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(Gasterosteus aculeatus), guppies (Poecilia reticulata) and minnows (Phoxinus phoxi-
nus). However, over the past few decades some scholars have expressed scepticism
whether predator inspection is indeed a cooperative behaviour or rather a case of by-
product mutualism, which describes behaviours that benefit a partner as a corollary of
an otherwise selfish behaviour. For instance, it has been shown that pairs of fish mov-
ing in unfamiliar environments appear to coordinate movements even in the absence
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in cooperative inspections. Now is the time to return to the question of cooperative
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1 | INTRODUCTION definitions). Kin selection can explain cooperation, if individuals

help those that share genes with them (Hamilton, 1964). Reciprocity
Cooperation is behaviour, involving two or more individuals, that can lead to cooperation, if individuals are more likely to help those
benefits the recipient and has been (at least partially) selected for that helped them before (Schweinfurth & Call, 2019; Trivers, 1971).
that purpose (Davies et al., 2012; West et al., 2007). Cooperative However, it is important to disentangle cooperative interactions
behaviour can evolve via different mechanisms (see Table 1 for from by-product mutualisms, which are behaviours that appear to
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TABLE 1 Definitions.

Term Definition

By-product mutualism

Behaviour, involving two or more individuals, that is beneficial to the recipient as a by-product,

having been selected for the benefits to the actor (Brown, 1983).

Cooperation

Behaviour, involving two or more individuals, that benefits the recipient and has been at least

partially selected for that purpose (West et al., 2007).

Coordinated predator inspection

Predator inspection behaviour conducted by a minimum of two individuals, that maintain

closer proximity than in regular shoaling throughout.

Leading
Partner choice

Partner control
(Trivers, 1971).

Predator inspection

Being closer to the potential threat when the inspecting pair/group is approaching the threat.
Avoiding cheaters and selectively approaching cooperators (Noé & Hammerstein, 1995).

Controlling cheaters' future behaviour through withdrawing help or active punishment

One or more individuals approaching a possible threat, typically leaving a larger group to

do so, and usually slowly and visually oriented towards said possible threat (Dugatkin &
Alfieri, 1991b), probably with the purpose of gathering information.

Reciprocally cooperative predator inspection
turns.

Reciprocity

Coordinated predator inspection in which individuals reciprocate risky behaviour and take

Cooperation preferentially with previously cooperative partners, with an exchange of goods or

services that depends on the partner's behaviour (Schweinfurth & Call, 2019).

Snowdrift game

Social dilemma two-player game with two possible moves: cooperate or defect. Both players

can access the benefit of cooperation, whose cost is divided between them when the
opponent cooperates as well. This makes cooperation advantageous when rare, leading to
a mixed-state equilibrium. In this case, mutual defection has a lower individual pay-off than
the “sucker's payoff”, for an individual that cooperates when its partner defects. Snowdrift
is equivalent to the Hawk-Dove and Chicken games (Doebeli & Hauert, 2005).

Tit-for-tat

Strategy that involves cooperating on the first move and then copying the partner's behaviour

(Axelrod & Hamilton, 1981).

be cooperative but arise as a by-product of an otherwise selfish act
(Brown, 1983; Connor, 1995; Dugatkin, 2009). The importance of
kinship in cooperative interactions has been widely acknowledged
(e.g., Clutton-Brock, 2009). However, the occurrence of reciprocity
in non-human animals has been challenged multiple times (e.g., West
et al., 2007).

Here, we will revisit one classic, but highly debated, exam-
ple of non-human reciprocity, i.e., the turn-taking of individuals
that leave their group to approach a potentially dangerous threat
(Connor, 1996; Dugatkin & Alfieri, 1991b). Once a textbook exam-
ple of reciprocity (Beauchamp, 2014; Dugatkin, 2009; Ostlund-
Nilson, 2007), coordinated predator inspection has more recently
been described as one of the most contested claims of reciprocity
(Carter, 2014). Predator inspection is a widely-documented be-
haviour that exists in a wide range of taxa, including mammals
(FitzGibbon, 1994), birds (Koboroff et al., 2009; Nocera et al., 2008),
reptiles (Leal & Rodriguez-Robles, 1997) and invertebrates (Zaguri
& Hawlena, 2019); but mostly it has been studied in small prey
fish (see Table S1 for a list of examples), such as sticklebacks
(Gasterosteus aculeatus) (Milinski, 1987) and guppies (Poecilia retic-
ulata) (Dugatkin, 1991). If those fish spot a potential predator, some
individuals leave their group and swim together towards the threat
to inspect it. Approaching a predator might seem like a maladap-
tive strategy because of increased risk of being captured (Walling
et al., 2004). However, there are benefits involved with approach-
ing predators. Always fleeing when faced with a threat results in

energy expenditure and opportunity costs such as lost chances
to feed (Dugatkin, 1991) or court mates (Dugatkin & Godin, 1992)
By inspecting a threat, prey fish can confirm whether it is indeed a
predatory species, gain information on the predator's precise loca-
tion, and determine whether it is actually hunting or merely resting
(Milinski, Pfluger, et al., 1990). This information may influence deci-
sions to flee or remain. Other fish in the shoal are able to recognize
changes in the behaviour of fish that have detected predators and
respond by reducing their foraging behaviour and hiding (Magurran
& Higham, 1988). Predator inspection can also have an attack deter-
rence effect (FitzGibbon, 1994), although evidence to support that
hypothesis has been conflicting for fish (Milinski et al., 1997, but see
also Godin & Davis, 1995). Among the inspecting fish there is a di-
lemma in that any one fish would be better off staying behind and
letting others inspect the predator, so long as it is able to benefit
from the information that they acquire about the level of risk posed
by the predator. However, if no fish inspects the potential threat,
none can gain from the associated benefits of gathering information
about the risk it poses.

Thisdilemmacanbeillustratedinaniterated Prisoner's Dilemma
Game (iPDG) (Kastampolidou et al., 2020). If each inspection run
is considered as a move in the repeated game, each individual can
choose to either cooperate, i.e., move with the other fish towards
the potential predator, or defect, i.e., stay behind (Figure 1). If
the two fish cooperate with each other, they both swim together
towards the threat to gain information while diluting the risk of
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FIGURE 1 Game tree for one run of
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common abbreviations for each term (for
example, “R” to stand for mutual reward).
For an iPDG, the same options would be
repeated sequentially.
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FIGURE 2 Schematic representation of
a typical coordinated predator inspection
event. The numbers show order (left-
to-right and top to bottom). The larger
fish in the top left corner of each panel
represents a potential predator, the
smaller fish represent prey fish. Fish
silhouettes designs from PhyloPic (2023). N

predation. Although both individuals benefit from the interaction,
one individual might be tempted to cheat. Here, the cooperative
individual approaches the predator and takes the risk of predation,
while the uncooperative individual lacks behind and thereby does
not take the risk of predation although it still receives the benefit
of knowledge gain. The dilemma is that while individuals bene-
fit from cooperation, the individual that exploits a cooperator by
staying behind is better off than the cooperator. Yet, if all defect
none of them gain information about a potential predator. There
are however other frameworks with less strict assumptions, like
the Snowdrift or Hawk-Dove game (Doebeli & Hauert, 2005), in
which both the benefits of cooperation and the risks of defec-
tion are shared between the two players. A solution to the iPDG
problem is reciprocity, where individuals only cooperate with pre-
viously experienced cooperators.

Indeed, it has been suggested that inspecting fish show a
specific reciprocal strategy to ensure cooperation and avoid ex-
ploitation (Milinski, 1990a), which is called tit-for-tat (Axelrod &
Hamilton, 1981), even within a single coordinated predator in-
spection event. Here, one fish starts the interaction by swimming

1 \ 2 3

towards the predator, i.e., it cooperates (Figure 2). This decision to
initiate an approach can be reciprocated by their inspection part-
ner, who takes over and thereby cooperates as well. The subject
responds by doing the same, and so on. Thus, the two fish coop-
erate by taking turns and thereby jointly approach the predator
while spreading the costs between them (Milinski et al., 1997). If
one fish behaves uncooperatively by staying behind, the other fish
can directly retaliate and stay behind. In other words, one individ-
ual starts cooperatively by approaching the predator and thereaf-
ter each fish copies the previous move of the other. This reflects
tit-for-tat, which is defined by the rule “start cooperatively and
copy the partner's last move”.

To date, several studies have provided evidence for recip-
rocated cooperative predator inspection, following the tit-for-
tat strategy (Dugatkin, 1991; Milinski, 1987; Milinski, Kulling, &
Kettler, 1990; Milinski, Pfluger, et al., 1990). Yet, it has been ar-
gued that coordinated predator inspection is not a cooperative
behaviour, but should be better described as a by-product mutual-
ism, resulting from an otherwise selfish behaviour (Connor, 1996).
Furthermore, it was argued that even if coordinated predator
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inspection is cooperative, there is no strong evidence for tit-for-
tat as most studies have not analysed individual moves of the in-
spectors in order to confirm that they do match each other's lead
turn-taking, and punish each other's defections, necessary condi-
tions to support a claim of tit-for-tat (Lazarus & Metcalfe, 1990).
In this review, we firstly synthesize what is known about predator
inspection in fish. We then discuss whether this behaviour can be
described as cooperative and whether it meets the criteria for the
reciprocal cooperation strategy ‘tit-for-tat’. Based on this discus-
sion, we propose future research directions, including proposing
refined analyses, adding control conditions, and gathering more
data on natural inspection events.

2 | EXPERIMENTAL STUDIES OF
COOPERATION IN PREDATOR INSPECTION

Several approaches have been used to study tit-for-tat strate-
gies within fish coordinated predator inspection. Live predators
have been used to induce predator inspection (Milinski, Kiilling, &
Kettler, 1990) in addition to physical models of predators (Magurran
& Girling, 1986), although these do not always work (Magurran &
Seghers, 1990), and computer animations (Pimentel et al., 2021).
In those studies, fish have been shown to cooperate conditionally
with others when inspecting predators (Dugatkin, 1991; Dugatkin
& Alfieri, 1991b; Milinski, Kiilling, & Kettler, 1990). To causally study
inspection, the behaviour of the inspecting partner needs to be
manipulated to determine how the test subject responds to coop-
eration and defection. One way to achieve this is to use mirrors to
simulate cooperative or uncooperative partners from the subject's
own image (Figure 3). With this method, subject fish are exposed to
a mirror parallel to their approach path, so that when they inspect
a predator, it simulates a cooperating partner approaching simulta-
neously and keeping pace. Alternatively, the mirror can be angled
away from the subject's approach path, so that as subject fish carry
out an inspection, their image will seem to move progressively fur-
ther from them and then disappear, simulating a defecting partner
(Dugatkin, 1988; Milinski, 1987).

Another way of manipulating partner behaviour to is to train
partners to appear to be cooperative or uncooperative (Figure 4).
Milinski, Killing, and Kettler (1990) achieved this by training part-
ner fish to swim towards a green light, placed close to the predator.
This light was visible to the partner fish, but not to the test subject.
Hence, the subject experienced an apparently cooperative partner,
who readily approached the predator. To simulate defection, an-
other partner trained in the same way was not seen approaching
the predator due to an opaque partition blocking only that partner's
side, in the half of its tank that was closest to the predator. This made
it seem like that partner suddenly disappeared in the most danger-
ous section of an inspection.

Several studies demonstrated that fishes are more likely to in-

spect predators with cooperative partners that had joined them in

previous trials compared to uncooperative partners that had not
(Dugatkin, 1988; Dugatkin & Alfieri, 1991a), both in the studies using
mirrors (Dugatkin, 1988; Milinski, 1987) and live partners (Dugatkin
& Alfieri, 1991a; Milinski, Kiilling, & Kettler, 1990; Milinski, Pfluger,
etal., 1990). Specifically, fish were on average 1-5cm (less than their
average body length of 5.1cm, according to Fishbase, 2023) closer
to the predator in the trials with simulated cooperative partners,
although this was not consistent or always significant throughout
trial runs (Milinski, Killing, & Kettler, 1990). Overall, fish responded
similarly to mirror images and to live partners in those studies and
hence mirror studies seem a good predictor of behaviour in live part-
ner trials (Dugatkin & Alfieri, 1991b). While inspection behaviour is
consistent over time, there is large inter-individual variation in this
behaviour, i.e., some fish are more and some are less cooperative
(Dugatkin & Alfieri, 1991b). Social shoaling partner preferences
may also affect inspection partner choice. In fact, social network
analyses have revealed that guppies, for instance, prefer to inspect
predators with partners with which they shoal close to frequently,
compared to partners that they spend less time shoaling near (Croft
et al,, 2006).

Additionally, there has been some work exploring the risks and
benefits involved in a predator inspection. In particular, inspecting
fish have been shown to reduce the risk to themselves by avoiding a
predator's anterior end, in what is known as “attack cone avoidance”
(Brown et al., 2001; Magurran & Seghers, 1990). This demonstrates
that inspectors are aware of undertaking predation risk, which is
supported by the fact that this behaviour is more common in what
are perceived as higher risk scenarios (Brown et al., 2001). Regarding
the information benefits of inspecting, there is some evidence sug-
gesting that closer inspections provide more reliable information,
which the fish can then apply to optimize their own foraging (Haberli
et al., 2005). Both chemical cues, which fish have been shown to also
use for information during inspections (Brown & Magnavacca, 2003),
and visual cues are likely to be more reliable in closer inspections.
This might affect the equilibrium and strategy used. There might
also be a plateau effect, with some critical minimum distance being
reached after which the information benefit no longer outweighs the
risk of predation. The cost of leading might increase substantially
after a certain point in an approach, when the inspectors can be
detected by the predator or approach its strike distance. A sudden
increase in danger might make cooperation for the risk dilution ben-
efits more important in the closer phases of an inspection. Although
being closer to a potential predator is likely to lead to higher preda-
tion risk (Milinski et al., 1997), it could however be counter-balanced
by diluting risk with larger inspecting groups (van der Bijl et al., 2015),
for the overall benefit of gaining higher quality information. This in-
formation on risk can then be transmitted to the remaining shoal
members, even if they are not in direct visual contact with a potential
predator (Magurran & Higham, 1988). Therefore, evidence on the in-
volved risks and benefits is important to understand how animals can
navigate this dynamic and adjust their behaviour to the environment,

which can influence whether and how they cooperate.
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FIGURE 3 Simplified version of the experimental set up in mirror experiments (based on e.g., Milinski, 1987). Subjects were placed in a
compartment in front of the predator, with a plant refuge on the other end of their tank. Subjects were presented with one of two mirrors,
either the parallel mirror (cooperation treatment) to simulate a cooperating conspecific or the angled mirror (defection treatment) to simulate

defection.—Fish silhouettes and plant from Phylopic (2023).
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FIGURE 4 Set up for conspecific experiments (e.g., Milinski, Kulling, & Kettler, 1990) viewed from the top. Before the experiment, partner
fishes were trained to approach the green lights. During the experiment, the subject was placed in the centre in front of a predator, with a
plant refuge on the opposite end of its tank. In the testing phase, cooperative partners would swim towards the green light on the predator's
end of the tank, while uncooperative partners were not seen completing the approach due to an opaque partition. Both conditioned
partners were on the outside compartments. The side on which a conditioned fish would be seen to swim forward (cooperator) was
alternated. One-way mirrors ensured that the subject could see its partners, but the partners could not see the subject. Fish silhouettes and

plant from Phylopic (2023).

3 | DEBATE: COOPERATION OR
BY-PRODUCT MUTUALISM?

The controversy surrounding predator inspection is not about whether
this behaviour exists but whether the inspector and its partner actually
cooperate with each other, and if so whether this is a form of reciprocal
cooperation and more specifically a tit-for-tat like strategy. One con-
cern is that coordinated predator inspection is not an altruistic behav-
iour because the behaviour is immediately beneficial for the inspector
and its partner. Hence, it is not straightforward to understand whether
it has evolved to benefit the partner as a form of cooperation or is the
by-product of an otherwise selfish behaviour.

Another concern is that not all studies have included predator
absence/presence controls (Lazarus & Metcalfe, 1990; Reboreda &
Kacelnik, 1990). This is crucial, however, since if there is no specific
threat, then what looks like cooperation might just be a by-product

of other behaviours, like shoaling. Indeed, one study found that
guppies showed the same inspection behaviour regardless of
whether there was a predator present or absent in the mirror set-up
(Masters & Waite, 1990; but see for opposite results Dugatkin &
Alfieri, 1991a, 1991b). Although this might speak towards inspec-
tion behaviour being the result of shoaling, it should be noted that
many populations of guppies have coevolved with many predators
(Magurran, 2005), and when placed in a new and therefore poten-
tially risky environment, they might have perceived a risk even with-
out the presence of a predator (Milinski, 1990b). This suggests that
inspection behaviours are not limited to situations in which a pred-
ator is clearly visible, but that the unfamiliarity of the environment
is enough to elicit turn-taking in a situation perceived as risky by the
fish (Harcourt et al., 2010).

If coordinated predator inspection were the by-product of any
selfish behaviours, it would be unlikely to be conditional on the

95U017 SUOWILWIOD SAIES1D) 3l dde 8y} Aq pauieAoB aJe S991Le YO ‘8SN JO'S3|NJ 40} Akl 8UIUO AS|IA UO (SUONIPUOD-PUE-SWLIS)L0D AB 1M ARRIq 1 )BU|UO//:SANY) SUOIPUOD PUe SWB | 84} &S *[£202/2T/T2] Uo Ariqiauliuo AS|IM ‘1591 AQ 22rET UR/TTTT 0T/10p/wod A3 |1m Aleid Ul |uoy/:sdiy wolj pspeojumod ‘0 ‘0TE06EYT



VEIROS ET AL.

* L wiLey-EI

partner's behaviour. However, there is evidence that fish preferen-
tially associate with those group members that showed cooperative
predator inspection in the past (Dugatkin & Alfieri, 1991a, 1991b).
Specifically, after an inspection trial, 80% of the guppies chose to
spend more time (about 70% of the trial) near the side of their tank
that was adjacent to (another tank that contained) the fish that had
been on average closer to the predator, suggesting some partner
choice (Dugatkin & Alfieri, 1991a). Furthermore, fish inspect more
with partners that are more strongly socially associated with them
(Croft et al., 2006). Additionally, fish that were on average closer to
the predator than their partner, in paired trials, approach instead
their partner's average position in subsequent trials (Dugatkin &
Alfieri, 1991b). Hence they are adapting their cooperation levels in
response to their partner's behaviour, suggesting some partner con-
trol. Although this provides evidence that inspecting fish consider
previous cooperation levels and bonding status, it has been argued
that fish are simply more likely to shoal with those partners, rather
than cooperatively inspect predators (Connor, 1996). For example,
the dilution effect can explain the benefits of a joint approach while
at the same time being part of the reason fish shoal in the first place
(Ward & Webster, 2016). In addition, fish might just be bolder in the
presence of other fish (Lazarus & Metcalfe, 1990), which would ex-
plain closer approaches to predators when with perceived or actual
partners. In other words, partner choice and partner control mecha-
nisms can be present and stable in scenarios where interactions are
repeated, without implying that the repeated behaviour itself was
selected to be cooperative. Disentangling those effects empirically

in non-verbal species is however difficult.

4 | DEBATE: PREDATOR INSPECTION AS
AN EXAMPLE OF TIT-FOR-TAT?

Several studies showed that fish choose to interact with cooperative
partners, i.e., partner choice (Dugatkin & Alfieri, 1991a), and act con-
ditionally upon previous experienced cooperation levels, i.e., partner
control (Dugatkin, 1988; Dugatkin & Alfieri, 1991a; Milinski, 1987;
Milinski, Kdlling, & Kettler, 1990; Milinski, Pfluger, et al., 1990),
providing evidence for reciprocal cooperation (Trivers, 1971). It is
important to disentangle reciprocal cooperation from tit-for-tat.
Reciprocal cooperation is an umbrella term, which describes con-
tingent cooperative exchanges between individuals (Trivers, 1971).
Tit-for-tat is just one reciprocal strategy among many others, like
“win-stay, lose-shift” (Bshary & Bergmiiller, 2008). Hence, tit-for-
tat is one, but not the only form of reciprocity and should conse-
quently not be equated with reciprocal cooperation more generally
(c.f. Carter, 2014). Tit-for-tat is a strategy that has been shown to
be evolutionary stable and cognitively relatively simple (Axelrod
& Hamilton, 1981). Yet, there has been limited evidence for this
strategy in the animal kingdom, except for fishes (but see for a later
example Krama et al., 2012). Those studies have attracted much crit-
icism (Lazarus & Metcalfe, 1990; Masters & Waite, 1990; Turner &
Robinson, 1992). Especially whether predator inspection resembles

an iPDG structure and whether as a result the fish indeed show tit-
for-tat (Reboreda & Kacelnik, 1990). To demonstrate evidence for
fish to show tit-for-tat, several pieces of evidence are needed.

First, fish need to repeatedly interact to be able to take turns
in between moves. However, multiple interactions between the
same individuals might be rare in nature because fish shoals are
commonly fairly large, temporary, and variable in composition (Croft
et al., 2003). Despite those fission-fusion dynamics, there is evi-
dence that some fish can maintain stable partner associations in the
wild, which increases the chance of repeated interactions with the
same individuals (Croft et al., 2005; Ward et al., 2002). Additionally,
tit-for-tat moves can take place between different or within the
same approach, the latter making turn-taking much more likely. If
the entire inspection event is considered as a move in the game, initi-
ating and/or leading it would be the cooperating option, which could
be reciprocated with partners alternating roles between inspection
runs. On the other hand, during predator inspection fish commonly
move multiple times (Dugatkin & Alfieri, 1991b), with each being an
opportunity to cooperate or defect. However, it has been argued
that a single inspection event cannot be considered as a repeated
game in itself because of the implication that the fish would need to
re-evaluate their options after every move (Noé, 2006).

Second, tit-for-tat is a very specific strategy, i.e., start coopera-
tively and then copy a partner's move, for which detailed analyses
on every move are required. This would be particularly important
to support the claim that a single inspection event can be consid-
ered a repeated game. Yet, past studies have often analysed whether
subjects approached predators overall more with certain partners
(Lazarus & Metcalfe, 1990; Reboreda & Kacelnik, 1990). Hence,
there is rather limited evidence that fish respond to single movesin a
tit-for-tat strategy. It has also been suggested that this is a cognitively
challenging strategy which easily breaks down if memory errors
occur (Stevens et al., 2011). However, cognitive demands can be low-
ered, if fish show reciprocally cooperative predator inspection only
with a subset of all available partners (Dugatkin & Alfieri, 1991a). In
this case, there would be less information to remember, for example
only having to recall a past interaction with a few partners as op-
posed to all shoal members or a larger populational social network.
This is found in guppies, who are more likely to inspect predators
with partners that they were more strongly socially associated with
(Dugatkin & Alfieri, 1991a). This likely lowered memory demands,
and fish could remember previous cooperation levels for at least 4 h.

Fourth, it has been criticized whether the iPDG actually cap-
tures the predator inspection scenario (Connor, 1996; Nog, 2006).
While pay-offs are relatively easy to quantify in economic games,
this is much more difficult to quantify in biological settings. Both
costs and benefits can be influenced by multiple possible factors.
Furthermore, costs and benefits might differ for each individual
and even within an individual over time. For example, cost-ben-
efit rations can be influenced by reproductive state (Frommen
et al,, 2009), subject's size relative to its partner's (Walling
et al., 2004) and personality type (Murphy & Pitcher, 1991). Yet,
iPDGs usually assume players have exactly the same options and
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resources (Raihani & Bshary, 2011). For a Prisoner's Dilemma to
exist, the benefit of temptation (defecting when the partner co-
operates) needs to be larger than the benefits when both coop-
erate, which in turn must be larger than the costs for when both
show defection, leaving the “sucker's payoff” (cooperating when
the partner defects) as the worst-case scenario from an individ-
ual perspective. This specific game structure leads to tit-for-tat
being superior over other strategies (Axelrod & Hamilton, 1981).
However, it has been argued that staying behind has not been
proven to be more beneficial than inspecting predator (Turner &
Robinson, 1992). Particularly, for the iPDG pay-offs to apply to
coordinated predator inspection, the temptation (T) to stay behind
must be considerably greater than the benefit (P) of both partners
avoiding the costs of inspection (No&, 2006). For T> P to be true,
the benefits for cooperating and defecting individuals must be the
same in terms of information. Yet, it could be argued that the iPDG
is a very specific game that is unlikely to be replicated in natu-
ral settings (cf. Carter, 2014) and that its matrix is not necessarily
required to explain reciprocally cooperative predator inspection
behaviour (Reboreda & Kacelnik, 1990). Specifically, reciprocating
cooperative moves with cooperation and uncooperative moves
with defection does not require the payoff matrix of an iPDG
(Dugatkin, 1988).

Finally, tit-for-tat is a solution to an iPDG with two players.
While two agents are trapped in an iPDG, this is not necessarily the
case for predator inspecting fish as there are often other poten-
tial partners available (Magurran & Higham, 1988). The presence
of other fish enables partner choice and hence partner control
mechanisms, like tit-for-tat, might be less needed. Currently, we
lack information on natural inspection group sizes to evaluate indi-
vidual decisions to leave the group for predator inspection with a
partner. For instance, the groups might be larger than pairs (Turner
& Robinson, 1992). However, fish have been shown to inspect on
their own (Magurran & Seghers, 1990) with some evidence in
guppies to inspect more frequently as singletons than in groups
(Dugatkin & Godin, 1992). Although singleton inspections could
still be reciprocated by following approaches made by other group
members, it suggests that fish are not trapped in a two-player

game.

5 | OUTLOOK: REVISITING THE
QUESTION OF COOPERATION IN
PREDATOR INSPECTION

Evidence for reciprocally cooperative predator inspection is
mixed. On the one hand, there is evidence that fish prefer asso-
ciating with previously cooperative partners and conditionally re-
spond to previous cooperation levels (Dugatkin & Alfieri, 1991a;
Milinski, Killing, & Kettler, 1990; Milinski, Pfluger, et al., 1990).
These conditional partner choice and control mechanisms imply
a function beyond merely maintaining a close distance to neigh-
bours to minimize predation risk. On the other hand, aggregated

data analysis that uses broad measures of coordinated inspection,
such as average time spent near a predator (Milinski, 1987), pre-
vent us from capturing fine scale interactions such as exchanging
leading and trailing positions, needed for tit-for-tat, and recipro-
cating cooperation or defection that must necessarily be demon-
strated to support claims of (reciprocal) cooperation (cf. Lazarus &
Metcalfe, 1990; Reboreda & Kacelnik, 1990).

Separating cooperative approaches from selfish shoaling be-
haviour (in which fish attempt to maintain close proximity to a neigh-
bour to minimize their own predation risk) has been complicated by
the lack of any clear expectation over how fish should coordinate
movement and relative position to one another when inspecting a
predator compared to when shoaling. We might expect that lead
swapping should be more common in coordinated predator inspec-
tion approaches if the fish are cooperating, than if they were simply
shoaling together. We suggest then that investigations of predator
inspection should also include control conditions in which coordi-
nated movement is quantified in the absence of predators (Lazarus
& Metcalfe, 1990; Reboreda & Kacelnik, 1990) and in familiar envi-
ronments, where fish are expected to be less cautious. Analyses that
treat each approach phase of the inspectors within an inspection
bout as an opportunity for cooperation or defection will allow us
to determine whether movement decisions, such as lead-swapping,
are conditional on the partner's immediately previous movement,
and, crucially, whether these are seen more often in risky situations.
Markov chain models could improve such an analysis, having already
been applied to fish decision making in risky scenarios in other stud-
ies (Harcourt et al., 2009, 2010).

More fundamentally, there is a lack of data on inspection group
sizes under natural conditions (Milinski, 1992). Subsets of individu-
als have been described to leave their shoals to inspect predators
(Dugatkin & Alfieri, 1991b), but more information on the sizes of in-
specting groups is needed in order to determine if a two-player game
is an appropriate paradigm to study this behaviour. If inspections by
groups of three of more individuals are common, this would have im-
plications for the relative costs of defection and the types of models
needed to capture the dynamics of cooperating.

Since predation risk increases the closer inspecting fish approach
the predator (Milinski et al., 1997), future studies should assess lev-
els of risk within inspections and whether the increase is linear. For
instance, predators can have specific strike distances within which
the risk of predation is considerably higher. The predation risk dis-
tribution throughout an inspection event could have interesting
consequences on the payoffs: if predation risk suddenly increases
in a step-like manner after a certain point, the costs of reciprocating
individual moves might differ drastically. Similarly, the information
used to assess predator presence through visual or chemical cues
is also unlikely to be linear. For example, a closer inspection might
be needed to get information on whether the predator is about to
strike, which can be valuable information to avoid predation.

There is evidence that fish can transfer predation risk informa-
tion to conspecifics, that then display stress behaviours even when
not in visual contact with a predator (Magurran & Higham, 1988).
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In this experiment, receiver fish could see transmitter conspecifics
through a one-way mirror. Receivers reduced foraging and started
hiding when a pike model approached the transmitters' feeding
patch, even though receiver fish could not see the predator model
themselves. This so gained social information might be less reli-
able or less valuable than personally gained information due to
a delay in the information transfer process, which is crucial for a
quick response. More research is needed to determine whether
the information gathered in predator inspections is transmitted to
other fish in real time or requires inspecting fish to return to their
shoal. Those more fine-tuned analyses are likely to inform theo-
retical models that could as a result perhaps better model cost-
benefit ratios and predict which strategies fish might use when
inspecting predators.

Finally, there is mixed evidence whether predator inspection in
fish qualifies as a cooperative behaviour due to scepticism about
early study designs, analyses and focus (Lazarus & Metcalfe, 1990;
Masters & Waite, 1990; Turner & Robinson, 1992), such as fitting
the behaviour to a model (Dugatkin, 1991; Milinski, 1987) rather
than modelling the behaviour. Some studies addressed those
concerns. There are however some exceptions of note in these
early studies, which either explored significant aspects of this be-
haviour's ecological significance, like whether the risk information
is transmitted or not (Magurran & Higham, 1988) or attempted to
improve experiments by incorporating raised criticisms (Dugatkin
& Alfieri, 1991b). Investigating whether the obtained information
is transmitted is very relevant for the debate as well, since one
of the main assumptions of the iPDG in this case is that the fish
that stay behind still gain the benefits of inspections. There is now
evidence that at least minnows modify their behaviour upon visual
contact with conspecifics that were being threatened by a (model)
predator, even though these receiver fish were not able to see
the stressor themselves (Magurran & Higham, 1988). After some
of the main critiques were published (Lazarus & Metcalfe, 1990;
Masters & Waite, 1990), some subsequent experiments with
guppies included design improvements, such as comparing sub-
ject behaviour with both live conspecifics and the mirror proto-
col (Dugatkin & Alfieri, 1991b) and no-predator control groups
(Dugatkin, 1991). Still, these experiments have not yet been rep-
licated across model systems and did not have the option to use
current day analysing techniques or tracking technology. Since
predator inspection behaviour has been shown to have interspe-
cies differences in important aspects, for example whether they
inspect model predators (Magurran & Seghers, 1990), replicating
experiments across fish species may be particularly important to
confidently generalize conclusions. Additionally, modern tracking
technologies can provide detailed position information, as op-
posed to more qualitative measures or averages, allowing the use
of more robust statistical methods. In conclusion, more research
is needed to continue making progress to solve the debate, and

better understand this understudied anti-predator behaviour.

6 | CONCLUSIONS

Numerous species of fish are known to inspect potential predators
in pairs or small groups, most likely to gather information about the
level of risk that they pose. Predator inspection is phylogenetically
widespread and known from species in multiple families.

Inspecting fish have the opportunity to cooperate or defect on
one another, by remaining close and/or taking turns to lead the ap-
proach, exposing themselves to predation risk, or by holding back
or retreating, exposing their inspecting partner to more risk. Some
authors have in fact claimed evidence for cooperation in predator
inspection, but others have disagreed, claiming that by-product mu-
tualism can explain coordinated approach behaviour. There has been
vigorous debate over the issue, but it has yet to be satisfactorily re-
solved. Progress has been hampered by the use of broad measures
of inspection, such as average time spent near a predator. More fine-
grained measures of interaction, such as frequency of lead swapping
in predator and no-predator control conditions are required if we
are to determine whether fish cooperate reciprocally (or more spe-
cifically show a tit-for-tat like strategy) to share risk when inspecting
predators.

The models of cooperation used to capture predator inspection
make a number of assumptions about the mechanics of inspection
including (with some evidence: Milinski et al., 1997) that the lead
fish is at greater risk of being attacked. Further work is required to
support this assumption across a range of approach distances and
angles (relative to the predators' head). It is also assumed that fish
typically inspect in pairs or small groups, with these leaving the
larger shoal, moving away to inspect the predator and subsequently
re-joining. There has been little experimental investigation of this,
however, and further work quantifying inspection group size for a
range of ‘parent shoal’ sizes is necessary to confirm this assumption.
If prey fish routinely inspect predators in larger groups, this has im-
plications for how we understand the costs and benefits of cooper-
ating and defecting in coordinated predator inspections.
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