subjects is higher than the records for captured fish (26,27) . We conducted a
series of field observations and laboratory experiments. First, we investigated
the frequency and duration of any P. miles interspecific hunting associations
in the field, by use of snorkeling and diving. Second, we explored whether the
fin flaring pattern described for the Australian Zebra lionfish D. zebra is also
shown by P. miles in the Red Sea, using both field observations and a
laboratory experiment (see S1 videos in supplements on P. miles and video by
Lonnstedt et al. 2014 for D. zebra). The experiment was based on the design
by Lonnstedt et al. (13), aimed at testing whether P. miles actively recruit naive
partners to hunt in pairs. We manipulated prey availability (present or absent)
and partner availability (present initially in a separate compartment, or absent)
and recorded the occurrence of fin flaring patterns. If the fin flaring patterns
serve as a recruitment signal, we expected a significant interaction where fin
flaring should be frequent near the separate compartment if both prey and a
partner are present.

1.2. Material and methods
1.2.1. Field Observations

Lionfish Pterois miles (Figure 1.A) were observed on four reefs near Dahab
city located in the Northern Red Sea (Figure 1.B), from August to November
2017. The four sites for data collection were (1) Assalah coast with estimated
area of 0.09 kmz, (2) Light house (0.06 km?), (3) Soliman reef (0.09 km?), (4)
Three pinnacles (0.06 km2), all located in Dahab city, South Sinai, Red Sea,
Egypt (Figure 1.A). Field observations were conducted via snorkeling and
diving during the crepuscular times of the day (4:30 - 6:00 and 18:00 - 19:30),
i.e. when the species is most active (25, 26). Only active individuals were
picked in an opportunistic way, i.e. the first individual found was followed for
a maximum of 30 min, and then the next encountered active individual was
followed. A distance of 3 m was respected to avoid disturbance. The length of
focal individuals as well as associated individuals was estimated in centimeter
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with the help of a reference scale fixed on the observer’s fin. During
observations, lionfish swam in depth ranging from 1-15 meter.

Regarding the maximum of four follows during a single observation session,
we are confident that different individuals were sampled. In contrast, the same
individual may have been resampled during repeated visits to the same
locations, as we did not recognize lionfish individually. The lionfish density in
the Dahab area is very high, with estimated 87.3 £ 117.3 individuals per 0.01
km?2 (29). Therefore, the estimated number of lionfish at each site was 785,
524, 785 and 524, respectively, and our 302 individual follows comprised 72,
74, 78 and 78 follows at the four sites, respectively. Based on these numbers,
we estimated that repeated sampling of individuals was probably rare. We are
therefore confident that our results represent what lionfish typically do at our
study sites, despite the small amount of uncontrolled pseudoreplication.

The most basic measure was to quantify how much time lionfish spent in
association with conspecifics and/or record any occasions of associations with
moray eels as these had been described by Naumann and Wild (17). We used
1 m maximal distance as association criterion (30,31) and asked whether
lionfish spend more time in such distance to conspecifics than expected by
chance as an indicator whether or not they seek each other. We looked for the
fin flaring pattern described by Lonnstedt et al. (13) during the entire
observation period. Similarly, we recorded any attempt to herd prey by
spreading the pectoral fins like a shield (17), as this spreading almost always
preceded any foraging attempt. Such attempts sometimes included orienting
the head towards a nearby prey (typically close or on a substrate, i.e. reef or
the sandy bottom), mostly accompanied with a rapid mouth opening to suck
prey in. Note, however, that it was impossible to ascertain whether or not a fish
was caught in these events.

1.2.2. Laboratory experiment and fish collection

The laboratory experiment was conducted at Open Ocean Science Center
(OOSC) at Dahab city in September to November 2019. Fish capturing,
handling, and acclimatizing process was performed carefully to minimize
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stress responses and to provide a neutral environment for the captured
individuals. 48 Lionfish individuals were captured using handmade plastic net
and gloves from depths from 0 to 10 meters. Individuals were brought slowly
to the surface to avoid air bladder inflation. Fish were directly transferred into
holding tanks for three days without being fed, then assigned into the
experimental tanks. The round experimental tanks with 153 cm diameter and
60 cm high, with the water level at 40 cm (Figure 2.A). A semi-closed system
was used to maintain continuous seawater change with a flow rate of 2 L/min,
and an air pump as well as a water pump to provide oxygen and some current.

In each tank, a pair of lionfish was placed for ten days to acclimate before the
experimental trails. Starting from the third night, individuals were fed twice
during the crepuscular time 2 pieces (0.5 x 0.5 cm) of dead shrimps for each
individual, while during experimental days individuals were fed only after
trails to ensure that they were motivated to hunt during trials. Aquaria were
cleaned once a day to prevent biotic accumulation. All fish were released at
sites of capture after completing the experiment.

In parallel with collecting lionfish individuals, we caught 25 Blue-green
chromis (Chromis viridis), using a barrier net 1.5 x 1.5 m with a 0.5 x 0.5 cm
mesh size to present them as potential prey to lionfish. The chromis were kept
in a single aquarium (50 x 30 x 30 centimeter), and left to acclimatize for 7-10
days. The aquarium was provided with sea water open system flow (2L per
min), and an air pump to provide appropriate aeration. An artificial coral block
and small PVC tubes were added to serve as shelters and blue background were
placed all around the aquarium. Fish were fed twice per day with commercial
prawn flakes, and food residuals were removed daily, and tank surfaces were
cleaned at least every third day.

1.2.2.1. Experimental design

The design of the experiment and the setup of the round experimental tanks
were inspired by the study of Lonnstedt et al. (13), the main difference being
that we had round tanks. Inside each tank, we placed two holding
compartments separated by a channel (Figure 2. A and B). Pairs of individuals
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were locked separately inside the compartments with the ability to see each
other through two removable transparent barriers. In contrast, the barrier facing
the rest of the tank was opaque, preventing locked individuals to see the
location where a tube containing either 4 prey fish (experimental treatment) or
nothing (control treatment) would be presented. Consequently, a released focal
individual trying to catch a prey would not be able to see the potential partner
locked away behind the barrier through the opaque barriers installed facing the
prey housing. The tube was placed close to the opposite side of the holding
compartments, such that lionfish could still swim all around it (Figure 2.B).

We run experiments in a full 3 x 2 design, yielding six conditions. The focal
individual could be in three association states regarding its partner, referred to
as ‘social state’ from now on: (1) Singleton: the partner had been removed to
another tank (100 x 60 centimeter) before the trial. (2) Partner locked: the
partner was contained in a holding compartment. (3) Partner released: the
partner could swim around freely in the tank. The second and third conditions
were tested within the same trial, invariably starting with the partner locked.
Regarding our second factor prey availability, the Plexiglas tube either
contained four prey fish (prey present) or no prey fish at all (prey absent). In
order to be able to define a visit, as well as to define hunting activity by either
the focal or its partner, we divided the tank into three zones (Figure 2.B): The
‘partner visit zone’ was the corridor between the two holding compartments.
The ‘hunting zone’ was a rectangle 60 x 100 cm around the lying Plexiglas
tube. The ‘neutral zone’ as a general activity zone contained all the other areas
of the tank.

1.2.2.2. Experiment protocol and data collection

All trials took place at night as lionfish were more active during that time
compared to during the day. Nevertheless, white light wrapped with towels
was put on to allow direct observation as well as filming. A Gopro hero +3
camera was installed 130 cm above the rim of the tank to film the trials. Before
each trial, the focal individual and its partner (if present) were guided into the
holding compartments, the compartments being randomly assigned. This was

31



achieved by gently pushing objects (a plexiglass sheet or stick) behind them.
Lionfish were then left to settle for ten minutes. Meanwhile, we placed a
Plexiglas tube (40 x 15 cm) in the tank at its predetermined location. The tube
had a removable cap to allow the insertion of prey for trials in which prey was
presented to the lionfish. The four prey fish were always randomly caught from
the holding tank; individual identity was not known. A trial started by
removing the transparent barrier of the focal’s holding compartment. Focal
individuals left the compartment within the next 60 sec. In the singleton
condition, a trial lasted 15 min. With a partner, the focal invariably started to
hunt alone. If it revisited its partner, scored as entering the channel between
the two holding compartments, the partner would be released five minutes
later. This delay in the release gave us opportunity to record any repeated
signaling if it occurred. If the focal individual did not visit the partner, the
partner would be released after 15 min. The total length of a trial with partner
was 20 min, so the two conditions ‘partner locked’ and ‘partner released’
occurred with variable durations. The focal and partner compartments were
considered as part of the neutral zone once the partner had been released. A
trial ended with the removal of the Plexiglas tube; and any prey were returned
to their holding tank.

The following information was extracted from the videos, using Boris 7.9.7
software. (1) Any fin movement sequence as described as fin flaring signal by
Lonnstedt et al. (13) (Figure.1.B) and its context (which zone and location of
partner), and (2) The time from releasing the focal to its returning to the
‘partner visit zone’. See supplementary material for statistical analysis.

1.3. Statistical analysis
1.3.1. Field observations

We used Waser’s gas model (WGM) (30-32) as the simplest option to
calculate a null hypothesis regarding the mean duration of associations
between lionfish. Using the model to calculate the predicted mean duration
needs rather minimal information, namely the average swimming speed (v) of
individuals, and a set maximal distance criterion (r) between two individuals
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that they are still considered to be associated. Application of the model
warrants to consider movements only in a two-dimensional space, which
works well for an observer watching from above. Under these assumptions,
the mean duration of associations (t) predicted if individuals move
independently of each other is given by equation 1:

__1745r

(1) t=

v

We used a mean speed of 3 cm/sec as reported by Dahl and Patterson (33), and
100 cm as the distance criterion (30,31).

1.3.2. Laboratory experiments

In general, all our data represent independent measures as each fish was tested
only once. As we had several data points per fish in the test, individual ID was
added as a random factor. Data distributions were negatively binomial and the
normality was always violated. As our data contained zeros, we applied
generalized linear mixed-effect models using Template Model Builder with the
beta zero-inflation properties to calculate the frequencies, time and proportions
(GLMM: “glmmTMB?”). The data and the R codes as well as a videos of fin
flaring and recruitment tendency are available to public on dryad at
https://doi.org/10.5061/dryad.w3r228098

The frequency of the fin flaring was analyzed as a function of prey
presence/absence, social state (singleton, partner locked, and partner released)
and the focal individual’s location (hunting zone, neutral zone and partner
zone). The focal and partner ID as well as observation time were random
factors. If the fin flaring movement pattern serves as a signal to initiate
cooperative hunting, we expected a 3-way interaction. If lionfish try to recruit
the partner to guide it towards prey, the pattern should occur most often when
prey is present, in the partner zone with a partner locked up. Alternatively, if
lionfish try to make partners join at the prey location, the pattern should occur
most often when prey is present, in the hunting zone with a partner locked up.
For the analyses, we quantified how much time the focal spent in each zone in
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each condition. We then used the occurrences of fin flaring in each zone and
time spent in each zone to calculate fin flaring frequencies.

As an additional test whether lionfish are likely to seek a partner when
confronted with inaccessible prey, we analyzed whether the time from release
to returning for the first time to the ‘partner zone’ varied as a function of prey
presence/absence and partner absent/locked. We obtained a single value in
seconds for each trial. If lionfish seek the presence of a partner for joint
hunting, we expected that subjects will revisit the partner zone soonest if there
is prey and a partner locked up. Subject and partner IDs were added as random
variable.

1.4. Results
1.4.1. Field observations

We collected a total of 302 follows, yielding 172 hours of observations. In
general, lionfish spend 14.3 % time in association with conspecifics. The mean
duration of the associations was 4.2+ 1.4 min (Figure 3). Based on the gas
model, assuming an average speed of 3 cm per second, the expected mean
duration of an association was 59 s. There is thus some indication that
associations last approximately four times longer than predicted by chance.
However, the more critical question was whether lionfish would hunt together
when in association. We observed a total of 103 events of lionfish spreading
their fins like a shield. In 12 of these 103 cases, a conspecific was within 1 m,
i.e. slightly less than the 14.7 cases expected by chance if associations do not
serve to hunt cooperatively. No fin flaring sequences were recorded during any
association, and the sequence was only observed once in a singleton.

1.4.2. Laboratory experiments

Results were based on a total of 48 individuals that formed 24 pairs. We
observed a total of 1512 fin flaring, yielding 48 hours of observations. We
regularly observed the fin flaring pattern during trials, if it serves as a
recruitment signal, we expected it to occur most frequently in the partner zone
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but only if there is prey and the partner locked up. However, we did not find
such a 3-way interaction but instead two 2-way interactions (Figure 4.A). As
expected if fin flaring was a recruitment signal, it occurred most frequently in
the corridor between the two holding compartments when prey was present (2-
way interaction, Chi2 = 6.49, p = 0.039). However, opposite to the recruitment
hypothesis, fin flaring occurred most frequently in the corridor after the partner
had been released and hence was not in the zone anymore (2-way interaction,
Chi2=12.2, p = 0.016).

Regarding the time focals spent in the three zones we found a significant 3-
way interaction opposite to what would be expected if lionfish hunt
cooperatively: focals spent more time in the hunting zone (and less time in the
neutral zone) if there was prey and the partner was still locked up (Chi2 =
10.08, p = 0.039). Focals spent little time in the hunting zone when the partner
was released, irrespective of prey presence/absence (Figure 2.B).

The time it took focals to return to the partner zone was explained by an
interaction between prey condition and social state (Chi2 = 10.06, p= 0.0015).
Focals took longest to return if there was a partner locked up and prey absent
(Figure 2.C). In the presence of prey, return times were similar between partner
locked and the singleton condition.

1.5. Discussion

We had asked whether lionfish P. miles in the Red Sea show any evidence for
cooperative hunting based on active recruitment, as such hunting techniques
might have helped them to become such a highly successful invasive species
in the Caribbean. While the fin flaring pattern described in D. zebra was
virtually absent in P. miles the field, it occurred frequently during our
laboratory experiments. The field data contrast with Lonnstedt et al. (13) who
apparently observed the pattern regularly in nature (though no data were
presented). The two key differences between the two studies and hence the two
species were that we found no evidence that the fin flaring is used as a signal
and that P. miles individuals would coordinate to hunt cooperatively. A
hypothesis for the frequent occurrence of the fin flaring pattern in P. miles that
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needs further investigation is that its occurrence is linked to maneuvering (34—
37). The main current argument in favor of this hypothesis is that it occurred
mostly in the narrow partner zone in our experiment. Hence the question arises
whether the fin flaring pattern could also be used for maneuvering in D. zebra.
Speaking against this hypothesis are the observations that partners apparently
responded to a visit and fin flaring pattern with their own one (see Fig. 2b in
(13)). On the other hand, the interaction site between the test fish and its
contained partner had to happen in a narrow place, like in our experiment.
Furthermore, we are uncertain how to interpret the information provided by
Lonnstedt et al. (13) in the supplementary video that shows the fin flaring
pattern. We invite colleagues to watch it for themselves (Supplementary video
S1. A): in our view it looks like the focal individual used the pattern to orient
towards a prey that is subsequently eaten, an interpretation that favours the
maneuvering hypothesis.

The space use of P. miles subjects during experiments conforms with the
interpretation that this species does not hunt cooperatively, at least not at our
study site in the Red Sea. Our Chromis prey can be considered attractive, just
as Apogon sp. is for D. zebra (38-40), and both were presented in small groups.
Prey was behind a transparent barrier in the study by Lonnstedt et al. (2014),
while inside a transparent tube that could be approached from all sides in our
study. Though the details of the presentation hence differed, subjects in both
studies experienced that prey is inaccessible when hunting alone. Thus, despite
the fact that various variables were slightly different (prey species, aquarium
size, transparent housing structure), we think that the situation should have
triggered partner recruitment in our study as well. However, in our study
inaccessible prey and a locked-away partner did not result in a quick return to
the partner (Supplementary video S1.B), which contradicts the hypothesis that
P. miles recruits’ partners for joint hunting proposed in Lénnstedt study.

In line with the lack of evidence for recruitment, we did not find any evidence
that P. miles hunts cooperatively in nature. While associations in the field
lasted on average longer than expected by chance, they were much shorter than
for example between collaboratively hunting fish, like groupers and moray eels
(41) or yellow goatfish (42). Also, during experiments, the lionfish did not
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aggregate in the hunting zone, which suggests a rather chance character of
lionfish associations (15,43). Taken together, our results suggest that the
success of invasive P. miles in the Caribbean is not based on cooperative
hunting but on other features. Clearly, the reported variation in cooperative
hunting between lionfish species and/or study sites warrants further
investigation.
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1.11. Figures
A.

Red Sea
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1. hunting posture 2. first pectoral wave 3. second pectoral wave

Figure 1. (A) The study species P. miles. (Photo credit: Hanaa Sarhan. Three
pinnacles, Dahab, Egypt). (B) Location of 4 reef sites surveyed for lionfish species
fin flaring behavior in the norther Red Sea region. Image modified from Google earth
v.6.2 (2021). (C) The flared fin display sequence by initiator predators: where one
individual approach partner head on, it rapidly undulates its caudal fin for 3-9 s. then
followed by a slow and separate waving of the flared pectorals (Photo credit: Oona
Lonnstedt,[13]).
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Top view GoPro

Water level 40cm

\
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Figure 2: Tank setup to test recruitment tendency of lionfish. A. an illustration of the
initial tank structure prior the experiment. B. A life shot of the zone references after
focal fish were released, and the quarantined partner has no information about the
existence of prey, where (i) focal chamber, and (ii) partner chamber, and zones (1)
partner zone, (2) hunting zone -the transparent prey housing is edited with grey border
for reader’s visibility, and (3) neutral zone. The round circle located in the hunting
zone is dedicated to further studies.
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Figure 3. Observed frequency distributions of durations (min) of associations
between lionfish conspecifics. The x-axis shows different time categories that were
grouped in a non-linear fashion. The arrow almost above the 1 min time category
indicates the average duration of associations (59 s) predicted by a null model,
assuming independent movements of individuals observed.
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Figure 4. Experimental results. (A) the frequency of fin flaring patterns and (B)
proportional space use; both variables as a function of location (hunting, neutral and
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from being released to return to the partner zone, depending on whether prey was
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Abstract

Decision rules underlying cooperative hunting can range from very simple to
very complex. As lionfishes are naturally solitary hunters; an experimental
study documenting active recruitment, coordination and alternating
(potentially reciprocal) striking in dwarf lionfish Dendrochirus zebra received
major attention. A hypothesis was that sophisticated coordinated hunting may
also contribute to the successful invasion of another lionfish species, Pterois
miles, in the Caribbean. However, we did not find recruitment signaling in P.
miles in parts of its native range, the Red Sea. Here, we expand on these results,
testing for coordinated movements and for alternation in strikes. We exposed
subject pairs to inaccessible prey in three transparent housings. The two
lionfish did not aggregate at the same prey housing or even share larger space
units in the presence of prey. In a second experiment, we found that some
alternation can be induced if prey items become alternatingly accessible at two
corners, with each lionfish tending to monopolize one corner each. When the
movement of prey is slow or even absent, we observed less alternation than
expected by chance. In conclusion, P. miles in the Red Sea does not use any
coordination to hunt prey.

Keywords: cooperative hunting, coordination , alternation, lionfish.
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2.1. Introduction

Cooperative hunting occurs when two or more individuals interact in a hunt
that produces higher payoffs per individual than solitary hunting (1).
Coordinated cooperative hunting, in which individual predators respond in
time and space with each other’s actions, is considered to be a complex form
of cooperative hunting (2,3). It has been observed and described in primates
(4,5), carnivores (3,6,7), marine mammals (2,3,8), birds (9), and fishes (10). In
its most complex form, a collaborative hunting, individuals adopt specific
hunting roles to herd and catch their prey (2,3,6). Complexity can be further
increased if hunting partners actively communicate with each other, for
example to initiate a hunting event (4,10).

Given that complex forms of cooperative hunting are rare and proposed to be
linked to specific ecological challenges, one would not expect evidence for
complex cooperative hunting in predators like lionfish, which typically hunt
alone (11-13), though they have been rarely observed to hunt in the presence
of conspecifics lionfishes (14) or moray eels (15). However, the hunting
behavior of lionfish Dendrochirus zebra (Scorpaenidae: Pteroinae) described
in laboratory experiments (16) was very sophisticated. More precisely, D.
zebra subjects swam away from an inaccessible shoal of prey fish (behind a
glass barrier) to join a partner initially out of sight. There, subjects repeatedly
showed a stereotyped fin flaring pattern that was interpreted as a recruitment
signal to elicit joint hunting with both conspecifics and another lionfish species
Pterois antennata. The signal recipient would join the signaler and return to
the prey that was made accessible by the experimenter. Both lionfish would
then simultaneously herd prey by spreading own pectoral fins, and alternate
feeding strikes at the shoal (16). The alternation of strikes was interpreted as
reciprocal acts to ensure sharing of prey in a cooperative task. While D. zebra
only occurs in the Indo-Pacific, P. antennata is one of the two Pterois species
invasive to the Caribbean (17,18). It was therefore hypothesized that
cooperative hunting may be an important part of lionfish invasion success (16).

While concerns were raised on the credibility of the published data as sample
sizes were lower than declared (19) and attempts to hide this fact with a collage
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of pictures (20), knowing the hunting strategies of Pterois species may
potentially contribute to understand their invasion success in the Caribbean,
and more recently the Mediterranean (21-23). In a first study on Pterois miles
in the Red Sea, no evidence was found that individuals seek each other’s’
presence in the field (13). Furthermore, the stereotyped fin flaring movement
pattern was also observed in P. miles but it was not associated with signaling
situations. The authors concluded that fin flaring is linked to maneuvering in
tight places (13), which would also have applied to the area in front of the
partner in the study by Lonnstedt et al. (16).

Here, we expand on (13) and investigate two main questions using laboratory
experiments. First, we asked to what degree two P. miles individuals
coordinate in space and time when exposed to three alternative hunting
locations, i.e. glass aquaria of identical sizes spread out inside the larger
lionfish holding tank, each containing four prey fish. If P. miles individuals
seek cooperative hunting, we predicted that pairs would aggregate at the same
prey aquarium more than expected by chance. Second, we investigated to what
extent and under which conditions two P. miles individuals alternate striking
at prey. Lonnstedt (16) had interpreted the alternation as reciprocity, i.e.
individuals deciding to alternate as a cooperative solution to the competition
over resources. We tested this hypothesis of reciprocity against an alternative
hypothesis that alternations might be linked to the laboratory setting imposing
constraints on monopolisation. More specifically, in a rectangular tank as used
by (16) it is conceivable that prey might aggregate in one corner when facing
two lionfish, where the nearest lionfish conducts the first strike. The strike
might make the surviving prey flee into the adjacent corner, where now the
other individual is nearest and hence will strike, which will make surviving
prey return to the first corner, and the circle restarts. Thus, alternation could be
due to prey behavior rather than based on reciprocity between lionfish. In order
to test our hypothesis versus the reciprocity interpretation indicated by the
alternation of feeding strikes and equality of food acquisition outcome, we
created a ‘feeding tree’, a hand-held stick with several branches and a piece of
food items (fresh tuna or prawn) on each end. The experimenter moved the
stick through the aquarium, making single food items at a time accessible at
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specific locations in various pre-defined patterns that either hindered or
facilitated monopolization by one fish. According to the reciprocity
interpretation introduced by (16) , our manipulations should not affect the
alternation pattern of strikes (e.g. the equality and turn taking between
individuals to take food items). Alternatively, some movement patterns should
yield asymmetries in foraging success while other promote alternating strikes
due to imposed constraints on individual monopolization.

2.2. Material and methods
2.2.1. Spatial coordination

Fish handling and experiment setup: the coordination experiments were
conducted in the Open Ocean Research Center (OOSC) located in Dahab,
South Sinai, Red Sea, Egypt (28.5091° N, 34.5136° E), from May to June 2021
(Figure 1. A). Fish capturing, handling and acclimatizing process was
performed carefully to minimize stress responses and to provide a neutral
environment for the captured individuals. For lionfish capture, we built a
plastic net fixed to a hand net frame (40cm diameter) and gloves and captured
46 individuals varying in size from 20 cm to 29 cm total lengths via scuba
diving with a slow approach from depths of 0 to 10 m. Individuals were
brought slowly to the surface to avoid air bladder inflation. We assigned
individuals directly into single pairs in each round tank and left to acclimatize
for 10 days. The round experiment tank was 153 cm diameter x 60 cm high
with a water level of 40 cm. Starting from the third night, individuals were fed
twice during the crepuscular time 2 pieces of dead shrimps/individual, while
during experimental days, individuals were fed only after trials to ensure that
they were motivated to hunt during trials. Blue-green Chromis (Chromis
viridis, Figure 1. C) were captured in parallel to present them as potential prey
to lionfish. For Blue-green Chromis, we caught 25 individuals with average
size of 4 cm using a barrier net of 1.5 x 1.5 m and 0.5 x 0.5 cm mesh size.
Chromis were kept in a single aquarium (70 x 40 x 40 cm) and left to
acclimatize for 7-10 days. An artificial coral block and small PVC tubes were
added to serve as shelters and blue background was placed all around the
aquarium. Fish were fed twice per day with commercial flakes, food residuals
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were removed daily. We kept each species in a separate seawater system where
aquaria were filled two days before fish accommodation, provided with
seawater open system flow (2L per minute), an air pump to provide appropriate
aeration, and water submersible pumps to provide current. All aquaria were
cleaned once a day to prevent biotic accumulation. All fish were released at
sites of capture after completing the experiment.

Experimental protocol: The lionfish partners were first pushed slowly into an
opaque compartment and isolated there for 15 min, while setting up the
experiment. Three prey housing glass aquaria (30x 15x 25 cm) were placed in
the tank with 45 cm space in between to allow subjects to move freely around
them (Figure 2. A, B). After the prey housings were installed and prey
individuals were assigned randomly to the prey housings (Figure 2. A), we let
the fish settle for 10 minutes. Then, the partners were released simultaneously
by lifting the opaque compartment, and filmed for 10 min from above. Each
lionfish pair was tested three times in each of the two conditions: 1) general
prey absence and 2) four prey individuals per housing aquarium. For data
collection and analysis purposes, we divided the tank into four zones: three
separate hunting zones around each of the three prey housing aquaria, and a
fourth ‘neutral zone’ away from prey (Figure 2B).

2.2.2. Alternated strikes

Fish handling and experiment setup: the alternation experiments were
conducted in Hurghada grand aquarium, Hurghada (27.1337°N, 33.8217°E) in
March 2022. Lionfish sample individuals were collected in 2020-2022 and
kept in the exhibition and in the hold tanks. Fishermen used cages to capture
lionfish individuals to avoid harmful contact, and transferred to the aquarium
hospital tanks to be treated from potential injuries or infections, then let to be
acclimatized. After recovery, individuals were fed pieces of fresh tuna (1lcmx
1cm) twice a day by throwing food items randomly in the tank. 24 Lionfish
individuals assigned to be tested were transferred in pairs to the round
experimental tanks (153 cm diameter x 60 cm high, with a water level of 40
cm) one week prior to the experimental trials, matching individuals in size as
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much as possible. Training consisted of moving our ‘feeding tree’, a hand-hold
main stick with three or four branches to attach food items (Figure 3),
randomly in the tank, so that the two lionfish could simultaneously access it
and hence compete over food. Within 3-4 days, all individuals followed the
stick and ate food items off it. In this way, by moving the food tree selectively,
individuals were fed twice during the crepuscular time periods 2 pieces of fresh
tuna/individual. On the fifth day, experimental trials started.

Experimental protocol: Like in the previous experiment, lionfish pairs were
first confined to one side of the tank, behind an opaque barrier. We then placed
a transparent barrier (100x 60 cm) on the opposite side, creating an
inaccessible compartment. That barrier had three vertical cuts 20 cm long and
3 cm wide, 30 cm apart from each other (Figure 3). The experimenter could
slide side arms of the feeding tree holding uni-sized pieces of tuna at pre-
determined schedules (time and location) through these cuts such that they
became accessible to lionfish during trials. We conducted a single final
training round in which three items were offered successively through each of
the three slits, with the order counterbalanced across pairs. We did not score
how many items each individual ate during that training. Then, the actual
experiments began, consisting of three different treatments. As we were
interested in the subjects’ spontaneous behavior, each pair was tested only once
in each treatment. The order of treatments was counterbalanced across pairs to
avoid that potential sequence effects could influence overall results. During
the first two treatments, four items became successively accessible through the
two side cuts. Crucially, accessibility alternated between the two cuts: as soon
as one item was eaten on one side, the feeding tree was retracted and moved to
the other cut, and moved back once a second item had been eaten, and finally
again moved for the fourth food item to become accessible. The difference
between the two treatments was the time the experimenter took to move the
tree from one cut to the other: 5s versus 15s. The third treatment involved a
feeding tree with only three branches and hence three food items. The branches
were invariably introduced to the lionfish side through the middle cut, with all
three branches being simultaneously accessible. In all three treatments, a trial
started by having the feeding tree in its first accessible position and then lifting
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the opaque partition to release the partners simultaneously. A trial ended in
principal when all pieces had been eaten. Only once, individuals had not eaten
all items after 180s exposure, and the feeding tree was removed. This data point
was removed from the analysis. We recorded the order of attacks by
individuals with a Gopro Hero+3 camera attached to the tank side.

2.3. Statistical analysis

All statistical analyses were conducted with RStudio Inc., Version 1.2.5033,
and Videos were analyzed using BORIS software v7.9.7-2021. All the data are
available as supplementary material on Dryad:
https://doi.org/10.5061/dryad.g79cnp5s8.

We aim in the first experiment to investigate the level of coordination of
lionfish in space and time to hunt their prey. For the analyses on spatial
coordination, we extracted the following information separately for trials in
which prey was present and trials in which prey was absent. A) Time in
seconds from release until the two fish were in the same hunting zone for the
first time. B) The time in seconds they would spent together in that zone before
separating. C) The overall time in seconds spent together in the same hunting
zone, and overall time spent together in the neutral zone. The first two data
sets were directly compared between trials in which prey was present and trials
in which prey was absent. For the third data set, we first quantified the time
each individual spent in each of the four zones. The data allowed us to calculate
an expected value for the two fish being simultaneously in each of the four
zones based on the null hypothesis that the two fish move independently of
each other (Equation 1). We then added up the three observed values for
simultaneous presence in each of the three hunting zones, and we added up the
three expected values, for a comparison. We also compared observed and
expected values of co-occurrence in the neutral zone. Due to the repeated
measures, pair IDs were added as a random variable. In general, we applied a
linear mixed-effect model to investigate how treatment affected our variables
of interest (nIme: “Ime”).
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Equation (1)

Expected duration to overlap in zone in seconds =

(observed in zone.ind 1in sec.) 5 (observed in zone .ind 2 in sec.)

trial duration in sec. trial duration in sec.

trial duration in sec.

To test whether lionfish alternate strikes in the second experiment, we scored
the number of switches in each trial (0-3 possible during the first two
treatments, 0-2 possible during the third treatment). Then we calculated the
difference between the observed alternation count and expected alternation
value based on the null hypothesis that individuals feed at random. To calculate
the expected value of the null hypothesis that individual success is random for
each item presentation, we divided the maximal possible number of switches
for each trial by 2. As the first two treatments involved four food items, there
were three occasions on which the successful individual could change or
remain the same, each event with 50% probability. Hence, for the first two
treatments (5 sec. and 15 sec intervals), the expected value of the null
hypothesis was 1.5 alternations, for the third treatment (steady) it was 1
alternation. As we faced many ties between observed values and the null
hypothesis, we used a simple Sign Test. We calculated the positive and
negative ranks, which were used to extract the test statistics and p value.

2.4. Results
2.4.1. Spatial coordination experiment

We had 230 min video material for 23 pairs. In the presence of prey, it took
individuals longer to join each other for the first time in one prey zone (i.e.
focusing on the same prey holding aquarium) compared to the treatment in
which prey was absent (Presence: mean= 55.68+ 10.76 sec., and Absence:
mean = 17.57+ 5.42 sec., Chi?=4.354, df= 1, p= 0.037, Figure 4.A). Once
together, pairs tended to stay for longer in the same hunting zone when prey
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was present (Presence: mean= 14.33+6.42, and Absence: mean= 4.50% 2.33,
Chi?=3.63, df=1, p= 0.056, Figure 4.B).

Overall, however, lionfish either ignored or tended to avoid each other during
the trials. On a purely descriptive level, expected mean values of being together
were higher than observed mean values in all four conditions (hunting
zones/neutral zone x prey present/prey absent). The full model revealed a
significant effect of location (Chi?= 24,6, df= 1, p < 0.0001) but not of prey
presence/absence (Chi2= 0.01, df= 1, p=0.91), and no interaction between the
two factors (Chi2= 0.942, df= 1, p= 0.331, Figure 4.C). Post hoc tests revealed
the lionfish pair generally spent significantly less time together than expected
in the neutral zone (prey present: t ratio=-5.27, p < 0.0001; prey absent: t ratio=
-4.11, p = 0.0001). In the presence of prey, expected and observed values did
not differ significantly (prey present: t ratio= -1.22, p = 023; prey absent: t
ratio=-1.97, p = 0.054).

2.4.2. Alternated strikes experiment

Due to the deliberately short training period, we did not observe individuals
focusing on any food insertion location. We did record that lionfish would
distribute or separate themselves such that each individual is waiting at each
slit in any of the 12 pairs. Between the insertion’s duration, both partners
followed the movement of the feeding tree on the other side of the transparent
barrier. As a result, both individuals where typically near the feeding tree when
a food item was made accessible through a slit. Keeping up with the food tree
movement was simply more challenging when the interval was 5s rather than
15s.

Using 12 pairs, we generally found that individuals did not alternate their
strikes above chance levels. The amount of alternations apparently depended
on the time interval between successive presentations during the first two
treatments. The 5s interval treatment yielded a random pattern (Sign-Test,
N=12, X=6, p = 1). In contrast, the 15s treatment yielded significantly less
alternations than expected by chance (Sign-Test, N= 12, X=2, p=0.038, Figure
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5.). Finally, in the steady treatment, observed alternations occurred less than
expected by chance but not significantly so (Sign-Test, N=12, 4 ties, remaining
N=8, X=2, p =0.29, Figure 5).

2.5. Discussion

We had aimed to test whether lionfish P. miles inhabiting the Red Sea
expressed any evidence of hunting in a coordinated way as a first step towards
assessing the hypothesis that such coordination may contribute to their
successful expansion in their invasive range in the Caribbean Sea. We did not
find any evidence for coordination in time and space, nor for alternation in
hunting strikes. Thus, we failed to replicate results reported on another lionfish
species D. zebra in Australia. As a consequence, the literature on cooperative
hunting and potentially underlying cognitive mechanisms, including signaling,
coordination, or reciprocity, does not apply to P. miles in the Red Sea.

Regarding coordination in space and time (first experiment), the presence of
prey delayed lionfish pairing up in the same prey zone. While they then stayed
together for longer than in the control, this result was apparently driven by both
being independently attracted to the prey. If lionfish coordinated in space and
time, we would have expected that they spent overall more time together in the
same zones than expected by chance. If anything, the data suggest that lionfish
tend to avoid each other and hence prefer to hunt alone. This result aligns with
pre-existing field observation reporting that lionfish P. miles in nature are
mostly solitary hunters (12,17,25). It contrasts with the described coordination
of movements in D. zebra (16). Note, however, that the data are not directly
comparable as only we offered alternative prey locations and quantified each
individual’s location over the entire trial.

Given that our lionfish did not coordinate in time and space, it may not be
surprising that they did not alternate their strikes at prey as reported for D.
zebra (16). Importantly, one experimental design caused more alternating
strikes, i.e. when fast movement of the feeding tree (aka prey shoal) from one
end of the separation to the other allowed each individual to focus on a
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different gap. Thus, prey movement patterns could in principle cause
alternating strikes in confined aquarium space, especially as prey would move
faster between locations than our feeding tree. Unfortunately, the experimental
videos of Lonnstedt et al. (16) are not available. Otherwise, re-analysing the
videos would reveal whether prey indeed moved back and forth between
corners, whether they thereby alternated their proximity to the two lionfish,
and hence whether prey movement caused the reported alternations in strikes.

In summary, our previous (13) and the current study on P. miles fail to
reproduce results on D. zebra (16), finding no evidence for active recruitment,
coordination in time and space, or reciprocity-like alternation in strikes. Thus,
lionfish are not in general sophisticated cooperative hunters. We therefore
consider it parsimonious to assume that the success of the genus Pterois in the
Caribbean (16, 17) is linked to other features already documented.
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2.11.  Figures
A.

Figure 1. (A) Location of the conducted study in the northern Red Sea region. Image
modified from Google earth v.6.2 (2021). (B) The study species P. miles. (Photo
credit: Hanaa Sarhan). (C) The prey species Chromis viridis provided as bait during
experiment trails. (Photo credit: Lubomir Klatil)
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Figure 2: Tank setup to test the coordination of lionfish partners. (A) Illustrating the
tank structure and locations of installments before starting the trial. (B) Live photo of
experiment zones in control condition after partners were released from the
quarantine.
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Figure 3. Tank setup and types of bait used to investigate the alternation of lionfish
partners. The bait and the three movement pattern assigned for each bait.
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Figure 4. A comparison of time budget spent by P. miles in absence and absence of
prey conditions. (A) the time spent by individuals till the overlap or associate for the
1% time at any of prey housings. (B) the duration of the 1% overlap by the paired
individuals. (C) the expected time to be spent in association in each zone, compared
to the actual observed time.
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Figure 5. Boxplots of the number of observed alternations of strikes within trials
versus the null hypothesis that alternations occur at random (red dashed lines). In
the first two treatments, a total of four prey items was offered, alternating between
two different locations. In the first treatment, time interval between prey item
presentations was 15 s, in the second treatment it was 5 s. In the third treatment,
three items were made accessible simultaneously at one location.
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3.1. Background

Predation is a major selective force for the evolution of animals'
morphological, physiological and behavioural traits. As both sides are under
strong selection, predator-prey interactions are often viewed as evolutionary
arms races. The importance of predation during evolutionary time is evident;
however, animals also have the ability to assess and behaviorally influence
their risk of being preyed on during their lifetime (1). Prey needs to use the
habitat in a nutrient-efficient way, resolve interaction with competitors, and
find suitable mating options (2), but failure in appropriately recognizing
predation risks may cause death. Optimizing the balance between predation
risk and behavioural activities requires the prey's acquisition of accurate and
reliable information about predation risk, and then adjusting to this information
(3). An essential part of prey adaptation is hence the evolution of central-
nervous systems that allow individuals to obtain, store and use the information
for decision-making (4).

Appropriate decisions during direct interactions with predators can enhance
trade-off management in various ways. An escalated form of interaction is
mobbing of the predator (5). We do not discuss this highly proactive strategy
to make predators leave the area. Instead, we focus on the literature on predator
inspection behaviour. Following and extending a definition by (6): predator
inspection is the approach of a predator or predators by prey that is i) aware
that there is an object worthy of inspection; ii) not showing any signs of
aggression towards the predator, and iii) returning more or less to its original
location prior to the approach. While predator inspection may be widespread
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in vertebrates (7—10), it has been studied in detail mostly in fishes (6,7,11-16).
Therefore, we focus on the fish predator inspection literature.

Predator inspection may have various functions. The most commonly assumed
benefit is to obtain information about the risk of a predator attack via the
assessment of danger cues (6,11). Suppose for example that certain cues reveal
a predator’s hunger state, which in turn correlates with attack probability. In
that case, prey could subsequently continue with daily activities if the predator
is perceived as neutral or be vigilant and stay close to cover if the predator is
perceived as a danger (6,7,11-14,17). Alternatively, prey may approach sit-
and-wait predators as a means to signal their detection. This informs the
predators that any hunting attempt would be highly likely to fail because the
surprise element is gone. Such communication from prey to predator is
mutually beneficial as the predator’s best response is to go away to hunt
elsewhere, and the prey can hence resume daily activities (18). This form of
communication has been termed perception advertisement (19,20). Yet
another potential benefit of predator inspections may be that specific
individuals approach predators to show their physical quality, either to the
predators or to conspecifics. Signals to predators have been termed 'vigour
advertisement' that aims at reducing personal attack risk (8). Signals to
conspecifics can increase the inspector's 'reputation’ that, in turn, may increase,
for example, access to mating partners (18,21,22).

Notably, the various potential functions of prey seeking interactions with
predators are not mutually exclusive. With this in mind, we evaluate the fish
literature on predator inspection behaviour. Prey fish often show peculiar
behavioural patterns, i.e. saltatory movements towards a predator, that help to
infer that an inspection takes place (6). Furthermore, fish research has focused
on shoaling species, where one, two or several individuals leave the shoal to
approach a predator (6). Such cases have attracted considerable research
because behavioural decisions need to be understood within the cooperation
framework between unrelated individuals. As best illustrated with a prisoner's
dilemma (23), cooperation may yield benefits that cannot be achieved through
isolated individual actions, but cooperators often have to ensure that cheaters
do not exploit them. Two aspects are intriguing about predator inspections in
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shoaling species. First, if inspectors return with information that other shoal
members can use, inspectors take an apparent risk of approaching a predator
but provide a public good to the shoal. Thus, one has to explain why
individuals benefit from inspecting a predator if free-riding and obtaining free
information appears to be an alternative option. Second, when two (or more)
individuals simultaneously inspect a predator, their relative spatial positions
become another issue of cooperation and defection; this is because the
individual closer to the predator is likely to incur a greater predation risk than
the follower. Therefore, both individuals would prefer to be the follower,
which would lead to a ‘war of attrition’ (24) and hence to a premature end of a
co-inspection unless a solution is found.

In this review, the first part evaluates the existing evidence for the various
functional hypotheses: reputation gains, information gains, and
communication to the predator by prey fishes (see Figure 1), with examples
from laboratory experiments and wild observations. The latter two hypotheses
also require understanding predator decision-making regarding attack and
retreat. In the second part, we will relate the functional hypotheses to game
theory to evaluate what forms of cooperation and conflict underlie predator
inspection behaviour. We will show that despite significant research efforts,
much crucial information is currently missing for a comprehensive
understanding of predator inspection behaviour.

3.2 Functions of Predator inspections:
3.2.1. Prestige communication

In prestige communication, individuals conduct risky behaviours or help others
as a means of displaying their quality. Prestige communication is tightly linked
to the handicap principle (25), i.e. the idea that only resourceful individuals
can provide certain costly signals for a price that is less important than the
resulting benefits (26,27). In this context, predator inspection could function
like a behavioural peacock’s tail. A very straightforward prediction of the
prestige communication hypothesis is hence that males should inspect
predators more frequently than females do. If this were the case, one would
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predict a positive correlation between male physical quality and the frequency
of predator inspections and/or the proximity to a predator during an approach.
This in turn should be assessed by females and used as a criterion for partner
choice. If the showing-off is coupled with important information transfer about

the predator state, the scenario would fit the ‘competitive investment’ concept
((22,28), see also (29)).

The hypothesis has been mostly tested in guppies, with rather mixed results.
Female guppies are potentially more at risk of predation than males are, due to
various predator species apparently preferring their larger size (30,31). As it
stands, females shoal more than males, identify possible predators sooner and
conduct more predator inspections (30,31). Thus, females largely rely on own
actions to manage predation risk (32). Nevertheless, studies demonstrated that
female guppies favour males initiating inspections (as described as bolder
males (32-35)) over brightly coloured ones when given a chance to witness
their inspection behaviour against a prospective fish predator (36). Hence,
inspector males may have higher mating success due to female mating
preferences, as predicted by the prestige communication hypothesis.
Additional studies on mixed-sex groups during predator inspection events
showed yet another potential benefit of predator inspections for male guppies:
apparently, males tend to join inspecting females to attempt “sneaky matings"
rather than to inspect predators (11,37). Thus, the males take advantage of the
distracted inspecting females during the inspection trip (38,39), which has
hence nothing to do with prestige communication. In conclusion, the prestige
communication hypothesis needs further studies on a variety of species for a
more thorough evaluation of its merits in the context of predator inspection.

3.2.2. Cue assessment

There is intriguing and suggestive correlational evidence that inspection
behaviour is used to gather information about the identity and motivational
state of the predator ((40-43), but see also (11,37)), which can reduce the
likelihood of future attacks on the shoal. For example, in an experimental test
based on a one-way mirror, receiver minnows behind the mirror observed the
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response of transmitter minnows threatened by a pike model. When the pike
model approached the transmitter fish's foraging area, this altered the
transmitters’ behavior in a way that made the receiver minnows stop feeding
and instead hiding and skittering (40). Most importantly, a comparative
experimental study on guppy populations revealed that guppies can
discriminate between hungry and satiated predatory pikes, and that the more
experienced guppies are the more effective they are in identifying and avoiding
the pike (41).

When prey relies just on visual cues, alert or other disruption indicators, the
distance between the prey and possible predator and experience with the
predator has been found to have a strong association with perceived danger
levels. For example, shoals of experienced and naive glowlight tetras were
exposed to live cichlids and decreased their inspection rate with decreased
distance to the predator. However, the experienced tetras were more sensitive
to antipredator responses compared with naive tetras (44). Meanwhile, in
minnow populations under unequal predation pressure by pikes, inspection
events by transmitters rose when the model distance was reduced (without
chemical cues), and inspections by transmitters were closer when in a larger
group (6,40). For sticklebacks, the level of danger (measured as the frequency
of pike strikes against stickleback) to both single and paired inspectors grew
significantly as inspector approached more closely (43), demonstrating that the
cost of predator inspection is considered a danger of predation that rises with
proximity. Furthermore, minnows visually detected a possible predator sooner
and changed their behaviour more as a consequence of the information
received during inspection (45), and when they saw a visual attack, they
performed more frequent inspections and in bigger inspection groups (16).

A broad range of aquatic species emits chemical cues when detected predators
are disturbed or they emit injury-released warning cues when trapped by a
predator (reviews (3,46,47)). Many prey species mainly rely on the diet
concentration of the predator to help them assess danger levels (minnows
(17,48,49), guppies (41,50), characin fish (44,50), cichlid (15). Furthermore,
the quality and quantity of the inspector's diet can influence the antipredator
responses of the fellow shoal (51). For example, guppies are known to
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differentiate between various kinds of donor disruption signals (27,33). When
dividing shoals into emitters and receivers, receivers distinguished between
emitter's cue treatments, reacting more strongly to behavioural changes from
emitters given a protein-rich diet and a larger overall diet (51).

Multiple cues interact in the prey background, and information about local
predation risk (and subsequently acquiring the recognition of novel predators)
is available to individual inspectors based on not only the predator's visual and
chemical cues. For example, (52) shows that chemical, visual, and
hydromechanical cues (e.g. the predator's posture, fins movement, and
ventilation operculum (41)), when combined with additional visual cues (eg.
predator species, size, etc), may be useful sources of information about the
presence of predators during predator inspection. In addition, the efficiency of
predator-produced cues can be increased when prey fish receive them in
combination (52). Consequently, the frequency of predator inspection and
inspection groups can be increased (13).

Although chemical cues in the form of prey alarm cues in the predator's diet
are the primary source of information regarding local predation risk during
inspection behaviour, visual cues have been shown to aid in information
acquisition in fish and are used when chemical information is unavailable or
ambiguous (12). For example, when exposing shoals of glowlight tetras to a
live predator under low (3 lux) or high (50 lux) light levels and in the presence
of a cichlid-fed tetra (with an alarm cue) or swordtails (with an alarm cue not
recognized by tetras) in a 2x2 experimental design, tetras demonstrated threat-
sensitive inspection behaviour (increased inspection latency, decreased
inspection frequency, smaller examining group sizes, and higher minimum
approach distance) when confronted with a predator combined with a tetra-fed
food signal, independent of light levels. Only under high light circumstances
were similar threat-sensitive inspection behaviours reported in cichlids with a
swordtail-fed food cue.
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Interspecific information transfer of cues:

If we look at the literature or predator inspection, it seems to favour the
hypothesis that prey tends to gain information about predator behavior (Figure
1). However, studies on the quality and quantity of information gained during
the predator inspection of inmates still need further investigation. We list the
current relevant research to conceal this gap. As minnows tightened their
shoaling in response to disturbance cues from inspectors, disturbance cues
from isolated minnows did not elicit a significant shoaling response (49).
Moreover, receivers responded to disturbance cues from familiar groups
compared to cues from unfamiliar groups or isolated minnows (49). In
addition, experienced prey considerably impacts chemically mediated predator
inspection behaviour and attack cone avoidance (44). Experienced tetras, for
example, had dramatically enhanced antipredator reactions, changed their
inspection behaviour, and demonstrated much greater attack cone avoidance
than naive tetras, independent of predator feed type and concentration (44).
After all, assessing the danger of predation should be balanced against other
factors that might impede or enhance anti-predator behaviour.

3.2.3 P-P communication:

When confronted with a predator, certain prey prefers to reveal themselves by
acoustical or visual displays, which were traditionally thought to be warning
signs given to other prey and targeted at the predator, seemingly to prevent
further pursuit (18,20). Many studies on predator inspection functions revealed
that it is frequently performed to deter the predator from further attacks and
announce their anti-predatory fitness and/or awareness of its existence,
warning other group members that a predator is present (5-7,19,20,50,53,54).
Predator approaching may be dangerous for prey because they are constrained
by the predator's reaction and not entirely under the control of the prey (1).
However, the need for more information and fitness on the changes in the
environment may be beneficial knowledge for risk assessment and decision-
making (1,2). Predators, for example, were less attentive to and less likely to
attack and kill inspectors than non-inspectors and were, therefore, more likely
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to abandon an initial approach towards inspectors than a non-inspecting one
(Gobbies:(55), Minnows (37), Gazelles (8)). According to these findings,
inspectors have a reduced predation risk than non-inspectors.

One predator approach behaviour technique in certain prey species might be to
annoy or chase the predator away, leaving the predator with little choice but to
flee after exploitation (8,56). Furthermore, when approaching predator, the
prey may indicate that it has been noticed and that the element of surprise has
been gone (18). The predator may then decide to quit its present hunting effort
and shift its focus to less watchful prey (19,20,56). For example, in an
experimental setup, when exposing guppies to cichlid predators, the predators
were substantially less attentive and less likely to attack and kill guppies that
were inspecting compared to those that were not, and they were more likely to
abandon an initial approach towards an inspecting guppy than a non-inspecting
guppy. This indicates that inspectors had a considerably reduced chance of
assault and mortality when approached by the predator than non-inspectors
(55) (and see also (11,37). However, few research on predator inspection has
been undertaken in the wild, and many predator experimental aquaria were too
small to enable a thorough examination of this specific deterrent mechanism.
(1,13,40,46,48,49).

3.3.  What motivates inspectors to approach dangerous predators?

Encountering a predator forces the prey individuals into inactive state
(depressed mating and foraging habits); hence initiating a predator inspection
terminates the prolonged exposure and pursuit with their vital activities or
alters their subsequent behaviour. Which raises the question of what
motivates the prey individuals to initiate a risky inspection?. One
motivation can be the hunger state of the group. As hunger increases predator
inspection events and frequency, as well as their foraging rate (6,17,45), the
hungrier fish in a shoal is more willing to take more significant risks to inspect
a potential threat at a distance (57,58). Another possible phenotype indicator
of their initiation to risky predator inspection is boldness (6,17,36,45,57,59).
More than a few species of predator inspector fish (32—-34,60) were found to
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conduct significantly more inspections by individuals who were naturally
"pbold" than individuals who lacked the trait. Also, more experienced
individuals of the predator were found to perform more frequent inspections
than the un-experienced ones (see (31,45,61,62)) in response to experience and
boldness when it comes to starting and frequency of inspections). Even if all
individuals obtain the same information about a predator at the beginning of
an experiment, there may be variation in inspection behavior. More exposed
individuals inspect more (37,40,63), and so do individuals with higher social
ties (64).

3.4. What type of game is played in the predator inspection?

Understanding predator inspection within a game theoretical framework has
arguably been the most prominent goal. Several experimental studies aimed at
identifying the payoffs corresponding to inspecting versus staying with the
shoal, and leading versus following during an inspection. The emergence of
the iterated prisoner’s dilemma game as a paradigm to understand cooperation
led to a focus on pairwise inspections (43,65-67). The involved empiricists
concluded that stickleback and guppy pairs most likely solve an iterated
prisoner’s dilemma with a Tit-for-Tat-like strategy (66,67). Not all scientists
agree with this interpretation, with the most common alternative explanation
being that pair inspection represents a snowdrift game (68). In a snowdrift
game, mutual defection is not an evolutionarily stable outcome. While it is best
to cooperate with a defector and defect on a cooperator in a single interaction,
iterated decisions may lead to alternate leading as a cooperative solution. In
addition, initiators may generally fall into a volunteer dilemma in the step of
initiating an inspection. Here, we explore the potential payoffs in more detail.
Most importantly, we distinguish between the payoff distribution i) among
shoal members depending on whether individuals inspect or remain with the
shoal, and ii) among co-inspecting individuals depending on whether they are
leading or following.
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3.4.1. Payoff distribution and inspection functionality among shoal
members

In principle, one could potentially imagine three scenarios. Leaving the shoal
could either represent a N-player prisoner’s dilemma (maximal conflict), a
volunteer’s dilemma (negative frequency dependence), or an N-player
‘prisoner’s delight’ (self-serving). The payoffs depend on which functional
explanation for predator inspection applies, and they may also differ between
individual shoal members.

One potential function of predator inspection is prestige and reputation gain
for males. Typically, this function will be linked to sexual selection and states
that males rather than females should perform it. Only if inspections serve to
signal own quality to other shoal members, the payoff matrix of inspection
could fit a N-player prisoner’s dilemma. However, inspectors would gain
overall fitness benefits because the inspection game is combined with another
game, where the gained reputation gains translate into increased payoff.

The classic example involves individual males showing their quality through
predator inspection, which then causes females to preferentially mate with
them (22,28,29,69). Hence, males who perform it will be more likely to get
more mating, which would be considered a selfish act for the males to do the
inspection. In this scenario, inspections are indeed risky, and only high-quality
males benefit from paying the cost. Inspections could be just a means to show
one’s quality, or inspectors could obtain information about the predator’s state
and transfer this information to other shoal members (fitting the concept of
reputation-based partner choice;(28)). Males inspectors can still transfer
information and be useful to others, but the critical thing is that they get more
benefits from mating with females. If predator inspection has a reputation
function, females would need some cognitive abilities. They need to observe
and evaluate males based on the frequency of inspection, and the proximity to
the predator, where high-quality males should perform more often and/or
closer to the predator. The question here is will the female acknowledge and
rank the approaching different males properly, and choose to mate with the
male who highly performed during the predator inspection? Suppose this is a
case of reputation benefit, males should be performing more in correlation to
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their quality level, and females should be able to evaluate their predator
inspection performance. Importantly, high-quality males would solve a N-
player prisoner dilemma game because the game is combined with benefits
occurring in the mating game. This logic is equivalent to humans contributing
to public goods because such contributions yield benefits in an indirect
reciprocity game (70).

An alternative function to signaling to conspecifics is to conduct inspections
to signal to the predator. One possibility is that predator avoid attacking
individuals who have signaled their vigour (vigour advertisement; (55)).
Hence, when performing a vigor advertisement via a predator inspection, the
prey reduces its own risk of being attacked by initiating a predator inspection
and would directly obtain benefits from inspections. In this scenario,
inspections are not cooperative acts. Instead, shoal members are in direct
competition with each other over who will most likely become the target of an
imminent predator attack. All or most individuals should inspect predators, and
compete over who does it most often or approaches the predator closest. As
with the intraspecific quality signaling hypothesis, the logic of the handicap
principle would apply in that high-quality individuals should show more
inspection behavior. An important difference is that females would also
compete to inspect in order to avoid becoming the predator’s target. As a result,
predator inspection would not be a public goods game. Each individual aims
at reducing the probability of the predator attacking it (selfish). Hence, under
the vigour advertisement hypothesis, predator inspection would not be a form
of cooperation, and it would not be considered a prisoner dilemma (55).

Regarding the game structure, perception advertisement differs fundamentally
from vigor advertisement, despite they look similar in reducing the risk of
attack. The function of perception advertisement is to inform the predator
about its exposure and the group's vigilance about its existence, which in turn
is beneficial to the entire group, not to a specific individual. If inspections serve
as perception advertisement, the dynamics most likely to fit a volunteer’s
dilemma: someone should signal to the predator that it has been detected to
make it leave, but the question is who volunteers? This is because inspecting
should be riskier than remaining in the shoal. The resulting war of attrition may
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be resolved by shoal members facing different levels of trade-offs. High
quality individuals and/or hungry individuals may have shorter giving-up
intervals and hence inspect. If perception advertisement represented a N-player
prisoner’s dilemma, fish should not be able to solve it (unless the game were
combined with a mating game; see above). The crucial tests for perception
advertisement would be that it alters the predator’s subsequent behavior in a
way that benefits the prey, i.e. inspections should reduce attack probability,
and ideally even make the predator move away.

Finally, inspections may not serve as signals but to gain information about the
predator’s state, and the most obvious interpretation is that prey tends gains
information about predator states through emitted cues. Suppose the inspection
is only about information gain; in that case, the inspector needs to learn
whether the predator is hungry or satiated and adjust the behaviour afterwards
(the inspector changes the behaviour based on the information obtained). If the
predator is hungry and the probability of an attack is high, the prey should
adopt conservative behaviour and be more vigilant (e.g. reducing foraging,
functioning closer to shelters). However, if the predator is satiated and the
attack probability is low, the prey can focus on daily activities like foraging
and mating, etc. An additional point to be considered is whether the group
quantity will influence the information gained while decreasing the risk. From
the inspector's point of view, gaining information is a function of distance, and
it can act accordingly based on the information that has been individually
gained. For example, if one inspector goes to X distance, it can gain more
information than when inspecting at 2X distance despite the existence of an
inspector partner (Figure 2.A). However, from the shoal point of view, it could
receive more information cues from the inspector/s; if there are more
inspectors, then the information can be more reliable in correlation to the
repeated responses of the inspectors. For example, if 2 inspectors out of 10 are
hiding after an inspection, that should lead to a different antipredator response
by the other shoal members compared to 9 out of 10 inspectors hiding. There
is a possibility of misinterpretation of the risk in the first case than in the second
case. Hence, the information transfer can be more accurate when received from
a larger inspection group.
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For the information gain hypothesis, a crucial question is to what degree the
information obtained during own inspection (‘private information’) is
transmitted to other shoal members (‘public information’). If public
information is as reliable as private information, inspections would represent
a volunteer’s dilemma. In that case, a single inspection event would suffice as
piscivores do not rapidly change their state: a predator that is satiated now will
remain satiated for the next hours. If private information is more reliable than
public information, several inspections by different individuals may occur.
They would be self-serving for high quality individuals, while for low-quality
individuals the benefits of additional information gain would not outweigh the
costs of increased predation risk.

After all, we consider the current evidence insufficient to conclusively
determine what the function(s) of predator inspection is(are) and hence what
game(s) is (are) played on the shoal level during predator inspection events.
There is various evidence for condition-dependent inspections: inspection
initiators are characterized mainly by being bolder (34), more experienced
(44), and larger (71,72). While condition-dependence is most prominent in the
concepts of prestige communication and vigor advertisement, condition may
also affect inspection decisions when the function is perception advertisement
and/or information gain. Furthermore, the current evidence for prestige
communication and/or vigor advertisement is rather weak. The latter has been
promoted by (55) based on a study that involved a predator with four prey fish,
all moving freely in tanks 80 x 30 x 30 cm in size. The authors reported that
inspection behavior correlated negatively with predation, but a lack of
methodological details made it impossible for us to understand how
inspections can be identified in such a setup. Therefore, we consider it an open
question whether the negative correlation was based on signaling or simply
reflect superior condition. An experimental study by (43), using levers to move
dead sticklebacks towards a predator, found no evidence that a close approach
as a form of vigour advertisement reduces predation risk.
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3.4.2. Payoffs among co- inspection members during predator approach

An important observation from naturally occurring predator inspections is that
singleton inspections are frequent. Thus, inspections involving two or more
individuals are not needed to overcome any public goods problem within the
shoal, i.e. to initiate any predator inspection behavior. As pointed out in the
previous section, we consider it highly unlikely that shoals experience a proper
N-player prisoner’s dilemma when it comes to predator inspections. Thus, the
question arises whether it is possible that two co-inspecting fish face a 2-player
prisoner’s dilemma payoff matrix, as originally argued by (65). In order to
address this question, we first need a description of what constitutes a
cooperative behavior and a defective behavior, respectively. This is a
challenging issue, as actions are quantitative rather than qualitative in nature:
individuals can make a saltatory move of variable length, and they can lead/lag
behind by variable distance. To categorize actions qualitatively, we consider a
forward move that, in the absence of the partner moving, would cause the actor
gaining the lead as cooperative. In contrast, we consider a lack of moving
despite being at the same distance or lagging behind, as well as a move from
behind that does not result in taking the lead as defective. It seems to be pretty
logical that co-leading yields a higher payoff than both trying to lag behind, as
the latter would result in the breakdown of the predator inspection and hence
a lack of the benefits that can achieved from it. The difficult question to answer
is whether leading with a laggard yields the lowest possible payoff (the
sucker’s payoff), and whether lagging behind an inspector yields the highest
possible payoff.

We think that the appropriate experiments have not yet been conducted. The
key unanswered questions are how pair inspections affect the likelihood of
a predator attacking compared to singleton inspections, and how the
predator adjusts its focus on a paired inspector depending on whether it
is leading or lagging behind. If at any given distance, a predator is less likely
to attack when two fish approach rather than one, pair inspections cannot be a
prisoner’s dilemma because a permanent laggard would still yield some
protection to the leader compared to inspecting alone. Another extreme would
be that pair inspections more than double the attack probability, but this
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scenario can safely be excluded because there would be selection against pair
inspections, and hence we should not observe them. An interesting possibility
is that pair inspections slightly increase attack probability (but less than
double). In that case, mean individual risk would be lower than during
singleton inspections but it would be possible that pairs face a prisoner’s
dilemma if the predator were more likely to attack the leader than it would a
singleton. To contrast the scenario with the alternative (Figure 2.B ) in which
the leading fish faces higher attack probabilities than the laggard but still lower
than when inspecting alone (43,73) (Figure 2.C). In the latter case, and more
generally in any case in which the leader faces a higher attack probability than
the laggard, the co-inspecting partners would face a snowdrift game.

As each inspection involves multiple decisions about moving, and individuals
may repeatedly co-inspect, individuals may use reciprocal strategies to achieve
high levels of cooperation. Indeed, there is overwhelming evidence that
inspection behavior is conditional on the partner’s current and past
performance (43,64-67,74—76). Moreover, individuals have preferred partners
for predator inspection (64,77,78), which is to be expected if individuals
consistently differ with respect to inspection behavior, i.e. willingness to
lead/reciprocate and typical minimal distance to a predator. As has been
pointed out repeatedly (68,79,80), conditional cooperation may also be
observed in iterated snowdrift games.

3.5. Why repeated visits?

A generally overlooked element of predator inspection research may give
information on the function of predator inspection. Laboratory studies show
inspection rates more significant than the number of prey fish (1-2 inspections
per minute by 15% of the shoal, (12,32,54)). These results suggest that
information gain is of less importance than currently assumed: what
information could be gained through multiple inspections within 10-30 min
that cannot be gained in a single one? Signaling functions provide more
parsimonious explanation for multiple inspections. For example, perception
advertisement presumes that in nature, predators would indeed leave the area
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in response to an inspection (as described for leopards,(20)). In the
experimental lab settings, predators cannot leave, which in turn elicits repeated
inspections. Natural observations or large test ponds that allow predators to
move between several shoals would allow to test the perception advertisement
hypothesis in more detail. Perception advertisement most obviously functions
if the predator moves, but it could also function by reducing the predator’s
attack probability. Some piscivorous fish species may tend to stay at a place in
order to avoid extra energy expenditures, even if current chances of hunting
success are low. Under such conditions, repeated inspections may serve to
remind the predator that it is still monitored. Thus, a future study should also
quantify attack probability as a function of time since the last predator
inspection. More generally, it is necessary to study predator decision-rules in
more detail. Surprisingly to us, there is apparently not a single study that tested
how predator attack probability varies as a function of predator hunger state.
If inspections function to obtain information about the predator, its state should
reliably predict attack probabilities.

As a final note, early and late inspections are not necessarily undertaken by the
same inspectors (34). Potentially, re-inspection might be a sort of experience
enhancer or inspection training in situations in which a predator has been
determined to be of low threat. Early inspectors showing no sign of distress
might encourage other group members to practice their skills. One could test
this idea again by manipulating predator hunger state; hungry predators should
cause less additional individuals to inspect than satiated predators would.

3.6. Conclusions

Currently, there is some evidence for all four potential functions of predator
inspection, none of them being very conclusive. Predator inspection affects
mating successes regardless of the sex of the inspectors, either by
communicating prestige or by sneaky mating of less successful males towards
unguarded inspecting females. Shoaling prey also tends to inspect the predator
to assess potential risk cues, such as visual cues of predator (Species presence
and species state), chemical cues (alarm cues, disturbance cues, safety cues,
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etc.), or in many cases, the combination of both the visual and chemical cues.
Furthermore, predation inspection is shown to prevent the predator from
additional attacks and enhance prey anti-predatory fitness despite the
predator's response that is not totally under the prey's control. By approaching
a predator, the prey may signal that it has been observed and that the element
of surprise is gone, and the predator may then opt to target less vigilant prey.

As it stands, there are currently too many open questions to provide more
conclusive answers. Prominent among these open questions are i) why
individual fish inspect predators repeatedly over short time periods; ii) whether
predators would swim off in response to prey inspection behavior; iii) how
predator hunger state affects attack probabilities; iv) how inspection group size
affects predator attack probability on them; and v) how an individual’s position
within the inspecting group relative to the predator affects its personal risk.

Only once the function(s) of predator inspection is/are known and the above
questions were answered, we can finally tackle the question what games are
played by inspector at the two distinctive stages, 1) among group members
(initiator selection), and 2) among inspector members.
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Figure 1. Structure of the current review illustrating each scenario by prey motivating
a predator inspection episode. The potential goals and resulting functions lead to the
behaviours and strategies performed. The prediction highlighted in yellow, and the
types of the game highlighted in orange need further investigation.
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Figure 2. The relative comparison in different games, assuming that individuals
in closer proximity can acquire more information than at further distance.
Abbreviation; C: Cost, B: Benefit, S: Singleton, L: Leader, F: Follower, P: Mean in
a pair. The red zone represents risk levels for a pair inspector that would be
above the risk of a singleton inspector. A. Illustrating the general idea of
information gain as an individual approaches the predator in saltatory
movements. B. Illustration of the cost functions fitting a PD game; being a leader
in a pair is slightly more risky than when singleton, but extremely risky if
compared to the follower (R: L> S > P> F). C. lllustration of the cost functions
fitting a SD game; if the risk of capture for the leader in a pair is less than when
inspecting alone (R: S>L> P> F).

105






GENERAL DISCUSSION

D.1 Summary

We dedicated this thesis to investigate and provide reliable results on the
cooperative hunting behaviour of lionfish P. miles inhabiting the Red Sea.
Besides, we provided a research review on predator inspection on prey fishes.

The first chapter of this thesis is based on the functionality of the cooperative
hunting strategy and the recruitment signalling of a lionfish co-existing
partner. The investigation and data collection were field-based, intended to
measure the associations of a joint hunt and involvement of recruiting signals,
and then laboratory-based, intended to verify the recruitment tendency of
partners in case of inaccessible prey. In the field, lionfish individuals are
associated less frequently than the calculated prediction as a chance. During
the occasional associations, no fin-flaring sequences were recorded. In
laboratory-controlled conditions, contrary to the recruitment hypothesis, there
was no evidence for individual recruiting initiatives from the focals towards
partners during different conditions. In addition, fin flaring was not in support
of signalling initiatives, as it happened most often in the partner's corridor even
after the partner was released.

In the second chapter, we continued to investigate the tendency of lionfish
partners to coordinate their space and time during the hunt, and to what extent
they alternate strikes and if they reciprocate their catch. Individuals took longer
to join each other for the first time in the same prey zone in the presence of
prey than in its absence. When the prey was present, lionfish tended to stay
longer in the hunting zone; but pairs either ignored or avoided each other. In
terms of lionfish individuals' tendency to team up with other hunters, we found
that the observed duration of overlapping with partners within zones was
significantly shorter than the expected duration. We predicted that if the
partners were actively overlapping, the observed durations would be greater
than the expected durations. However, when the duration spent in hunting
zones by lionfishes was examined, there was not a significant difference in the
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aggregation (overlapping) duration of the expected than the observed duration
value, but not in the neutral zones. Moreover, a second experiment revealed
that individuals did not alternate their strikes, and the number of alternations
appeared to be determined by the time interval between successive
presentations: the shorter the interval the more likely alternations occurred.
Observed alternations occurred randomly and less frequently but not
significantly less frequently than expected by chance.

In the third chapter, we reviewed the predator inspection in more detail,
understanding prey decision-making and the game played by prey members
during an inspection. Predator inspection contributes to mating success by
communicating mate prestige and fitness, or sneaking up on unguarded
inspecting females. Another function is that shoaling prey inspects the predator
for potential risk cues, such as chemical cues, visual cues, or a combination of
both. Predator inspection may also communicate fit body condition -despite
the unpredictability of the predator's response-, hence, it could prevent the
predator from attacking again and improve the prey's anti-predatory response.
However, most research on fish inspection behaviour has been conducted in
the lab, where predator and prey separation distances are unrepresentative of
the wild or larger semi-experimental tanks. In addition, we investigated the
potential games played among group members and inspection initiators. The
sort of games played in the first round was determined by the functionality of
the inspection. Despite the proposal that predator inspection may be regarded
as a prisoner dilemma, the game played by the inspector member in the first
round is proposed to be a volunteer dilemma rather than a prisoner dilemma,
as the N-player prisoner's dilemma has not yet been solved. Meanwhile, in the
second round between inspectors, we can suggest that the game played by the
inspector member is more likely a volunteer dilemma or a snowdrift game
rather than a prisoner dilemma.
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D.2 Lionfish cooperative hunting

Animals communicate, coordinate their movement, recruit and signal in
cooperation to increase their collective chances of hunting, and may also need
to regulate how to share information such as the availability and location of
food (1,2). A signal between individuals can be defined as encoding and
transferring information by an organism - the sender - to other organisms - the
receivers. Hence, active signalling between partners to recruit a hunting partner
can be identified as clear cognitive achievement interspecifically or
intraspecifically (3,4). However, it is vital term that this information provided
can alter the behaviour of the receiver in the direction that benefits the signaller
(5-7). Despite the diverse forms of communication signals in animals, we did
not find any evidence that lionfish P. miles communicate through performing
fin flaring signals. As communication through signalling is an action which
provides information to another animal, not all actions by one animal that
provides information to another peer could qualify as signals.

On the other hand, recruitment is another type of communication in some
animals, and can be defined as a collective system when organisms effectively
communicate toward their inter and/or intra-specific to the location of a
resource (8,9). In many animals, various methods are used to recruit
inter/intraspecific for food acquisition, which can also be through vocalisations
or movement patterns (3,10). There are two steps to the recruitment process:
1) the "invitation" of a partner, i.e., the recruitment initiation, which takes place
mostly where the potential partner is located, and 2) the "orientation™ process,
I.e., the transmission of directional information toward the resource (11). Here,
we found no evidence that P. miles hunt together in the wild, which makes
sense since we found no evidence that P. miles recruits, and if so, such
associations are random. In addition, we found no evidence of time and space
coordination, taking turns, or alternating hunting strikes. Furthermore,
regarding the comparison of lionfish hunting techniques between the native
and invasive range, the field observations by Zhioua 2020 (unpublished master
thesis) did not identify a) any significant differences and b) did not report a
single event of collaborative hunting. Hence, our results suggest that P. miles'
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success in the Caribbean is not due to cooperative hunting strategies but to
other factors.

D.3 The General picture
D.3.1 Lionfish hunting techniques

Predators may actively search and pursue the prey or quietly hide and wait for
the chance to attack, and the physical capabilities of a predator determine the
mode of pursuit (e.g., ambush or chase) (12,13). Lionfish are nocturnal
hunters; their predation rates and activity levels were substantially greater
during crepuscular times (14). In addition, lionfish predation activity is not
restricted only by prey availability (14,15), which can be related to their sit-
and-wait and opportunistic hunting modes. Lionfish in the native range
exhibited slower life histories and narrower resource use (16), in addition to a
high degree of hunting efficiency when hunting solitarily (17). In both the
native and invaded ranges, the following adaptations in lionfish have been
proposed to increase hunting success: striped colouration for crypsis (18), slow
movement to avoid prey flight responses (14,19,20), water blows' jets' to make
prey orient towards lionfish (21).

In both the native and invaded range, lionfish aggregations were considered a
coincidence (22,23) caused by individuals' mutual attraction to comparable
reef structures (23), and the tendency to co-exist around the same hunting spots
but without any sophisticated huntings observed (22). In addition, despite
significant geographical variance, lionfish had identical hunting behaviour in
both the native and invaded range ((19), and Zhioua 2020 unpublished master
thesis). However, the invasive consumes higher daily prey biomass than in the
native range ((19), Wermeille 2020 unpublished master thesis). Furthermore,
lionfish on invaded reefs depended less on 'blowing' behaviour for prey
acquisition due to significant prey naiveté in the invaded region (19). On the
other hand, if we look at the lionfish ecology in both native and invaded ranges,
lionfish would prefer to target and consume solitary prey that are small and
shallow-bodied, and lie close to the reef (14,24). This type of prey in nature is
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mainly singular and free to forage and only flee if the predator is detected. In
this case, detecting lionfish is unlikely, due to their hunting techniques like
slow approaching and cryptic body pattern(14), in addition to jet blowing (17).
Hence, the favourable traits of the lionfish prey are vulnerability rather than
availability or quantity (24).

D.3.2 Do lionfish need recruitment and coordinated hunting in nature?

During our personal field observation in both the native and the invaded range,
we did not record any events of single or grouped individuals herding a shoal
of prey for a simultaneous hunt. However, assuming that lionfish are in a
situation where cooperative hunting results in the best interests, then lionfishes
are under the selection of their ability to cooperate and coordinate so they
would conduct better hunts. If this is a possible case, the highlighted
constraints are: 1) does cooperative hunt provide more per capita?. Lionfish
might face a situation where the prey shoal is more than one, or big enough to
be sharable. Shoal prey can be reasonable prey to target, considering that they
are mostly slow and swim in respect to interspecific proximity, which limits
their escaping response -due to the lack of a central brain responsible for such
decisions (25). However, based on (24), lionfish tend to observe and swim
close to shoaling prey and not consume them, but consume solitary ones
instead. In addition, lionfish do not tend to perform a cooperative or
coordinated hunt (14,19,22,23), despite the vulnerability of shoaling prey. In
this case, the lack of cooperative hunting might not be entirely due to prey
vigilance or vulnerability but more because conducting a solitary and
opportunistic hunt provides more self-sufficiency per capita for the lionfish
individual rather than the conditional obligation to share or alternate the
outcome.

In cases of lionfish aggregation, another constraint is that 2) is recruiting
overcome prey vigilance?. Whether a focal lionfish would decide to guide
unknowing conspecific, where both partners are more successful than a
singleton. However, this is not the case in nature; lionfish aggregation was
proven to be due to habitat complexity rather than for feeding or hunting (23).
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In addition, during hunting in the wild, lionfish hover above or close to their
possible victim, flare, spread their large, interconnected pectoral fins, and then
strike (19, 27). Hence, aggregation, in general, can lead the prey to detect the
concentrated different types of cues of lionfish and feel the vibration from the
fin movement (27) or a previous attack, which can limit their success in
capturing the prey.

In conclusion, solitary hunting for lionfish seems more gainful regarding the
certainty of hunting success and prey capture. In addition, paired conspecifics
might lead to an unsuccessful hunt, where multiple recruitments can constrain
the hunt's success. For example, prey might move or escape; recruiting a
partner can, to some extent, enhance the shoal vigilance and distract the
attention toward any of the hunters to allow the partner to strike and vice versa.

D.4 Restrictions of the original plan

The primary aim of this thesis was to investigate and compare the cooperative
hunting of lionfish P. miles between its native range in the Red Sea and its
invaded range in the Caribbean. Furthermore, we wanted to investigate and
compare how far prey evasive responses differ in both native and invaded
range populations. In principle, the main idea behind the original plan was to
be able to replicate Lonnstedt et al., 2014 (28) and to see how important
cooperative hunting is for the success of lionfish populations in the Caribbean
range. Since we could not replicate the findings, then we can expect lionfishes
not to cooperate and reciprocate as a default in the Caribbean.

In addition, we encountered significant difficulties in data collection in the
Caribbean range. The primary location to study the lionfish was planned on
Barbados island, on the west coast of Bellaire research institution. However,
the study species was rare to find on the west coast due to frequent and
aggressive culling, and they only existed at depths over 50 meters, where it
was dangerous to collect due to safety regulation measures. In addition, diving
on the east coast was not a safe option due to the sea condition of high waves
against rocky cliffs. Afterwards, the next attempt took place in a private
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research laboratory at Alligator head foundation in Jamaica. However, after
establishing solid communication regarding our research requirements, we ran
into an unrealistic representation by the hosting research station regarding the
available resources and unsuitability of the water system to allow the
habitation and survival of fish in the lab, which led to the failure to meet the
research logistics.

To summarise, we could not conduct experiments on lionfish or its common
prey in the invaded range and did not find any evidence of lionfish performing
cooperative hunting in the native range. Eventually, an observation field
comparison of lionfish hunting techniques between the native and invasive
range by Zhioua 2020 (unpublished master thesis) indicated that there were no
significant differences, and did not report a single event of collaborative
hunting in either the native range nor the invaded one. Thus, we consider it
unlikely that laboratory experiments at both ranges would reveal any
significant differences in hunting strategies.

In addition, the Covid-19 pandemic limited the time available for data
collection. Given all together, we changed our plan to validate the cooperative
hunting behaviour of lionfish P. miles inhabiting the Red Sea in detail, and to
write a review on predator inspection by shoaling prey was deemed a suitable
alternative to include research on predator-prey interactions from the prey
perspective. A review would at least provide a conceptual contribution to prey
behaviour and underlying strategies.

D5 Conclusion and outlook

As the reproducability crisis has beed repeadetly reported in science, this thesis
deals with a consequences of a scientific miscondict research by Lonnstedt
and co-authers. Lonnstedt was found guilty of scientific misconduct, including
data fabrication, in a Science paper that shares all the same data fabrication as
the Biology Letters article (29). Co-authors of Lonnstedt submitted a collage
of lionfish to provide evidence that Lonnstedt collected enough lionfish to
conduct the experiments described in their paper, but the collage was
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subsequently found to contain manipulated images of the same lionfish in an
attempt to be passed off as different individuals (30). Furthermore, the papers
of Lonnstedt that faced an accusation of misconduct and proof of fabrication
are still with the support of the 'biology letter journal’, and their rejection to
publish our correcting outcome articles. Even though this PhD studied a sister
species, P. miles , the results should help to lay to rest a study that editors of a
journal resist to remove. However, and after all, an correcting study of zebra
lionfish Dendrochirus zebra is needed with more suitable experimental design.

My studies on P. miles fail to replicate the results of (28), and our finding is
that there is no evidence for active recruitment, coordination in time and space,
or reciprocity-like alternation in strikes. This could be due to the fact that
lionfish species and/or study sites differ in how they hunt together. Lionfish
prefer shoaling prey, but they target and consume solitary ones. This is mostly
due to shoals' conspicuousness, which reduces predator search time. However,
when assuming that lionfish are capable of conducting cooperative hunting,
then they are under the decision to cooperate and coordinate so they would
conduct better hunts. To decide that, could depend on prey size or individual
per capita, the time consumed, and the probability of success when recruiting
one or multiple partners, where paired lionfish must be double as successful as
a singleton. As a result, lionfish are not generally sophisticated cooperative
hunters. The success of the genus Pterois in the Caribbean appears to be related
to other characteristics rather than those in (28,31).

In regard to the experiment designs, the indicated ability of lionfish to
communicate, coordinate and reciprocate by taking turns in group activities
was impressive, despite their small brains (32). So, assuming the Lonnstedt
study describes some actual behaviours, my findings imply that careful
attention to experimental design with respect to the lionfish body and its
appendix size is required to avoid obtaining seemingly sophisticated results.
The 'signalling behaviour' occurred in narrow spots that require manoeuvring
with the pectoral fins. The turn-taking may have resulted from evading one
predator and coming to rest in front of the other in a confined area.
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A crucial point to add, while this PhD focused on the cooperative hunting of
lionfish, an additional study needs to be carried out regarding their prey
respends in the native and the invasive range. As stated in previous studies,
lionfish are opportunistic hunters that target shoal prey but eventually consume
solitary prey, which could be due to the high level of vigilance of prey toward
the predator. Hence, we can raise the question of what are antipredator
responses and strategies of the preferred shoals of lionfish to target. Moreover,
to what extent is the prey antipredator response differ between the native and
the invaded range.

In extension to investigate prey anti-predator responses, an intensified study is
also needed to investigate the predator-inspection behaviour of prey shoals.
The previous studies of predator inspection behaviour did not include any
indications of controlled predator states used in the experiments (e.g., hunger
level, stress level, ...etc.), which contributes to the cues transferred to the
inspecting prey, to the information gained and their following responses. In
addition, the multiple (repeated ) inspections require revisiting, with an altered
experimental setup that allows the live predator to freely leave and distance
from the prey once it has been inspected. Furthermore, regarding cooperation
behaviour occurring in predator inspection by shoal members, the main
unsolved concerns are how paired inspections impact the chance of a predator
attacking in comparison to singleton inspections, and how the predator adjusts
its focus on a paired inspector depending on whether it is leading or lagging
behind. We believe that the necessary experiments have not yet been carried
out. Eventually, filling the gaps in the cooperative behaviours by the prey will
develop the understanding of the necessity of cooperation among predator
species, and to what extent it contributes to the predator-prey interaction' arms
race.
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