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Summary :

Cooperation in larger group is often more diffictdtexplain then cooperation in pairs.
For humans it has been proposed that punishment @amajor role in stabilising
individual contributions to group success (‘pubbipods’) but that claim remains
contentious. The aim of this thesis was to gainewstdnding of a system in which both
punishment and public goods may exist, and whichb&astudied both in nature and with
an experimental setup in the laboratory. The intevas between victim reef fishes and
parasitic sabre—tooth blennies that bite mucus soades off other fishes provided a
suitable study system.

In the first of three manuscripts | described tlaural history of this peculiar host—
parasite complex. The blennies occupy small tereio Resident victim species that are
constantly under threat of being bitten reactedresgively to blenny attacks, while
visiting species used their potential to escapéhéurinteractions by swimming off.
Among residents, the probability of aggressive tieas to blenny attacks was negatively
correlated to group size without dropping to zéroe latter results fitted a public goods
scenario where benefits of acting decrease witheasing group size. In the second

manuscript | could demonstrate that aggressionidtyms functions as punishment as it



reduced the probability of future attacks by a hienFurthermore, field observations
revealed that punishment creates a public goodaally abundant species as it increased
the probability that blennies switched to a diffdrevictim species. Nevertheless,
punishment appeared to be self-serving rather #ftanistic because lab experiments
suggested that blenny preferentially target nonigbumg individuals. The third
manuscript focussed more specifically on the blesirforaging decision rules. Overall, |
documented that blennies may attack at preferredtitins, that they may prefer
abundant hosts, and that they may focus on spewfie-punishing individuals. However,
there was huge variation between individuals wébpect to the relative importance of
these factors, including the probability of switafpivictim species between subsequent
attacks irrespective of victim responses. This atamh may locally undermine the
effectiveness of punishment, and may also sometioreate competition between
conspecifics instead of a public good.

In conclusion, the study demonstrates the existaicself-serving punishment in a
parasite—host system. Public goods may emerge #&y—product of self—serving
punishment due to the parasite’s foraging decisiwdes, which typically select against
non punishing ‘free-riders’. How the observed M#oia in blenny decision rules may
evolve and how victims should evolve their optimedponses in return would ideally be
addressed in evolutionary game theoretic modellagenable to further empirical

testing.
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General Introduction

Helping behaviours have attracted the interest \@llutionary biologists ever since
Darwin (1859) realised that such behaviours areeasy to reconcile with his theory of
evolution through natural selection. In a world wehall individuals should be competing
for resources, any behaviour that increases times#t of another should be selected
against. Hamilton’s famous theory of kin selectexplained how indirect fitness benefits
can balance direct costs of helping (‘altruismf):actor and recipient are related the
benefit of helping to the recipient times the degoé relatedness to the helper has to be
larger than the costs of helping (Hamilton 19649wdver, there are many examples of
helping between unrelated individuals or even betwapecies. Altruistic individuals that
help unrelated individuals without getting anything return will always be under
negative selection. Thus, the key problem in sudbractions is how to ensure that
helping will yield something in return, leadingriutual benefits (‘cooperation’).

The problem that may arise in potentially coopggainteractions is best illustrated in the
prisoner’s dilemma game. In this game there areplagers playing against each other.
Each player can either cooperate or defect. Thebowd payoff is highest if both
players cooperate but the individual payoff for ediihg is always higher than for
cooperating, independently of the partner’s ac{see table 1). Thus, cooperation is no
solution to the game if it is played only once. @exation can only emerge if the game is
played repeatedly between the two players becanderithese conditions cooperating

can be seen as an investment that yields futurefiteue to the partner cooperating in



response (‘positive reciprocity’; Trivers 1971, Acosl & Hamilton 1981, Clutton—Brock

& Parker 1995).

Table 1
player 2 cooperates player 2 defects
player 1 cooperates 3/3 0/5
player 1 defects 5/0 11

Payoff matrix of the prisoner’s dilemmiold: payoff forplayer 1

Cooperation between two players

Today there are many models that can explain catiparbetween two players (Sachs et
al. 2004, West et al. 2007, Bshary & Bergmuller 20Bshary & Bergmduller identified
nine basic concepts based on four parameters. s Ky distinction to be made is
whether helping is self-serving (by—product mugtrali Brown 1983) or an investment.
In the latter case one has to ask whether the iber@@é due to a self—serving response
(‘pseudoreciprocity’, Connor 1986) or due to retumvestments (‘reciprocity’).
Furthermore, the benefits may be due to the radisidehaviour (‘direct’) or due to the
action of a third party (indirect’), and one castitiguish cases where investments yield
benefits due to rewards (‘positive’) from casesvinich investments yield benefits due to
the absence of negative responses (‘negative’yh&uparameters need to be introduced
to distinguish between more specific concepts. &oample, for indirect forms of
reciprocity one has to distinguish whether or natefiactions take place in a
communication network in which bystanders eavesdagp extract valuable information

for own future interactions with the observed indoals (McGregor 1993). If a



communication network exists, then bystanders tiitbate an image score to observed
individuals, which will increase with each helpiagt and decrease with each failure to
help (Alexander 1987, Novak & Sigmund 1998). Asdas individuals only help if the

image score of the recipient is above a criticedghold then indirect reciprocity based on
image scoring may evolve (Nowak & Sigmund 1998)thia absence of image scoring, a
concept called generalised reciprocity (HamiltonT&borsky 2005, Rutte & Taborsky

2007, Pfeiffer et al. 2005) may explain indireatipeocity. The decision rule is that as
long as an individual receives help it will help adver is in need. Overall, the many
existing concepts for two—player interactions apgeahave their real-life counterparts
(Bshary & Bronstein 2011), and the main challenge émpiricists seems to be to

evaluate which concept may fit their study systestb

Cooperation between n players

In contrast to the larger body of both theoretiaatl empirical studies on cooperation
between two individuals, cooperation between n=¥gis is less well understood. It has
been realised early on that cheating may be easierplayer games. Most famously,
Hardin (1968) introduced the concept of the ‘traged the commons’. The tragedy
typically arises if the benefits of individual cobutions to a public good are shared
equally by everyone. Under such conditions, soeddfree—riders do best as they don't

invest in the public good but benefit from the etnitions of others.

Social dilemmas are typically studied with the siagpublic goods game: consider a

situation where there are 10 players. Each onepagnbetween 0 and 20 € into a



communal wallet in each round. After each roune, thtal amount of money in the
wallet is doubled and given in equal proportionsalioplayers. Under these conditions,
the highest total payoff is achieved if everybodwtcibutes the full 20 €. If all players
pay 20 €, they all get 40 €. However, the highesividual payoff is achieved if the
individual defects. This is because for the 20 &it contribute it would only receive 40
€/10 players = 4 € back. Contributing is thus adtia in the Hamilton sense (Hamilton
1964): it reduces an individual's lifetime succe#s free-riders gain more than
contributors, cooperation quickly breaks down wivemethe game is played with
humans, unless additional parameters are introd(feelasr & Géachter 2002, Milinski et

al. 2002).

While the standard public goods game predictsdbatributions to a public good should
break down there is plenty of empirical evidencatthumans cooperate between
unrelated individuals on a large scale, includimghighly risky situations such as
warfare. Therefore, many studies on humans aiméddihg the underlying mechanisms
that allow the puzzling existence of public goodur species. These studies typically
use an experimental setup in the laboratory wharmams are supposed to play
cooperation games (mainly public good games) usimgputers. This allows controlling
for many factors that are not under control in rééd situations using detailed
instructions and information for the participaniisis e.g. possible to make decisions
completely anonymous and to control the informatioat each participant can use. The

payoff is set by the experimenter and effects iédBnt payoff matrices can be studied.
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Experiments showed that humans behave in such garmes cooperatively than was
expected based on the payoff matrices (Ostrom 1B88r & Fischbacher 2003). In
particular two mechanisms appear to stabilise dmrtions to public goods, namely
punishment and gain of reputation. Punishment fisetk by Clutton—Brock & Parker
(1995) is an action that reduces the payoffs ofi tle¢ actor and a recipient who failed to
cooperate, with the function to make the recipieebhave more cooperatively in the
future. Given the option, humans readily invesbipunishment of non—cooperative
individuals even if they will not interact with the individuals in the future (Fehr &
Géchter 2002, Rockenbach & Milinski 2006, Egas &dRi2008, Gachter et al. 2008).
This led to the development of the cultural groetestion concept (Boyd et al. 2003,
Gintis et al. 2003), which states that strong cditipe between groups of early humans
selected for socially learned traits that helptadbsize cooperation within these groups to
increase group survival. Colleagues interested ha inclusive fitness framework
‘translated’ the cultural group selection modeld angued that these traits evolved when
human groups consisted mainly of related individuahd that punishment of non—
cooperators was under positive selection due tiodadfitness benefits (Gardner & West
2004, Lehmann et al. 2007). According to this vigwnishment is a mechanism out of
place in our globalized society. Clearly, if onecequts that people show their natural
decision rules in the experiments and that the mdiney get in the experiments should
translate into fithess correlates then punishmenbne—off situations with all players
being strangers is under negative selection. Adspuorent stimulates the punisher’s
reward system in the brain (de Quervain et al. 20bére is at least a proximate

explanation why subjects cannot resist punishinggnevn one-off situations.

11



Nevertheless, it remains largely unclear why humase punishment in public goods
games, and more recent studies demonstrate thiethpuent works only in some cultures

but not in all (Gachter et al. 2010).

In contrast to punishment, the gain of reputatimough contributions to a public good
seems to provide a straightforward functional exateon why people may benefit from
contributions. A verbal argument by Alexander (198@s formalised by various authors
(Nowak & Sigmund 1998, Leimar & Hammerstein 200bfdm et al. 2003). Two main
scenarios have emerged, namely indirect recipr@bioyvak & Sigmund 1998, Leimar &
Hammerstein 2001) and indirect pseudoreciprocigg aalled ‘social prestige’ (Zahavi
1995, Roberts 1998, Lotem et al. 2003). In bothesasa basic condition is that
interactions take place in a communication netwiarkvhich bystanders eavesdrop on
ongoing interactions (McGregor 1993). These bystamdevaluate the level of
cooperation displayed by interacting partners aitbate a corresponding image score.
The score is positive if help is given and negativénelp is refused. In indirect
reciprocity, it pays to help because third partnersvide help in return (Nowak &
Sigmund 1998, Leimar & Hammerstein 2001). Thus ywengle act is seen as a one—
sided investment. In indirect pseudoreciprocitgays to help because this increases the
chance of being chosen for a mutually beneficitdraction (Zahavi 1995, Roberts 1998,
Lotem et al. 2003). Thus, bystanders gain foredeeddenefits from observing
interactions by identifying profitable partners. r@untly, evidence that the gain of
reputation provides a mechanism to stabilise doutions to a public good is restricted to

humans (Milinski et al. 2002, Semmann et al 200&)mans are indeed very sensitive

12



even to subtle cues of being observed, as such sigefficantly increase levels of

cooperation in anonymous games (Haley & Fessleb,2Bateson et al. 2006).

While humans are particularly able to cooperate aorlarge scale with unrelated
individuals, there are some potential cases ofayqulcooperation in other animals. One
possible explanation is the concept of group augatiem (Kokko et al. 2001) that has
been developed to explain unconditional contritngiof helpers to offspring feeding and
care in cooperatively breeding species. The logihird group augmentation is that
larger groups out—compete smaller groups and kbiegetore behaviours that promote an
increase in group size can be self—serving evérbegnefits all other group members as
well. The group augmentation concept can be seehyaproduct mutualism and/or
pseudoreciprocity (where the benefits that getrnetl are a by—product of self-serving
acts of the recipient) with more than one reciparthe same time. The concept of group
augmentation has been best applied to cooperativagding meerkats. In meerkats,
Suricata suricatta, sentinels look for predators in exposed locatiadle other group
members are feeding. It could be shown that thimbeur is condition dependent and
that individuals only act as sentinels if they amgiated (Clutton—Brock et al. 1999).
Under these conditions it is the best option forralividual to look for a predator, which
is not possible while digging for food, and therebgximise the survival of all group
members. Also the concept of generalised recipro@feiffer et al 2005) may in
principle apply to n—player interactions if helping given to several recipients

simultaneously. This idea has not yet been apptietbn human animals.
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Current problems with the empirical evidence on n—fayer concepts

The empirical problems differ between the studieshamans and non—human animals.
In non—-human animals, the key challenge is to ptgppmeasure payoffs. This is
particularly true for species with a kin structuneopulation as found in cooperatively
breeding species. It is then difficult to distingjui between kin selection (indirect
benefits) and group augmentation (direct beneé@ts)potential explanations for stable
contributions to public goods. In the experimemsamans, high genetic relatedness can
be excluded, while game structure and payoffs aterchined by the experimenter.
Despite these advantages, results are not alwaysteanterpret. Kimmerli et al (2010)
criticize that often every deviation from the exjgec value of cooperation (zero
cooperation in one—off interactions) in games om&uo cooperation is attributed to
prosocial preferences without controlling for estcoBecause of this they designed their
experiment in a way that made 100 % cooperatiorb#st option for every individual.
The interesting part of this is that now both s#lfinterests and prosocial preferences
should lead to 100 % cooperation. The experimeasrefore can be seen as a control that
was lacking in the experiments done before, where contributing was the selfish
option. Many of the subjects of this game did natyf cooperate even though their
understanding of the setup was tested before. @amonstrates again that there is
caution needed for the evolutionary interpretattdreconomic experiments on humans.
The authors suggest that humans are reluctant do sixtreme behaviour (100 %
cooperation as well as 100 % defection) and thiglevalso explain previous results of
unexpectedly high cooperation without any needssume highly developed prosocial

preferences in humans. The authors also suggdsexparimenters should analyze the
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relative effect of factors such as punishment peated interactions on human levels of

cooperation rather than to interpret the absolatees of one single experiment.

Currently, the strongest disagreement in the liteéeaon public goods is arguably the role
of punishment in stabilizing contributions. Someids¢s found positive effects on

cooperation (Rockenbach & Milinski 2006), othersirid that punishment can stabilize
cooperation if it is effective and rather cheap d&& Riedl 2008) and others found

negative effects of punishment: costly punishmeart be negative not only for the

punisher and the punished individual but even lierwhole group (Dreber et al. 2008).
Because these studies differ in many parameters asigroup size, payoff structure and
strategic options of the players it is difficultdoaw general conclusions.

What is clearly lacking are studies in a natur#irsg and complementary experiments to
identify ecological parameters that allow the esise of a public good and to study the
role of punishment under natural conditions.

Given my interest in cooperation, public goods, isament and the study of animal
behaviour, an ideal study system should have thewimg features:

n—player interactions between unrelated individuals

- the possibility to properly infer relative payoti possible behavioural actions

- the occurrence of a behaviour that might constput@shment

- the possibility to study the animals in their natienvironment

- the possibility to design laboratory experimentsattiare explicitly based on

hypotheses developed during field observations
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The system of parasitic blennies and their intevastwith reef fish victims appeared to
be a suitable system in that it fulfilled all thequirements listed above. | therefore

decided to study this system in detail for my PhBsts.
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Short introduction to the study system

The two species of parasitic blennies:
Plagiotremus rhinorhynchus and P. tapeinosoma

»
%

T

Scientific classification:

Kingdom: Animalia

Phylum: Chordata
Subphylum: Vertebrata
Infraphylum: Gnathostomata
Superclass: Osteichthyes
Class: Actinopterygii

Order: Perciformes

Family: Blenniidae

Tribe: Nemophini

Genus: Plagiotremus

Figure 1:
Large canines ofP. rhinorhynchus and
dense rows of incisors (white arrows).

The two species of blennies studi€liagiotremus rhinorhynchus and P. tapeinosoma,

occur in the tropical Indo—West and Central Pa@fid are found on coral reefs and clear
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lagoons at depths from 1 m to 40 m. The two speaiegerritorial and include into their
territory a small hiding hole, normally an emptyldh@f a tube—worm (see picturel),
perfectly fit for their elongated slim bodies. Meenb of the tribe “Nemophini” are also
called “Fang—blennies” or “Sabre—tooth—blenniestaese of their elongated canines
(fig.1). These teeth are not used for foraging foutmale—male fights and for defence
(Smith—Vaniz 1976). Their dentary incisors are forgna dense row. The tips of these
incisors are thin and wedge shaped, ideally suiteédcrape off mucous and scales
(Smith—Vanitz 1976).

Both blenny species are lepidophagous (scale ggpagsites that attack other fish to
forage. Usually they sneak up on their victims frioemind and try to catch them unaware
(Smith—Vaniz 1976, Johnson & Hull 2006). Their ekimare very opportunistic; fish that
are distracted, e.g. by fights or mating, get agdcadmmediately. Normally the blennies
stop their biting attempts as soon as they areedt{if their victims turn around and/or
show threat displays). One of the common name®.dBpeinosoma, “Hit and Run
Blenny”, describes the typical feeding behaviouboth species that comprises a rapid
attack followed by a quick retreat to safety (Jam& Hull 2006). Blennies follow this
scheme independently of the reaction of the victbmly in less than 1 % of my
observations was a victim bitten twice without aejreat of the blenny between bites.
This usually happens to large fish where the bksrhide underneath their bellies,
repeatedly scraping off tissue in a zigzag movenaaat darting into safety before the

fleeing victims are too far away from the secuef.re
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Picture 2: P. tapeinosoma in the laboratory

The blennies feed on the mucus and scales of a lagety of fish species, including
predatory species. We did not notice that theycvamiy of the species that live in their
territories. Only cave-living species or fish thate during day were not attacked in their
shelters. The size of their victims also variesatiye The length of victims that were
observed being attacked in this study ranges fre8b2Zm. That blennies also attack
larger species is known by many divers. Diversrofijet attacked from behind (at their

legs and fins) when they pass by a blenny (persarsdrvations).

One of the two species;. rhinorhynchus, has attracted attention because it shows
variation in colour, with one morph closely resemdl juvenile cleaner wrasses,
Labroides dimidiatus (Kuwamura 1981; C6té & Cheney 2004, 2007; Molanddaes
2004; Johnson & Hull 2006, picture 3). Both adutirphs show two brilliant pale blue
stripes at the side of the body. The backgroundwadf the non—mimetic form is orange
or brownish; the mimetic form has a nearly blackKggound colouration. In juvenile
blennies the second blue stripe is not yet fullyeli@ped and this colour pattern is nearly

identical to that of juvenile cleaner fish. The dawgy efficiency of the blue and black
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(imitating the juvenile cleaner) morph seems tchigher in close proximity of juvenile
cleaners (C6té & Cheney 2004, Moland & Jones 2084t is not clear yet if the main
function of this mimicry is “aggressive” and heljgsattack unaware fish or if it prevents
attacks from predators (C6té & Cheney 2007 even adult cleaners (Johnson & Hull

2006).

Also the “orange” form is said to be mimetic at goplaces. In New Britain and in New
Guinea and the Solomon islands adrilthinorhynchus mingling with shoals of anthias
(Pseudanthias spec.) were observed to be nearly uniformly orange, ldispg only very
narrow blue stripes (Smith—Vaniz 1976), blending ithe shoal. In our study areas we
could not find this extreme orange colour morplutih we found several blue and black
individuals (imitating cleaners), adults as well jaseniles. These individuals were
excluded from our observations as we were notested in this potentially confounding
aspect. Studying non—mimetic forms we never obskrgef fishes that behaved in a way
that suggested that they confounded the blennits cl@aner wrasses. No fish showed
the typical displays (e.g. performing a head stahdj they normally show inviting a

cleaner for inspection, though other studies fosunch behaviour (Johnson & Hull 2006).
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Pict 3: P. rhinorhynchus, left: non—mimetic morph;
mimetic colouration: adult (middle, © Andy Lewis) and juvenile (right)

P. tapeinosoma also has two stripes at the side of the body, hey tare nearly white.

Between the two stripes there is an irregular patté vertical brownish stripes. This
species does not mimic cleaner wrasses, but abteat Barrier reef they are known to
swim with schools of small wrassesTh@lassoma amblycephalus) that show a

superficially similar pattern. The resemblance a$ very good but confers according to
Smith—Vaniz (1976) a real advantage because psiedi are less likely to notice the
predator. In the Red Sea, where we did our obsensmtthere is no species that

resemble#. tapeinosoma in a way that would allow such mimicry.
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The victims of sabre—tooth blennies

As mentioned above, the blennies are very oppatigrfioragers and seem to avoid few
species if any. In studying blennies we therefouelisd many different victim species in
the field. In fact, the diversity offered a gre@aportunity to investigate in a first step how
differences in size, local abundance, or home ramge may affect victim responses to
blennies. The same species that are attacked byibtealso interact with the cleaner
wrasselabroides dimidiatus (Bshary 2001). In that mutualism, the cleanersvasited in
their small territories (‘cleaning stations’) by-salled ‘clients’ from which they remove
ectoparasites (Randall 1958, Grutter 1999). Cdn#iigses because cleaners actually
prefer client mucus over ectoparasites, where gatincus constitutes cheating (Grutter
& Bshary 2003). Detailed studies have shown thatetlclient categories need to be
distinguished, namely predatory clients, residelnts with small territories/home
ranges that include only one cleaning station, amsiting clients with large
territories/home ranges that include several cheaisitations (Bshary 2001). The three
categories of clients differ in the way they coulkpond to cheating by cleaners:
predators could try to eat the cleaner, residentsish with aggressive chasing, and
visitors switch to a different station for theirxtanspection (Bshary 2010). Thus, a
logical question for the blenny—victim interactiomas whether species also differ in how
they respond to biting, i.e. aggressively or wiight. Predatory species were excluded
from the study, because they have the addition@bmopo try to eat a blenny rather than
just chasing it, which makes their actions difftcad compare with non—predatory

victims.
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The victim species that was studied in detail:

Pseudanthias squamipinnis

Scientific classification:
Kingdom: Animalia
Phylum: Chordata
Subphylum: Vertebrata
Infraphylum: Gnathostomata
Superclass: Osteichthyes
Class: Actinopterygii
Order: Perciformes
Family: Serranidae

Tribe: Anthiinae

Genus: Pseudanthias
SpeciesP. squamipinnis

Picture 6: P squammlnnlsfemales andP.
tapeinosoma in the Red Sea

Apart from the initial general data collection wecdled to focus on one victim species

for more specific questions, with the aim to obtaufficient sample sizes to properly

answer the questions for one species. As it turoa female scalefin anthias,

Pseudanthias squamipinnis, appeared to be the most suitable optRrsquamipinnisis a
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sexual dimorphic, protogynous reef fish (individkiatart as females and turn into males
as soon as they are large enough to defend a hanamndccurs in the Indo Pacific in
shoals of up to several thousand individuals. thies most abundant species on our reef
patches in the Red Sea. Females are more numérangrtales and live in harems of
about 5 females per male. Anthias feed in shoalzamplankton that they find in the
water column in front or above the corals, whiclovide them with hiding places.
Anthias are residents on the reef patches (Bsh@@t)2and turned out to be common

victims of the two blenny species we observed.

Due to pelagic eggs and larval stages, anthiayithdils at one patch are not more
closely related with each other than with individu@om neighbouring patches (Avise &
Shapiro1986). This makes it possible to excludesklection as an explanation for any
cooperative behaviour they might demonstrate aneaofp other against the two blenny

species.
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p \ 3 X

ure 8: Small reef patch withP. squipinni in the Red Sea

Pict
Basic observations as a starting point for the Phlproject

Preliminary observations in the Red Sea made itootsvthat the blennies are regularly
aggressively chased by their victims. Several wicBpecies were observed to turn
towards the blenny and accelerate towards the iparagis happened sometimes without
obvious reasons, i.e. without the fish being bittenapproached by the parasite in a
stealthy way from behind. Aggressive responsesites livere not ubiquitous, however.

No response or fleeing were frequently observestraitives. In addition, there seemed to
be great variance between species with respebetway they responded. Individuals of

some species seemed to be invariably aggressivie, imdividuals of other species were

sometimes aggressive, and for some yet other spa@enever observed any aggression
towards a blenny. The preliminary observations Besuggested that several interesting

guestions can be addressed in this host—parasitenaaity.
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Specific research questions addressed in the thesis

The thesis consists of three result manuscriptsraviiee sequence follows a logical
process: results presented in the first manuskgipto questions addressed in the second
manuscript, which raised questions addressed ihileg one. The starting point was to
collect sufficient field observations on blenny-tint interactions to be able to properly
describe the system. More specifically, we wantedi¢termine any variation between
victim species with respect to the probability afhbving aggressively towards the
blenny. Given that we observe variation we wantefind out which ecological variables
might correlate with levels of aggression. We f@agson victim size, local abundance,

discrimination between resident and visitor (thenblies are residents), and territoriality.

Key results from the field observations suggested &) aggression towards the blenny
may function as punishment by decreasing the pibtyabf future attacks, and b) that
willingness to behave aggressively may diministhwitoup size as would be predicted if
aggression provides a public good (Bshary & BsH§0a). Therefore, we explicitly
tested these possibilities in the second manusdfifet tested experimentally whether
aggression increases the probability that the lyleattacks alternative victims, we
observed in the field whether aggression may pewdublic good in shoaling victim
species by inducing blennies to switch to a différéctim species, and we conducted
more laboratory experiments to find a potentiallaxgtion why victims might obtain

direct benefits from providing a public good (Bshé&rBshary 2010b).
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The results from the second manuscript providedradlveevidence that aggression
towards blennies may constitute a self-servinggiunent that provides a public good as
a by—product. However, we noticed strong variatbetween individual blennies in how
they responded to punishment. Therefore, we inya&d individual variation
systematically in the third manuscript, with a feaan the question how such variation

may promote or hinder the occurrence of public gdadur system.

In the general discussion that follows the threla daapter | will try to bring together the
results of the three manuscripts for a bigger p&téirst, | will conclude what we have
learned about the blenny-host system. | will thescubs several important open
guestions about our system. While all of these s should be studied in the future, |
have tried to address several of them in vain dunty PhD project. | will mention
preliminary results and explain the methodologicehsons why these questions are
difficult to study. Finally, | will discuss how myesults may help to explain more

generally the conditions for the existence of pugbods based on punishment.
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Abstract

The conditions under which humans benefit from gbuating to a public good have
attracted great interest; in particular the potdntole of punishment of cheaters is
hotly debated. In contrast, similar studies on odreémals are lacking. In this study,
we describe for the first time how the course déractions between parasitic sabre—
tooth blennies (the cheaters) and their reef fighinas can be used to study both
punishment and the emergence of public goods. Sabth blenniesRlagiotremus
sp.) sneak up from behind to bite off small piecesadles and/ or mucus from other
fish. Victims regularly show spontaneous aggressi®nvell as aggressive responses
to blenny attacks. In a between species compansgerigsted how the probability of
chasing a blenny is affected by (1) the option\ai@ding interactions with a blenny
by avoiding its small territory, and (2) variatiam local abundance of conspecifics.
We found that resident victim species are more eggjve towards blennies than
visiting species. This difference persisted when cmatrolled for victim size and
territoriality, suggesting that it is the enforcezbeated game structure that causes
residents to chase blennies. In residents, wefalsal a negative correlation between

aggression towards blennies and local abundandehwsliggests that the benefits of
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chasing are diluted with increasing local abundange discuss the implication of

these results for future studies.

Introduction

The existence of punishment where an individualrekses both its own and the
target’'s immediate payoffs (Clutton—Brock & Par®05) has been a key topic in the
recent literature on human cooperation. Humansilgeade the option to punish
cheaters even in one—shot public good games (FeGaénter 2002) or when they
just observe transgressions (Fehr & Fischbache#)20® the experiments on humans
such punishment creates a public good, becausauges punished individuals to
behave more cooperatively in the future with otpartners (Fehr & Géachter 2002).
Based on these results, the cultural group selecibmcept (Boyd et al. 2003; Gintis
et al. 2003) has been developed, which statesttatg competition between human
groups has selected for culturally transmitted glument as a mechanism that
benefits group survival. However, the notion thatnighment increases group
productivity has been contested (Rockenbach & I€ikire006; Dreber et al. 2008;
Egas & Riedl 2008). It seems that punishment caly be useful if it involves
relatively low costs to the punisher and a high actpon the target (Egas & Riedl
2008) and if the same partners have many interac{(iGachter et al. 2008).

The evolution of punishment may be easier to urndedsin asymmetric games
between two players where only one partner maytckea example, in cleaner fish—
client reef fish interactions, cleaners may cootgeby feeding on client ectoparasites
and cheat by eating client mucus, whereas non—megdalients lack the option to
cheat cleaners (recent review by Bshary & Coté 2B8me client species respond to

cheating by cleaners with chasing, which causesnels to behave more
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cooperatively during future interactions with thengshing individuals (Bshary &
Grutter 2002, 2005). While the self—serving role p@nishment has been
demonstrated in the cleaner fish system, the affe€tpunishment on third party
individuals have not been explored. For examplajighed individuals could be
generally more cooperative in future interactioms. that case, the punishing
individual would not only gain personal benefits buaddition produce a public good.
The scenario would then be similar to n—player epatpon games where the benefits
resulting from a contribution are so high that wdual contributions become
immanently self-serving: per unit given the conitdy receives more than one unit in
return, independently of what others are doing.hScentributions to public goods
could yield immediate benefits, in which case tbaaept of by—product mutualism
(Brown 1983) applies. Alternatively, contributioosuld be self-serving even if they
are an investment (in the sense that the immed@eequences are a reduction in
payoffs for the actor, Bshary & Bergmiuller 2008)veéstment may vyield foreseeable
future benefits if recipients will use it for sedlerving actions that benefit the investor
as a by—product. To such circumstances, the corafepseudoreciprocity (Connor
1986) applies. An alternative term in the literatudescribing self—serving
contributions to public goods is ‘weak altruism’ i{¥én 1990).

From a strategic point of view, it is easy to urstiend that contributions to public
goods are stable if the contributions are self+agrvHowever, it is important to
identify the ecological conditions that cause hadpto be self—serving and thereby
causing the unconditional contributions (Nowak & WHE92; Van Baalen & Rand
1998; Killingback et al. 1999; Kokko & Johnstone9®9 Taylor & Irwin 2000; Avilés
2002). Of particular importance has been the canaegroup augmentation (Kokko

et al. 2001), which was developed to understanduvaogply unconditional helping in
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cooperatively breeding species like meerl&itscata suricatta (Clutton— Brock et al.
1999, 2000; Clutton—Brock 2002). Mutual dependeh&fween group members
(Roberts 2005) causes conditions where helpindeagither a by—product mutualism
or pseudoreciprocity. Recently, Sherratt et al0@0developed a model where they
assumed that an individual gets a disproportioma@unt of the benefits derived
from its own contribution. Such asymmetry greatih@nces stable contribution to a
public good and may explain for example the produacof extra—cellular substances
in bacteria (Griffin et al. 2004; Dugatkin et abDd5). Nevertheless, empirical studies
on by-—product public goods that explicitly testdretical predictions and aim at
identifying both ecological parameters and gameactires are a clear lack.

Here, we describe in detail the nature of intecadiin a system that appears to
provide a setting for detailed additional studies munishment and the possible
emergence of public goods as a by—product. Ourystpecies are parasitic sabre—
tooth blenniesPlagiotremus rhinorhynchus and P. tapeinosoma, and their victim
coral reef fish species. Sabre—tooth blennies defamnall territories in which they
attack many different types of fish species and bif small chunks of skin, mucus
and scales. This is their only way of gaining f¢8anith—Vaniz 1976)Plagiotremus
rhinorhynchus has attracted attention because it shows variatiarolour, with one
morph closely resembling juvenile cleaner wrasgesv@amural981; Coté & Cheney
2004, 2007; Moland & Jones 2004; Johnson & Hull&00 o avoid possible effects
of such aggressive mimicry on our results, we anlgiuded adult, non—mimetic
blennies in our study. For our game theoretic apginp sabre-tooth blennies are the
equivalent of ‘phenotypic defectors’ (Sherratt & Beots 2001) or ‘always defect
players’ (Axelrod & Hamilton 1981) in terminologysed to evaluate the stability of

cooperation. We noticed during preliminary obseorst that host fishes sometimes
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show spontaneous aggression as well as aggressponses to successful and
attempted blenny attacks. Such aggression may senminishment sensu Clutton—
Brock & Parker (1995) because it may alter thedtsgblenny) future behaviour to
the benefit of the punisher (the fish that wasebitt In contrast to a cooperative
context, punishing in the blenny system cannot e€ah® target to behave more
cooperatively in the future but punishment couldbkeeeficial if it causes the blenny
to attack other individuals.

Victim species differ with respect to two paramstérat could have important effects
on game structure and hence the probability of eggive responses. First, some
victim species are resident within a blenny’s tergi and hence experience an
enforced repeated game structure: they could Iperatanent risk of being bitten by
the blenny. In contrast, visitor species have ldigme ranges and can in principle
avoid a blenny by avoiding its territory. Secondcdl abundance varies greatly
between species and sometimes also within spaeieging from one individual to
hundreds. Both theory and experiments on humangopeothat the efficiency of
punishment relies on repeated interactions (Cluoack & Parker 1995; Gachter et
al. 2008). Therefore, we predicted that residents wmore likely to respond
aggressively to blennies than visitors. With respgecgroup size, we wanted to
investigate whether aggression could be costly (géucing the direct fitness of the
chaser) in larger groups. While the costs of cltasire presumably independent of
group size, the benefits of chasing a blenny maly beereduced in larger groups: in
larger groups it is more likely that a blenny whlite another group member if it
decides to attack the same victim species agaipitedsaving been chased during its
last encounter. Furthermore, if the blenny switctees different victim species in

response to victim aggression, all look-alikes épaeifics) would benefit while only
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the chasing individual incurs the cost of chasihg.this scenario, the chasing
individual would produce a public good. If chasidges become costly in larger
groups we predicted that victim aggression showddabsent in large groups. In
contrast, if chasing is inherently self—serving, pvedicted an absence of or at best a
weak negative correlation between local abundariceictims and chasing of the

blenny.

Methods

Study Site

All original data presented here were collectedseptember to November 2002 at
Ras Mohammed National Park in Sinai, Egypt. The\stite was at Mersa Bareika
(27°47'20.5"N, 34°13'28.7"E), a bay that is vpetitected against surge. In this area,
incoming sand through wadis led to the formatiorpafch reefs that are separated
from each other by sand. Observations took plade atifferent reef patches. All of
these reef patches were small (estimated size bat®®& and 30 m3) and located in

shallow water (depth between 1.5 and 9 m).

Study Species

The two species of blennies studied, tWkagiotremus rhinorhynchus and 10P.
tapeinosoma, occur in the tropical Indo—West and Central Ra@hd are found on
coral reefs and lagoons at depths from 1 to 40 mmaAst reef patches, only one
blenny was present while at the two largest blsseral blennies were present but
we could focus on one individual because of theiritoriality. Both blenny species
are lepidophagous (scale eating) parasites treatkatther fish to forage. Usually they

sneak up on their victims from behind and bitessffall chunks of skin, mucous and
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scales (Smith—Vaniz 1976; Johnson & Hull 2006). rNally they stop their biting
attempts as soon as they are noticed (if theifmgturn around, pers. obs.). One of
the common names & . tapeinosoma, ‘Hit and Run Blenny’, describes the typical
feeding behaviour of both species that comprisespal attack followed by a quick
retreat to safety (Johnson & Hull 2006). Blennigiofv this scheme independently of
the reaction of the victim. Only in less than 1 %oar observations was a victim
bitten twice without any retreat of the blenny beéw bites.

With respect to victim species, we obtained dat82®non—predatory resident species
(‘residents’) and on 29 non—predatory visiting see¢'visitors’), following the list of
Bshary (2001). Resident species live permanentlthatsame reef patch, whereas
visitors cross between reef patches and stay anmlgliort periods at any one. The
most abundant resident spedissudanthias squamipinnis is sexually dimorphic. The
data for males and females were used separatehgasing the n for residents to 33.
We excluded predatory species because they hawthigonal option to try to eat a
blenny rather than just chasing it, which make# thetions difficult to compare with
non—predatory victims. In addition, we excluded-+anedatory species that could not
be classified clearly as either resident or visitfeicultative visitors’, see Bshary

2001) to avoid any confounding effects of this agoidly.

Data Collection

Observations were carried out using scuba equipm@eatsitting on the surrounding
sand 2-3 m in front of a reef patch with a blenrgspnt. Observations lasting 60 min
were evenly spread over the day and no blenny wasreed more than once on the

same day. Each of the three observers visited essflpatch twice at different times
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of day. Thus, a total of 6 h of observations arailable for each blenny adding up to
a total of 72 h of observations.

All interactions between the blenny and anotheh figere first observed over the
entire duration, and immediately afterwards, th#ovang data was noted on a
Plexiglas plate:

1. Victim species. Species were determined accgridiiRandall (1983).

2. Length of victim. The total length of the indival was estimated to the nearest cm
by comparison with a reference measuring stick.

3. Sex of victim species (in sexually dimorphicaps).

4. Type of interaction:

— unprovoked aggression by the ‘victim’;

— biting attempt followed by a non—aggressive raspof the victim’

— biting attempt followed by aggressive responsthefvictim;

— bite followed by a non—aggressive response ovittan;

— bite followed by aggressive response of the micti

Aggression by the victim was scored if it acceledatowards the blenny, usually
evoking flight behaviour by the blenny. We scoradgrovoked aggression’ if a fish
chased a blenny passing in front and hence notoabhli intent on attacking the
chaser. We scored a biting attempt if a blenny @ggved a fish from behind in a
characteristic ‘stop and go’ manner, which alsocpeals successful biting attempts
(Smith—Vaniz 1976). We scored ‘aggressive respoifigbe potential or real victim
turned round and swam towards the blenny. A ‘nogressive response’ was scored
if the potential or real victim swam away from thlenny or did not move at all.

In separate dives, we counted the number of indal&l per resident species on each

reef patch. For up to 10 individuals, we countedotxiumbers, while we used 5 unit
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categories for up to 50 individuals and 10 unitegaties for estimations of local

abundance above 50 individuals.

Data Analysis

We ran separate analyses for ‘unprovoked aggréssaggression in response to
biting attempts, and aggression in response todoitFor analyses of unprovoked
aggression, we calculated the percentage of apgharerprovoked chasing relative to
all observed chasing events. For the other two $oofraggression, we calculated the
percentage of aggressive responses to biting atteasp n aggressive responses /
biting attempts * 100, and the percentage of aggresresponses to biting was
calculated as n aggressive responses to bitinigbitek * 100. Species values were
obtained by first calculating for every type of aggsion one mean value per species
per reef patch. These values were used to calcateeanean value per species. The
species values were then used to compare aggrdssiaeen residents and visitors,
and to correlate aggression with our median vadfiggoup size.

Not all species were observed both in the ‘attemgpto bite’ and ‘successful bite’
situations, which explains the variation in sangpies between the analyses.

For a within species correlation between group sizé aggression, we focussed on
the most abundant victim specieBseudanthias squamipinnis. This species is
sexually dimorphic so we had local abundance aggdeasgion data for both males and
females. For the analysis, we generated the cate'general aggression’ as the
percentage of aggressive behaviours by victimgddviby all interactions in order to
have a reasonable sample size.

Finally, we ran a series of control analyses tol@epthe effects of potentially

confounding variables like body size and territliiya Visiting species are on average
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larger than resident species (Bshary 2001), wheesident species are more likely to
be territorial. To control for size effects, we rad out one analysis in which we only
considered species of 10-15 cm mean total length.aaother analysis in which we
calculated the correlation between body size amplesgion in resident species only.
To control for effects of territoriality, we idefigd the following ten resident species
as non-territorial (typically shoaling) and askemvhthey would compare to visitor
species with respect to aggressioAdioryx diadema, Myripristis murdjan,
Pseudanthias squamipinnis, P. taeniatus, Chromis ternatensis, C. dimidiata, C.
caerulea, Cheilodipterus lineatus, Neopomacentrus miryae and Amblyglyphidodon
leucogaster. We did not run analyses that control for phylogehyhylogenetic tree
that includes most victimpecies shows that while resident species anevgpecies
tend to group in clades, these clades are quiteloraly distributed over the
phylogeny and hence do not cause systematic gBstary 2001).

All data were analysed using SPSS 17.0 applying nah—parametric statistics. All
p—values are two tailed. When we tested whethep@inameter ‘resident/ visitor’ and
or the parameter ‘local abundance’ had any effadhe probability of aggression, we
had three behaviours (unprovoked aggression, agjgres response to biting attempt,
and aggression in response to bites) that coulehpiatly yield significant results. We
therefore had to adjust the alpha level with tlepusatial Bonferroni test (Rice 1989).
In this method, the original a—level (0.05) is dedl by n tests to be conducted to
obtain the first a'. If one p—value is below thelewel, this result is accepted as
significant and a new a" is calculated by dividin@5 by n tests —1. This procedure is
repeated until all p-values fail to be below theresponding critical a—level, and are

hence considered to be non-significant.
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Results

General Information

In total, 1932 interactions between blennies amit thictims from the 12 reef blocks
were used in the analysis. In 1200 cases (62.11t86),victim species showed
aggressive behaviour. As victim behaviour towartle two P. rhinorhynchus
individuals was within the range of values Rrtapeinosoma individuals we analysed

the data without distinguishing between the blespsgcies.

Comparison Between Residents and Visitors

Resident species showed significantly more aggredsehaviour in all categories of
interaction when the sequential Bonferroni techaiguas applied (Mann—-Whitney U—
tests, initial a' = 0.017; unprovoked aggressionesidents = 33, n visitors = 29, z =
-3.822, p < 0.001; aggression in response to baitegnpts: n residents = 24,

n visitors = 15, z = -3.408, p = 0.001; aggressmresponse to bites: n residents = 27,

n visitors = 27, z = -4.686, p < 0.001, Fig. 1).
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Figure. 1.

Comparison of occurrences of three types of agyebghaviour

(unprovoked aggression, aggression in responsiing attempts

and aggression in response to bites) between residd visiting

victim species. Medians are represented with ther2b75 percentiles.

Sample sizes per category for residents: 33, 22@nckspectively.

Sample sizes for visitors: 29, 15 and 27, respelgtiv

Resident victims show significantly higher levefsaggression in all

three comparisons.

Potentially Confounding Variables

The differences in aggressive behaviour towardsinds between residents and
visitors largely persisted when only species of ilsimsizes (10-15 cm) were
considered for the analysis (U—tests, unprovokedresgion: n residents = 10,
n visitors = 9, z = -1.870, p = 0.061, aggressiorrasponse to biting attempts:
n residents = 8, n visitors = 5, z = —=3.029, p 60Q; aggression in response to bites:
n residents = 7, n visitors = 8, z = —-3.350, pGoOQ).

In addition, there are consistent positive correfes between resident body size and
aggressive behaviour although the correlation is significant for unprovoked

aggression (Spearman correlations, unprovoked:38,=s: 0.234, p = 0,190; biting

attempts: n = 24, rs: 0.595, p = 0.002; bites:av=rs: 0.441, p = 0.021).
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The differences between residents and visitorsigieds when only the ten non-—
territorial resident species were considered fer gbmparisons (U-tests, initial a' =
0.017; unprovoked aggression: n residents = 1@sitoxs = 29, z = '2.636, p = 0.008,
aggression in response to biting attempts: n ragsde 10, n visitors = 15, z = '2.237,
p = 0.025 aggression in response to bites: n newde 10, n visitors = 27, z = —3.545,

p < 0.001).

Density Dependence of Aggression in Resident Speie

In all three categories, the median abundance efisp was negatively correlated
with species aggression when the sequential Bamfertechnique was applied
(Spearman correlations, initial a' = 0.017; unpi®daggression: n = 33, rs = —-0.397,
p = 0.022; response to attempt: n = 24, rs = -0.4%10.015; response to bite: n = 27,

rs =—0.470, p = 0.013, Fig. 2a—c).
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Figure. 2:

Correlations between the resident species’ locahdhnce
(median number of individuals at a patch) and aggiom towards
blennies. Each dot represents the mean value tospecies.

(a) Spontaneous aggression relative to all aggessits towards
blennies (n = 33 species);

(b) aggression in response to a blenny’'s apprdach 24 species);
(c) aggression in response to a blenny’s bite 2 species).

All correlations are significantly negative.

Density Dependence of Aggression ifseudanthias squamipinnis

There were marginally significant negative correlas between group size and
‘general aggression’ against blennies in both sef@&searman correlationP.
squamipinnis, a' = 0.025; females: n = 12, rs = -0.581, p 4D.0nales: n = 11,

rs =—-0.661, p = 0.027, Fig. 3).
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Figure. 3. Correlation between local abundance and aggessiliaviours

towards blennies in 11 male and 12 female Pseudarguamipinnis shoals.

Each shoal is represented by one dot. The cowaktire marginally

significant at the 0.025 level (because of Bonfaromrrection).

Correlations Between the Three Measures of Aggressi

We only calculated correlations for resident spediecause of the absence of
aggressive behaviour in visiting species. There avagnificant positive correlation
between the aggressive response to bites andrig bitempts (Spearman correlation,
initial a) = 0.017, rs = 0.788, n = 22, p < 0.00Mh).contrast, unprovoked aggression
showed no correlation with the other two types gdrassion (Spearman correlations,
unprovoked aggression vs. Aggression following mfies: rs = 0.172, n = 24,
p = 0.422; unprovoked aggression vs. aggressidowwlg bites: rs = 0.186, n = 27,
p = 0.352). A similar pattern emerged in the witlsipecies correlations for male
Pseudanthias squamipinnis. There was a non-—significant but very positiverelation
between the aggressive response to bites andrig bitempts (Spearman correlation,
rs =0.731, n =7, p = 0.062), while unprovokedraggion yielded non-significant but

negative correlations with the other two types ggrassion (Spearman correlations,

unprovoked aggression vs. aggression followingngits: rs = —0.152, n = 8§,
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p = 0.719; unprovoked aggression vs. aggressidowwlg bites: rs = -0.317, n = 8,
p = 0.444). In femald®. squamipinnis all correlations between the three types of
aggressive responses were far from being signifigg@@pearman correlations,
aggression following biting attempts vs. aggressiegponse to bites: rs = 0.309,
n =11, p = 0.355, unprovoked aggression vs. aggmredollowing attempts: rs =
0.273, n = 11, p = 0.417; unprovoked aggressionaggiression following bites:

rs =—0.118, n =11, p = 0.729).

Discussion

We asked two principal questions about the intevastbetween blennies and their
victims. First, whether any variation between segcprobability to chase blennies
can be explained by the distinction enforced resze@game structure, and visiting
victims that can in principle avoid repeated intéians with a blenny. Second,
whether the probability of victim aggression iskkd to variation in the local

abundance of species, where high abundance mag eggsession to become costly.

Our results show that both parameters are important

Enforced Repeated Game Structure

Resident species were consistently more likely thaitors to aggress blennies after
being bitten, in response to an approach and witpoovocation. The differences

between residents and visitors largely persiste@rwive controlled for size and

territoriality. Visitors not only fled after an attk but typically left the reef patch

(Bshary, A. & Bshary, R., pers. obs.). Thus, thé#fgatively excluded the possibility

of another interaction in the near future, an optibat resident species lack. The

results thus correspond very well to the behavaduhe same species during cleaning
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interactions with the cleaner wradsabroides dimidiatus, where residents are likely
to punish cleaners for taking bites of mucus [widhary (2001) defined as cheating
behaviour] while visiting clients are likely to swioff instead (Bshary & Grutter
2002; Bshary & Schaffer 2002). It could therefoeethat the responses to cleaners
and sabre—tooth blennies co—evolved or that thetiogs to one are because of
selection on the reaction to the other. This ccagdtested by exposing Caribbean
fishes to sabre—tooth blennies. Caribbean fishesiar exposed to such parasites and
they do not punish or switch cleaning station itefiactions with cleaning gobies of
the genusElacatinus (Soares et al. 2008a) even although these gobeetsnes
cheat as well (Soares et al. 2008b). With respetiié current study, we propose that
an enforced repeated game structure caused thetiewolof aggression towards
blennies in resident species. This hypothesis shbeltested in the future by testing
whether aggression functions as punishment by mneduihe probability of future
attacks. Currently, it is clear that victim aggreasdoes not yield immediate benefits
as blennies very rarely bite twice in one attadiks@yved only 10 times in this study)
but instead retreat immediately after one bite.réfoge, aggression is not necessary
to make the blenny swim away. While there are cilyefew examples of
punishment in animals other than humans, it hasadir been shown that the very
same victim fish species use punishment succegsfulincrease service quality by
cleaner wrasse (Bshary 2002; Bshary & Grutter 2005)

Alternative explanations for the aggressive behavad residents seem to be unlikely:
aggression cannot be a direct response to pairubecdhthis was the case then both
resident and visitor species should show aggredssbaviour after painful attacks.
While smaller fish might find attacks more paintboan large fish, we found that the

difference between residents and visitors in reacto bites persisted when we
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controlled for size. We also found that larger desis tended to be more aggressive
to blennies than small residents, while we wouldeex the opposite if aggression was
a direct response to pain, since bites should bee rpainful to smaller fish. Also,
aggression does not seem to be a by—product abteality as non—territorial resident
species were still more aggressive towards blerthas visitors were.

Despite the fact that visitors can avoid repeatgdractions with blennies, it seems
unlikely that they will never return again to afrpatch where they have been bitten.
Thus, it appears that visitors as well as residerdyg experience several interactions
with any blenny within their home ranges. Neveriss| encounter rates with visitors
for any particular blenny will be much lower thasr the blenny’s resident victims.
Long time intervals between subsequent interactiongy impose cognitive
constraints on both blenny and victim, turning theepeated interactions into
functionally one—off interactions. Models of re@pity and punishment demonstrate
that remembering the partner’s last behaviour semgal for punishment to work
(Clutton—Brock & Parker 1995). In contrast, punigmnin one—off interactions or
functionally one—off interactions may only workkin selection between the victim
and other potential victims is invoked (Gardner &&/2004). In the blenny-visitor
case, relatives of the chasing victim would havbenpefit from a temporarily reduced
attack probability. However, such a scenario iskety to apply to reef fishes because
pelagic egg and / or larval stages should prevest kan structure in shoals, as

demonstrated iRseudanthias squamipinnis (Avise & Shapiro 1986).

Local Abundance/ Density Dependence

The negative correlations of aggression with greigp both on the inter—specific and

the intra—specific level can be interpreted in tways. First, with increasing group
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size each individual experiences less pressure finenblenny and hence the potential
benefits of chasing diminish with increasing graige. In this scenario, the decision
to chase or not is unaffected by its consequenceshe fitness of conspecifics.
Second, it could be that aggression by victims esusennies to switch to other
victim species for future attacks. In that casesamg would produce a public good to
all look-alikes. As group size increases, the pebkdenefits for the chasing
individual would be reduced while the costs remeamstant, and chasing would
hence become less likely in larger groups. To mistish between the two potential
explanations, future studies that focus on thegioa strategies of the blennies are
necessary.

An interesting result was that high levels of aggiren were maintained in species
that occurred in high densities of around 40-6@viddals per reef patch. This result
provides evidence against the possibility that fesdf face a basic tragedy of the
commons problem (Hardin 1968) when chasing a blehmthe basic tragedy of the
commons scenario, contributions to a public gooel iavariably under negative
selection for such large group sizes unless additiparameters are included, such as
strong between—group competition (Boyd et al. 20G#tis et al. 2003) or the
possibility of gaining social prestige which is fiden other situations (Nowak &
Sigmund 1998; Milinski et al. 2002). Our result$ Wwith a scenario where a
contributor gets a higher share of the benefitererates than other group members
(Sherratt et al. 2009). Indeed, individuals mayngamn extra personal benefit from
chasing a blenny in two possible and not mutuatigiesive ways. First, aggression
leads to the blenny attacking elsewhere in theréutirhis potential benefit would
require a degree of site fidelity of the victiml@ast over short time periods. Second,

aggression makes the blenny focus on other indalsd his would require individual
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recognition of potential victims by the blenny. B&nce for individual recognition is
widespread for fishes (Griffiths & Ward 2006) amdludes individual recognition of
members of other species (Tebbich et al. 2002)inalividual recognition in blennies

has yet to be tested.

Correlation Between the Three Forms of Aggression

Unprovoked aggression is not correlated to theratlve types of aggression, with
some of the correlation coefficients even yieldireggative tendencies. We explored
some potentially confounding factors such as taratity and hiding in crevices and
found no influence of these (results not shown). Wdenot know in what way
unprovoked aggressive behaviour is different fraygrassion towards a stalking or
biting blenny. As all three forms of aggression aimilarly correlated with an
enforced repeated game structure and with locah@ddmce one would expect a
common cause. In the absence of indications exptanwhy unprovoked aggression
is different, future studies should keep the sdpardetween the various situations of

aggression towards blennies.

Conclusions and Outlook

Our results provide evidence that enforced repeg#ede structure is necessary for
the evolution of aggression towards a cheater,oagh the benefits of such

aggression remain to be evaluated. In additiomrytevictim interactions provide a

setting in which the effect of the number of partnen the level of aggression

towards a shared enemy can be studied. The obserthat even members of large
groups chase blennies with about 50 % probab#itynteresting because the result

suggests that the putative benefits of punishmentnat dissolved in large groups,
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while public goods may potentially emerge in thetting. As a next step, two
important hypotheses have to be tested: that agjgretowards a blenny functions as

punishment and that punishment in larger groupstdates a public good.
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Summary

A key challenge for evolutionary biologists is tetermine conditions under which
individuals benefit from a contribution to publioads [1, 2]. For humans, it has been
observed that punishment of free riders may proneot&ributions [3, 4], but the
conditions that lead to stable cooperation basedumshment remain hotly debated
[5-8]. Here we present empirical evidence that ipupppbods may emerge as a by—
product of self—serving punishment in interactidsetween coral reef fishes and
parasitic saber—tooth blennies that stealthilycéttheir fish victims from behind to
take a bite [9]. We first show that chasing thenble functions as punishment [10],
because it decreases the probability of futureclkdtaWe then provide evidence that
in female scalefin anthias, a shoaling species,spument creates a public good
because it increases the probability that the garawitches to another species for the
next attack. A final experiment suggests that gumisnt is nevertheless self-serving
because blennies appear to be able to discrimbetteeen look—alike punishers and
nonpunishers. Thus, individuals that do (not*) cimite to the public good may risk
being identified by the parasite as easy targettutare attacks.

*: is missing in the original publication
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Results and Discussion

Cooperation in groups is difficult to explain besauindividual contributions are
shared among group members, a condition thates eftilnerable to free riding [1, 2].
Free riders benefit from the contribution of othbrg do not contribute themselves,
and they therefore gain higher payoffs than coatals do. Two main solutions have
emerged in studies on humans. First, contributionpublic goods can be stable if
players may gain a positive reputation from coniiitg, which increases the
probability of receiving help in other situatiorislf-13]. Second, humans may achieve
stable cooperation in n—player games if playersadieeved to punish cheaters [4].
Empirical evidence for the success of punishmeahern one—off interactions has led
to a heated theoretical discussion about which itond such punishment may
evolve from. Models of “cultural group selection5, 6] propose that fast social
learning within groups stabilizes punishment adaitiee problem of so—called
second—order free riding (contributing to publicode but failing to pay for the
punishment of free riders). Others have pointed that punishment in one—shot
games can only evolve as a result of indirect &snbenefits [7, 8]. For a better
understanding of the conditions that lead to stalaishment, it seems to be of
paramount importance to identify more natural cbads in which punishment
occurs and to identify the consequences of punishme an individual’s fitness. For
example, under natural conditions it seems morelfikhat individuals interact
repeatedly. Repeated interactions may create ¢onslitn which, at least in theory,
individuals may gain direct benefits from punishme&wven if it creates a public good.
The empirical evidence from experiments on humansiixed in the sense that in
some studies, punishing individuals gain more maheay the average nonpunishing

individual, whereas other studies find the oppoFEi#e-19]. The cited studies differ
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from each other with respect to many parameters siscgroup size, information
about the behavior of others, payoff structureateggic options, and ethnic
membership, making it difficult to draw general clusions. Here we explore the
possibility that punishment yields direct benefitsan animal system in which field
observations suggest that the likelihood of punishindepends on both a repeated
game structure and group size [9]. In our studyesyssaber—tooth blennies stealthily
attack other reef fish species from behind to &@ké&e of mucus, scales, and/or tissue
[20]. The blennies occupy small territories, ansident victim species that repeatedly
interact with the same blenny often chase blenniessponse to bites [9]. In contrast,
visiting species that may simply swim beyond a bies range typically never chase
blennies but swim off [9], suggesting that an ecdor repeated game structure is
essential for the emergence of residents chasiegntds. We tested first whether
chasing a blenny functions as punishment sensuc@tiBrock and Parker [10]: the
immediate reduction in payoffs due to the costshafsing the blenny might be offset
by the blenny seeking alternative victims in thaufa. If that was the case, we asked
what the consequences of punishment on the padsatighavior might be if the
punisher was a member of a shoaling species. Masigant victim species live in
aggregations, raising the question of whether ceciips may also benefit from the
chasing done by a group member. This would be dise & punishment increases the
probability that a blenny switches to a differemdtivm species for its future attacks.
We addressed this question on one particular stgpalesident species, scalefin
anthias Pseudanthias sguamipinnis. Individuals of this species frequently chase
blennies [9], an observation that cannot be expthwwith kin selection as a potential
mechanism because it has been demonstrated thaiasargroups lack any kin

structure [21]. Therefore, punishment has to ingeethe direct fitness of punishers
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even in this shoaling species. One possible exptanas that blennies select for
stable punishment because they discriminate betweeRkalikes, where one
individual punishes and another one does not. Wstede this hypothesis
experimentally.

Does Aggression Function as Punishment?

To test whether aggression reduces the probabilibeing selected again as a victim,
we let 18 blennies feed off of two differently cadd Plexiglas plates: one was
invariably retrieved in response to the blennyrgka bite, whereas the other one
invariably chased the blenny in response to takirigte. After training, three naive
persons presented independently of each other platies simultaneously to the
blenny at equal distance and scored what the blamoge, without any further
chasing. Blennies attacked the fleeing plate sicanitly more often than the chasing
plate, no matter whether the chasing had been biph@nd or in a more standardized
way with a machine (sign test: handheld plate: & mdividuals, x = 0, p = 0.008;
machine used to standardize chasing: n = 10 indalg] x = 1, p = 0.02). These data
demonstrate that chasing may function as punishntaet apparent reduction in
immediate payoffs of both actor (through energegigpenditure) and recipient
(through energetic expenditure and risk of injuy@lds future benefits to the actor,
because the act alters future behavior of the iedipIn our case, the blenny will
preferentially seek other victims. Clear demongiret of punishment have hitherto
been rare in animals (but see [22—-24]) becausedften difficult to exclude the fact
that immediate benefits drive the behavior. In oase, aggression does not yield
immediate benefits because blennies almost alwagsobly once during an attack

and retreat even without any reaction of theirimndo].
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Does Punishment Create a Public Good in Locally Aldant Species?

To test whether chasing the blenny can create écpgbod in shoaling fishes, we
observed 17 blennies in the field. We concentratgdobservations on the females of
a locally abundant species, scalefin anthiassquamipinnis, to get a sufficient
amount of data of one species. We compared thempge of the blennies switching
to another species if they were aggressively chastédthe percentage of switching
without any aggressive response of the victim. @\echasing the blenny increased
the probability that it switched to another spedasits next attack both in a detailed
sample on one blenny (X2 test, n = 256 interactifmtiowing a female anthias—
blenny interaction, X2 = 9.2, df = 1, p = 0.0024gW¥e 1) and when we compared
mean switching probabilities of several blenniggrabeing aggressed and after not
being aggressed by a female anthias (Wilcoxon digaeks test, n = 17 blennies,

z =22.059, p = 0.039, Figure 1).
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Figure 1. Punishment Creates a Public Good

The probabilities that blennies switch to anothietim species for their next attack,
depending on whether a female anthias chased arodichase the blenny in the
previous interaction.

Black: data on one blenny studied in detail foht.6

White: data on 17 blennies, median and interqesrof individual mean values.
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These data suggest that all members of a shoalo&hlikes profit from the chasing
done by an individual fish. Punishment by one imiral thus appears to create a
public good in shoaling species. In line with tlaissessment, a between—species
comparison revealed a slightly negative correlati@tween local abundance and
likelihood of chasing saber—tooth blennies [9]. Bieeless, the creation of a public
good does not lead to a breakdown of punishmeithearein scalefin anthias nor in
other resident aggregating species [9]. Therefive,question arises of what factors
may cause that punishment to remain self—servingn &f it additionally creates a
public good. One possibility is that the punishetsga larger proportion of the
benefits than other group members [25]. This logas been proposed in the
framework of “group augmentation” [26]. This cospt proposes that individuals
may benefit from helping other group members bezaineir own reproductive
success is linked to the survival of these groumbers. The concept was developed
to explain apparently unconditional individual calmitions to vigilance and pup
feeding in meercats [27, 28]. Indeed, individuastdbute most to group benefitting
activities when they are satiated, and they theeeb®nefit disproportionately from
activities other than foraging. More generallyhds been noted that both by—product
mutualism [29], in which an individual shows a sekrving behavior that benefits
others as a by—product, and pseudoreciprocity [8®],which an individual's
investment causes self-serving responses thatibémefinvestor as a by—product,
may explain cooperation in situations in which mitv@n one individual benefits from

helping [31, 32].
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Could Blenny Foraging Decisions Select for Stableudishment Even in Large
Groups?

In a laboratory experiment, we tested whether bé&nare able to identify free riders.
We used four plates (see Figure S1A available ehlio present look—alike pairs
(mimicking conspecifics) and a different—looking dividual (mimicking an
allospecific) in a counterbalanced design acrodwidual blennies. Each blenny was
confronted with a 100 % punishing plate, a lookkeld % punishing “free riding”
plate, and a different—looking plate that punishefibraging bite of the blenny with
50 % probability. In each trial, two plates wereeggnted simultaneously, and the
blenny was allowed to take a single bite. Dependingts choice, this would either
lead to a punishment action followed by removalboth plates or to immediate
removal of both plates. The three possible comlmnatin which two plates could be
presented pairwise were counterbalanced acros$s t@ar construction, to which the
lever of the plate was attached, allowed a stamziidnovement of the plate of fixed
direction and distance to punish a blenny (Figuid)S Under these conditions,
blennies generally preferred the nonpunishing plawer its look—alike 100 %
punishing plate (Wilcoxon signed rank test, n Z8; 22.38, p = 0.017). Three out of
eight blennies met our learning criteria for a #igant preference to attack the
nonpunishing plate when presented together with1®@ % punishing look—alike
plate within a maximum of 80 joint presentationgg(ffe 2). In addition, we found
that blennies generally preferred the two look-alkates over the different—looking
plate. They significantly preferred the nonpunighpiate over the 50 % punishing
plate (Wilcoxon signed rank test, n = 8, Z = 2252, 0.012, Figure 3), and there was

a nonsignificant tendency that the blennies pretethe 100 % punishing plate over
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the 50 % punishing plate (Wilcoxon signed rank,test 8, Z = 21.82 p = 0.069,

Figure 3).
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Figure 2. Blennies May Discriminate between Punishers alee Riders

The probabilities for eight blennies to take a fitem the nonpunishing

plate when paired with the look—alike 100 % pumglplate over a maximum

of eight series of ten trials each.

Bold lines: individual blennies that fulfilled ouariteria for significant preference
for the nonpunishing plate.

Dashed line: expected value if blennies do notroiisnate between plates.

For the experimental setup of experiment 2, seeFitpure S1.
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Figure 3. Blennies Prefer Abundant Victim Types

The percentages with which blennies took a bitenftoe plate that punished

with 50 % probability when presented with a differdooking plate that either
punished with 0 % probability or with 100 % proHéii

Median and interquartiles of mean values for edifierent blennies are presented.
Dashed line: expected value if blennies do notroiisnate between plates.
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The results demonstrate that at least some blenmiag be able to learn to
discriminate between punishers and nonpunishers #rah selectively bite
nonpunishers. Their foraging decision rules wotlént select against nonpunishing
individuals and hence select against free ridersaddition, the results suggest that
blennies generally prefer more—abundant victim sypeer rarer ones. In this respect,
the blennies act like many predators: it is texkb&oowledge that predators may
select prey disproportionately to its abundancéeeitbecause predators develop
search images or because they prefer to frequertighitat of abundant prey species
[33]. The blennies’ preference for abundant victymes could strongly interfere with
their willingness to switch from frequently punisbibut abundant species to rarely
punishing species that occur at low densities. Nbetess, we note that there are far
more individual fish in the reef than the numbeptzftes we used in our experiment.
Thus, the challenge blennies face under naturabitons appears to be more
cognitively demanding. On the other hand, it mighli be easier for a blenny to
distinguish between fish than between plates. ldit@ch, in nature, blennies could
simply stay close to a nonpunishing individual fepeated attacks and thereby select
against free riders, whereas such a blenny strategyexcluded in our experiment
because the plates were removed after each attack.

In summary, our various results demonstrate thgtesgion by victims functions as
punishment because it increases the probability fader—tooth blennies select
alternative victims during future attacks. In thespect, our experiments in which we
used Plexiglas plates seem to corroborate well vatir field observations.
Punishment is likely to produce a public good inamg species because blennies are
likely to switch to other victim species. In ourctm study species, there is no kin

structure [21] that could explain why individualgnish, though they provide a public
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good [7, 8]. More generally, kin structures willrely exist in reef fish species,
because the vast majority of them are open—watawrsgrs with pelagic egg and
larval stages, which creates a mixed populationcsire [34, 35]. Therefore, direct
benefits of the observed punishment are neededftaia the persistence of the
public good. The reason why contributions to thdligugood appear to be self—
serving is that the common enemy selects for theribmtion in our system. Free
riders risk being identified as easy targets faure attacks by the blenny, and
avoiding this risk may compensate for the costshafsing, thereby selecting against
free riding. Strictly speaking, contributions t@tpublic good are therefore not a case
of cooperation, because individuals are selectgoutosh completely independently
of the positive effects their behavior might hawve amnspecifics [31]. Nevertheless,
by—product effects may be important starting poifids the evolution of more
sophisticated helping behaviors [36]. Our studyeaysdiffers in a key factor from
standard game theoretic experiments on human groupach round, the blenny (the
cheater) only interacts with a single individualitsf own choice, whereas in many
human experiments, all group members interact $anabusly [3, 4, 14, 16-18, 37].
As a consequence, it is always clear which indigidof a shoal has to punish the
blenny for its cheating. A victim cannot expectethto do the punishment, because
they did not have a negative experience. We thiak such conditions often apply to
humans as well, in which punishment is a selfsgrvesponse to being cheated while
benefiting the community as well. A person whosageogets broken into or who gets
attacked by robbers will have to take action (tdad police/fight back) even though
all the neighbors may profit from this. This sed#ngng scenario might explain why
humans “erroneously” punish free riders in a paldoods game in which, in each

round, a single individual is randomly selectedotsain the opportunity to punish
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other group members, even though punishment isyctsticause group composition

changes every round [38]

Supplemental Information
Supplemental Information includes Supplemental Expental Procedures and one

figure and can be found with this article onlinelat10.1016/j.cub. 2010.10.027.
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Supplemental Data

Supplemental experimental procedures

A) Field data

Study site

Field data were collected in May 2005, May 2006 dade 2007 at Ras Mohammed
National Park in Sinai, Egypt. The study site wadlarsa Bareika (27°47'20.5" N,

34°13'28.7" E). In this area, incoming sand thiloweadis led to the formation of

patch reefs which are separated from each otheabgl. Observations took place at
20 small reef patches (estimated size between 3.&nch 30 m?3) located in shallow

water (bottom depth between 1.5 and 6 m).

Study species

The two blenny species studidd,agiotremus rhinorhynchus and P. tapeinosoma,
occur in the tropical Indo—West and Central Pa@hd occupy small territories. Both
blenny species are lepidophagous (scale eatin@sipas that attack other fish to
forage. Usually they sneak up on their victims frbehind and bite off small chunks

of skin, mucus and scales [1-3].

For the victims we focused on female scalefin astRseudanthias squamipinnis. P.
squamipinnis is a sexual dimorphic, protogynous reef fish tbeturs in the Indo
Pacific in shoals of up to several thousand indigld. It is one of the most abundant
species on our reef patches. Females are more auménan males and they are

common victims of the two blenny species we obskr¥athias individuals at one
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patch are not more closely related with each othan with individuals from

neighboring patches [4].

Data collection

Observations were carried out using scuba equipm@eatsitting on the surrounding
sand 2-3 m in front of the reef patch. One obs@matession lasted 60 minutes. In
2005, we studied one blenny in detail for 16 houns2006, we studied eleven
blennies for 2—4 hours each, while in 2007 eighnhhles were observed for 5-8 hours.
Variation in observation duration was due to blesndisappearing and/or spending
much time in their hiding holes during single sessi A total of 95 hours of
observations is available. We choose reef patdtesshowed a high abundancerof

squamipinnis females to get a large sample size of interactnatisthis species.

All interactions between the blenny and anotheh figere first observed over the
entire duration, and, immediately afterwards, tb#ofving data was noted on a
Plexiglas plate:
1. Category of victim specieBseudanthias squamipinnis female or other
2. Type of interaction between blenny and femataias victims:

— unprovoked aggression by the “victim”

— biting attempt followed by a non—aggressive raspof the victim

— biting attempt followed by aggressive resporfgh® victim

— bite followed by a non—aggressive responseefittim

— bite followed by aggressive response of thamict
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Aggression by the victim was scored if it acceledatowards the blenny, usually
evoking flight behavior by the blenny. We scoredptovoked aggression’ if a fish
chased a blenny passing in front and hence notoabhli intent on attacking the
chaser. We scored a biting attempt if a blenny @gghred a fish from behind in a
characteristic ‘stop and go’ manner, which alsocpeals successful biting attempts
[1,2]. We scored ‘aggressive response’ if the pieor real victim turned round and
swam towards the blenny. A ‘non aggressive respamae scored if the potential or

real victim swam away from the blenny or did notvaat all.

Data analysis

From the sequence of interactions between the l@derand their victim species we
extracted all interactions with female anthias kwdked at follow-up interactions. We
scored whether female anthias had been aggressna,cand whether the next attack
of a blenny was directed at a female anthias or Astwe could not recognize
individual female anthias we could not determintné blenny bit the same individual
or a different one. Whenever the blenny spent timts hole we ignored the previous
interaction. We thus had for each blenny one prilibabf switching victim species
after being aggressed by female anthias, and ooleability of switching victim
species without being aggressed by female anthiasse data were used to test the
effect of aggression. At three reef patches wembBseno non—aggressive interaction
between the blenny and female anthias. These matw to be excluded from the
analysis. For the other blennies, the number oéagions following an interaction
with an aggressive female anthias varied betweand171 (median: 29), and the
number of observations following an interactionhnat non aggressive female anthias

varied between 2 and 85 (median: 5).
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B) Experimental data in the laboratory

Experiments were conducted at the Lizard IslanceRes Station, Great Barrier Reef,
Australia. Subjects were caught in the surroundegfs and released at the site of
capture after the experiments. We only uB&abiotremus rhinorhynchus as subjects
because they are easier to catch thaapeinosoma. Individuals were caught by first
harassing them to a point where they would hidaéir little hole. Then, we placed a
hand—net above the hole and sprayed a clove aitignldirectly into the hole. The
blennies then either fled directly into the hand-eredrifted anaesthetized into the net.

Individuals were then put in sealed plastic bagsraturned to the station.

The fish were kept individually in opaque aquarzed 39x30x30 cm. Each aquarium
contained a small tube (plastic or bamboo) attat¢bexbrral rubble that the fish used
as hiding place. After one day of acclimatizatioa started holding tweezers with
mashed prawn flesh in front of the entrance ofttle 3 times per day. All fish fed
after a maximum of six days. In a second step thanes learned to feed from a
small plastic plate (3 x 2 cm) covered with maspesvn, again held in front of their
tube. Learning took 1 to 5 days of exposure. Ondersiduals fed reliably off the plate

they were ready for the experiments.

Experiment 1: does victim aggression function as pushment?

Data were collected in July/August 2004, 2005 a@@62 testing in total 18 blennies.
The blennies were confronted repeatedly with twe péates that differed in color
and “behavior” from each other. One plate was rezdofrom the tank (“fleeing”)

after being attacked by the blenny while the otilate reacted with a short movement
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towards the blenny (“chasing”). The role of the tplates (fleeing or chasing) was
counterbalanced across blennies. The plates wereedfaway from the hiding place
to allow some movement of the plates and the bleimyhe first year (2004) the
aggressive movement was performed manually usihgral—held lever, where the
experimenter made the plate chase after the blemaryabout 10 cm. In the following
years the movement was standardized by using aineatttat caused a fixed saltatory
response by the plate, 5.5 cm towards the blenng.analyzed the speed of the
movement with a frame by frame evaluation of a @jdgsing Ulead VideoStudio 8.

The 5.5 cm were completed from one frame to the, iexnce i< 4/100s.

Initially, only one plate was offered at any givieeding event. Every feeding session
consisted of several feeding events where the9lagge offered in random order and
was terminated when the fish was saturated anddanat attack the plates any more.
This phase lasted 6—7 days, after which the exgarifollowed. In the experiment, a
naive person offered both plates simultaneouskgatl distance to the blenny and
noted which plate was attacked. Every blenny wasete 3 times in total by 3

different persons.

We noted how often each blenny attacked the chédlsaong plate for matched pair
comparisons. We conducted separate analyses fod—hald chasing and for

standardized chasing.

Experiment 2: Do blenny foraging rules select agast free—riding?

Data were collected in July 2009, testing 8 blesinieach blenny was offered three

plates in total, each 2 x 1.2 cm in size. Two @dt®ked very similar to each other
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and the other one showed a different color ancepaftFig. S1a). Of the two look—
alikes one plate always reacted to attacks withhasiog movement (“punishing”)
while the other one was always removed from thk ¢dter being attacked (“fleeing”).
The differently looking plate showed both reactiovith a probability of 50 %, using
sequences where the same response could maxineally three times in a row and
that were counterbalanced over units of 10 triile three plates were presented pair
wise in all three possible combinations in a cobdgnced way across trials and
blennies. All plates were attached to a wooden tcocison that allowed only a
standardized 8 cm covering movement of the platenwgushed by hand (Figure S1b).
The two plates were 5.5 cm apart. Both plate typere used four times for the look—

alike plate type and four times for the differerlttpking single plate.

Blennies experienced two sessions per day. In sas$ion, we tried to obtain 30 data
points but this was rarely possible because thanids often lost interest. Five

blennies soon stopped entirely to feed off thegglain our analyses we only consider
the eight individuals that interacted at least lidfes with the plates. We stopped
experiments after a maximum of 240 trials, whichangethat we had a maximum of

80 trials for each combination of two plates.

For the analyses we calculated for each plate amatibn and units of 10 trials the
percentage of trials in which the blenny ate frdme tess aggressive plate (0 %
aggression versus 50 % aggression, 0 % versus 1@0&&H0 % versus 100 %). We
tested whether blennies showed significant discratmon between each combination
of plates. Our criteria for discrimination werehet once 9 or 10 out of 10 trials, or

twice 8 out of 10 trials, or three times at leasbut of 10 trials. If an individual

84



reached the criterion for the discrimination betwéiee 0 % aggression and the look—

alike 100 % aggression plate we stopped the expetim

Most statistical tests were calculated using SP®&ion 17.0. X2 tests were

performed using the free internet service of Preaf3l.
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Figure S1
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Figure S1Experimental setup for experiment 2

Sla: a picture of the plates, each 2 x 1.2 cnzi@. &ach blenny was tested with
one pair of look—alikes and one plate with theraliive colors and design.

The combinations were counterbalanced between ielen®1b: Lateral view of the

construction used for standardized punishment. iLéuplicated to show the
amplitude of movement.
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Abstract

In its beginnings evolutionary game theory typiggtedicted that optimal behaviour
in a given situation is uniform or bimodal. Howeyvéne growing evidence that
animals behave more variably while individuals ndiffer consistently in their
behaviour, has led to the development of model$ pmadict a distribution of
strategies. Here we support the importance of susthels by providing evidence that
punishment may have variable effects on targeta toral reef fish host—parasite
system. Parasitic blennieBlégiotremus spegregularly attack other fishes to bite off
scales and mucus. Individuals of some species tedsing bitten with punishing the
parasite through aggressive chasing. Such punighozncreate a public good in
shoaling species as it typically increases the gty that the parasite attacks other
species. However, our field observations and laboyaexperiments show that
individual blennies differ markedly in how they orporate being punished into their
foraging decisions. Differences like this may hawefound effects on the payoff

structure and hence on the maintenance of theqgbtd in this system.
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Introduction

Cooperation in groups that consist of more than twwelated individuals has
attracted considerable research interest. A mapgsan for this interest is that humans
seem to be much more able to cooperate in larggpgrof unrelated individuals than
other species (Fehr & Fischbacher 2003, Gintid. 2003, Boyd et al. 2003), raising
guestions about potentially unique selective pmessuand/or cognitive or

psychological mechanisms present in humans.

A key problem for achieving cooperation in largeoups is typically illustrated with

the standard public goods game. In this game eamipgnember may contribute to a
communal wallet. Contributions create additionaluea which in the game is

achieved by the experimenter matching contributigfter each round the group’s
gains are equally split between group membersspeetive of how much each
individual contributed. These rules typically ldada situation where it is in the group
interest that everybody contributes while for induals contributions are altruistic.
As a consequence, it has been repeatedly dema@usttat humans fail to cooperate

in this game.

However, variants of the public goods game maywaldmoperative solutions. For
example, individuals may benefit from contributiioga public good if this raises their
image score and hence increases the probabilitgagiving help in other contexts
(Milinski et al. 2002). Also, if human players hatlee option to punish free—riders
(non contributing individuals) then stable cooperatmay be achieved (Fehr &
Géachter 2002), even though large cultural diffeesnexist (Henrich et al. 2006,

Géchter et al 2008, 2010). Most importantly, it heeen argued that cooperative
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behaviour in n—player interactions may readily ayeeif some assumptions of the
standard public goods game are relaxed. For exartipmeassumption of a linear
relationship between the amount of contribution #mel size of the public good is
rarely fulfilled in reality (Archetti 2009a). If @nassumes a sigmoid or step function,
contributions are no longer altruistic but conttibns and free-riding are under
negative frequency dependent selection (Archet®©92@, b, 2001; Archetti &
Scheuring 2010). Stable contributions to a pubtiodgmay also emerge if individuals
gain disproportionally from their own contribution(Sherratt et al. 2009). For
example, bacteria gain disproportionally from thewn extra—cellular compounds

due to their spatial proximity (examples in Wesale007).

Recently, the idea that individuals gaining dispmbjpnate benefits from own
contributions leads to stable contributions to pugbods has been applied to a host—
parasite system involving reef fishes and parasitele eating blennies of the genus
Plagiotremus Reef fish regularly get attacked by parasiticnhles Plagiotremus
spec) and many species react to this with chasing thegite (Bshary &Bshary
2010a). This chasing functions as punishment séhstion—Brock & Parker (1995)
as the momentary costs yield future benefits: clipdiecreases the probability that
the chasing individual gets attacked in the fut(iBshary & Bshary 2010b). In
shoaling species this self-serving punishment daitianally create a public good, as
the parasites are more likely to avoid membersefgroup for the next attack if they
were chased by one individual (Bshary & Bshary 2)1As the probability of
punishment correlates slightly negatively with graize (Bshary & Bshary 2010a)
the relation between group size and public goodhsee follow a non linear benefit

function (Archetti 2009a,b; Raihani & Bshary 2011).
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The emergence of a public good due to self-sergomdributions depends critically
on the foraging decision rules of the blenny. Wihary & Bshary (2010b) found a
significantly increased probability that blenniegitsh victim species in response to
individual punishment, there appeared to be quteesvariance in the field data. In
the past such variance was often ignored as gaeoeetic models typically predicted
uniform or bimodal evolutionarily stable strateg{®aynard Smith 1982). However,
there is a growing literature that demonstratessicamable and often persistent
variation between individuals (Sih et al. 2004, d@wiiller et al. 2010), and theoretical
models demonstrate that such variation may be agaflcNamara et al. 2004, Wolf
et al. 2007, Wolf et al. 2011). Most examples are amimal personality but of
particular interest to our study are observatiohat tindividual predators or
ectoparasites of one species may specialize oareliff victim species and/or hunting
strategies. For example, individual leopards magceise on either antelopes or
monkeys (Hoppe—Dominique 1984), and individual selting cichlids specialize on
attacking their victims from either the left or thight side (Hori 1993, Nshombo

1994).

The aim of the current paper was to study the fagagecision rules of sabre—tooth
blennies with a special emphasis on the questicgtiveln there is individual variation
in blenny foraging strategies and if so how thatuldoaffect the effectiveness of
punishment and the emergence of a public good. \&fe articularly interested in
two parameters: the importance of location for #@@ack and the probability of
switching between victim species as a functioniofim response. In a first step we

reanalyzed the data of Bshary & Bshary (2010b)est twhether individual blennies
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differ significantly with respect to the probabylithat they switch victim species after
being aggressed in interactions with a highly alaumbdictim species, the females of
scalefin anthias,Pseudanthias squamipinnisNVe further analysed whether the
probability of switching after punishment correlmteith the importance female
anthias have in the blenny’s diet and/or with th&bgbility that female anthias punish.
As a second step we performed experiments in therddory to investigate the
foraging decision rules of individual blennies. W#ered blennies simultaneously
two small plates covered with mashed prawn. Theeplaould look quite similar or
very different. In the first three experiments heit plate would respond to a blenny
taking a bite with aggression (‘no punishment’) ehiallows us to explore
spontaneous preferences. With the following quastiwe explored preferences for a
location and/or an individual in attacks and if tllennies need to keep an individual
in sight in order to be able to attack it repeated) If each plate remains in the same
spot and in sight, will blennies bite at randomwoll they focus on one particular
victim? b) If plate positions are counterbalanced plates are out of sight between
trials, will blennies bite at random or will thegdus on one particular victim or will
they focus on one location?

In a third experiment we confronted blennies withee plates that were presented
pair—wise in all possible combinations and in rand®d positions. Two plates
looked very similar to each other while the thitdtp looked very different. All three
plates punished with 50 % probability. In such &-8p there is nothing to learn for a
blenny. We asked whether blennies would neverteedhew spontaneous adjustment
in current choices based on their experience irptheious trial. More specifically we

asked whether punishment would affect the likelthtmswitch to another location, to
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another individual/plate or to take a bite. Oureslations in the field suggested that

punishment can have different effects in differiedividuals.

In all experiments we asked whether blennies shemeal decision rules or whether
individuals differed significantly in their decisis. Finally we will discuss how our
findings relate to the idea that punishment of bles by victims constitutes a self—

serving contribution to a public good in a shoaliagf fish species.

Methods

A) Field data

Study site

Field data were collected in May 2005, May 2006 dande 2007 in the Red Sea, at
Ras Mohammed National Park in Sinai, Egypt. Thelystite was at Mersa Bareika
(27°47'20.5" N, 34°13'28.7" E). In this area,oming sand through wadis led to the
formation of patch reefs which are separated fracheother by sand. Observations
took place at 20 small reef patches (estimatedimhseen 3.5 m3 and 30 m?) located

in shallow water (bottom depth between 1.5 and 6 m)

Study species

The two blenny species studiddlagiotremus rhinorhynchuand P. tapeinosoma
occur in the tropical Indo—West and Central Pa@hd occupy small territories. Both
blenny species are lepidophagous (scale eatin@sias that attack other fish to
forage. Usually they sneak up on their victims frbehind and bite off small chunks
of skin, mucus and scales (Smith—Vaniz 1976, Jahrn&oHull 2006, Bshary &

Bshary 2010a).
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For the victims we focussed on female scalefin iastfPseudanthias squamipinnis
which is a sexually dimorphic, protogynous reehfeccurring in the Indo Pacific in
groups of up to several thousand individuals. tine of the most abundant species on
our study reef patches. Females are more numehnansntales and they are common
victims of the two blenny species we observed. Aastlindividuals at one patch are
not more closely related with each other than wthviduals from neighbouring
patches (Avise & Shapiro 1986). This excludes thesbility that any cooperation we

observed is due to kin selection.

Data collection

Observations were carried out using scuba equipm@eatsitting on the surrounding
sand 2-3 m in front of the reef patch. One obsematession lasted 60 minutes. In
total 20 blennies were observed. In 2005, we studies blenny in detail for 16 hours.
In 2006, we studied eleven blennies for 2—4 hoachewhile in 2007 eight blennies
were observed for 5-8 hours each. Variation in olag®n duration was due to
blennies disappearing and/or spending much tint@eir hiding holes during single
sessions. A total of 95 hours of observations wecerded. We choose reef patches
that showed a high abundance Rf squamipinnisfemales (between 50 and 150

individuals) to get a large sample size of intecang with this species.

All interactions between the blenny and anothdr igre continuously observed over

the entire observation period, and, immediatelgratihe observation, the following

data was noted on a Plexiglas plate:
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1. Category of victim specieBseudanthias squamipinrfismale or other
2. Type of interaction between blenny and femat@ias victims:

— unprovoked aggression by the “victim”

— biting attempt followed by a non—aggressive raspof the victim

— biting attempt followed by aggressive responsthefvictim

— bite followed by a non—aggressive responseefittim

— bite followed by aggressive response of thamict

Aggression by the victim was scored if it acceledatowards the blenny, usually
evoking flight behaviour by the blenny. We scoradgrovoked aggression’ if a fish
chased a blenny passing in front and hence notoabhli intending to attack the
chaser. We scored a biting attempt if a blenny @ggved a fish from behind in a
characteristic ‘stop and go’ manner, which usuptlyceeds successful biting attempts
(Smith—Vvaniz 1976, Johnson & Hull 2006). We scoiaglgressive response’ if the
potential or real victim turned round and swam tasathe blenny. A ‘non-—
aggressive response’ was scored if the potentiaéarvictim swam away from the

blenny or did not move at all.

Data analysis

Effect of punishment

From the sequence of interactions between the lderand their victim species we
extracted all interactions with female anthias andred the follow—up interactions.
We scored whether female anthias had been aggeessinot, and whether the next
attack of a blenny was directed at a female anttia®t. Because a time delay could

degrade the effectiveness of aggression we igntiredorevious interaction if the
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blenny had spent time in its hole. We thus hadefach blenny one probability of
switching victim species after being aggresseddmydie anthias, and one probability
of switching victim species without being aggresegdfemale anthias. These data
had been used previously to demonstrate that egjgremcreases the probability that
a blenny switches to a different victim species fais next attack.

Here we asked how important female anthias werdHherdiet of our blennies and
whether or not individual blennies responded withilar switching probability to

aggression.

More specifically we calculated for every blenng fercentage of anthias chosen as
victims in two ways: as percentage of anthias agghed for attack and bitten of all
approaches and bites observed in all species (apipes and bites of anthias/all
approaches and bites x 100) as well as in a meteatéve way as percentage of bites
on anthias in relation to all bites on all spe@éserved (bites of anthias/all bites x
100). The effect of punishment was calculated dolythe six blennies where we
observed at least 50 aggressive responses by fean#iéas as the percentage of
switching after aggression minus the percentagamitthing after no aggression. 50
data points were selected as criterion on the hsiswe wanted to avoid a) low
expected values in our chi square test, b) low p@#é&nding a significant difference
if it exists due to small sample size, and c) oNehnggh variance in the data
(probability of the blenny switching to another tuic species) due to small sample
size. Note that be reducing the number of blenmesided in our test we reduced the
probability of finding significant differences beten any two individuals. Thus, any
significant result would be robust while in caseaofack of significant results our

omission of individuals would have to be discussed.
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B) Experimental data in thelaboratory

Experiments were conducted in August 2006 and 2008 in the Indo Pacific, at the
Lizard Island Research Station, Great Barrier R&e$tralia. Subjects were caught in
the surrounding reefs and released at the siteaptiuce after the experiments. We
only usedPlagiotremus rhinorhynchuas subjects because they are easier to catch
thanP. tapeinosomalndividuals were caught by first harassing thena fpoint where
they would hide in their little hole. Then, we paica hand—net above the hole and
sprayed a clove oil solution directly into the holene blennies then either fled
directly into the hand—net or drifted anaesthetisg¢d the net. Individuals were then

put in sealed plastic bags and returned to theastat

The fish were kept individually in opaque aquarzed 39x30x30 cm. Each aquarium
contained a small tube (plastic or bamboo) attacbexbrral rubble that the fish used
as hiding place. After one day of acclimatisatioae started holding tweezers with
mashed prawn flesh in front of the entrance ofttle 3 times per day. All fish fed
after a maximum of six days. In a second step thanes learned to feed from a
small plastic plate (3 x 2 cm) covered with maspesivn, again held in front of their
tube. Learning took 1 to 5 days of exposure. Ondevsiduals fed reliably off the plate

they were ready for the experiments.

We performed three experiments in the laboratogtalf the first two experiments
were collected in July 2009, testing 8 blenniekjrathe same order. Data of the 3rd
experiment were collected in August 2006, testirngedinies. For all experiments we

used Plexiglas plates (Size: 2.0 x 1.2 cm) thaevettached to a lever and could be
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attached to a wooden construction that allowed avement of a standardized
amplitude when pushed by hand. The two plates wesecm apart (figurel). The
plates varied in their coloration and patterns. &egry experiment each blenny was
presented a different sub—set of plates and ne plas presented to the same blenny

in more than one experiment.

Figurel

Figure 1. Tank with the construction that was used in tkpeeiments in the laboratory.
By pulling a lever towards self until it hit the wden block the experimenter could cause
a standardised punishment action of the attacheat-Hmwntaining plates.
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Experiment 1:

Choice of target in a setup without punishment: Targets in fixed positions and
alwaysin sight.

We presented the free swimming blenny two simibaking plates in fixed positions
that did not react to the feeding of the blennidge experiment was terminated after
20 bites or after10 minutes if the fish did notdemy more. The experiment consisted

of 2 rounds. In the second round the positionseftivo plates were reversed.

Experiment 2:

Choice of target in a setup without punishment. Targets in alternating positions
and out of sight between trials.

We presented two similar looking plates in altenmafpositions that were removed
after each bite. The feeding round was terminatent maximally 20 bites or after10
minutes if the fish did not feed any more. Theresvealy one round per feeding

session.

Experiment 3:

Effects of location and behaviour in arandomized setup including punishment.
Each blenny was offered three plates in total. Pphades looked very similar to each
other and the other one showed a different colowlr @attern. All plates reacted in
tow ways to attacks and showed each reaction witobability of 50 %. They could
perform a standardized movement toward the blefghaéing/punishment”) or they

could be removed from the tank after being attagkideking”). The three plates were
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presented pair-wise in all three possible comlnatiin a counterbalanced way

across trials and blennies.

Blennies experienced two sessions per day. In sas$ion, we tried to obtain 18 data

points but this was rarely possible because thenis often stopped foraging before

the completion of a session. We stopped experinmedtes a maximum of 328 bites

(243, 248, 328).

For the analyses we tested in each of the blennies:

1.

if there was a general side preference. For thisested if the observed choice
of side differed from the expected 50 % chanceezalu

if there was a preference for one of the threeeplatVe tested if the observed
choice differed from the expected value. We caledldhe expected value by
multiplying the total number of observed bites e tpercentage of the
presence of the given plate. Ideally this woulBBe33 % for all the 3 plates,
but because the blennies often stopped feedingfased to bite, the actual
values varied between 32.1 % and 35.4 %.

if the chasing movement (punishment) led the blesitd switch to the other
side for the next bite. To test this we comparesl ghrcentage of switching
with and without punishment.

if the chasing movement (punishment) led the blesito stop biting of the

plates altogether. To test this we compared theepésige of refusals to bite
with and without punishment.

if the chasing movement (punishment) influenced ¢heice of plate at the

next bite. For this we compared the choices ofeglavith and without

punishment.
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For the laboratory experiments X2 tests were peréal using the free internet service
of Preacher (2001). For the analysis of field de¢aused SPSS 17. For the sign tests
we used the table of Darlington (2008) providedthy Psychology department of

Cornell University.

Results

A) Field

Choice of victims

The percentage of anthias attacked varied signifigabetween individuals, i.e.

between 10 % and 83 % (approached and bitten) @ &d 85 % (only bitten)

respectively (X2 test, n = 20 individuals, appraatiand bitten: N interactions: 3248,
X2 = 503.404, p < 0.001, only bitten: N interacBo2173, X2 = 392.844, p < 0.001,
fig. 2). The two different ways of measuring theoide of victims did not provide

different results.

Reaction to punishment/effect of punishment

Six blennies were observed being punished more $0aitmes by anthias and hence
analysed in more detail (see methods). The prabalaf a blenny switching to
another species after being punished varied betd#dn% — 71.4 %, yielding overall
highly significant differences between individué¥ test, n = 560 observations on 6

blennies, X2 =227.82, df =5, p < 0.001, fig. 2).
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Figure 2: Specialisation on anthias

The proportion of scalefin anthisRseudanthias squamipinnis all the attacks of 20

different blennies observed in the field. Blackrd@mtage of anthias bitten. White: percentage
of anthias approached or bitten

The effect of punishment (switching to another sgedollowing punishment —
switching without punishment) was not correlatedthie probability of aggressive
reactions (punishment) of anthias (percentage gfemgive reactions of all reactions)
though the correlation coefficient was quite pesit(Spearman correlation, N = 6
correlation coefficient = 0.714, p = 0.111). Thegemtage of aggression was high in

all observed groups of anthias, (> 66 %).

The relative effect of punishment on switching talifierent victim species for the

next attack was negatively correlated to the priibabof switching without

punishment (Spearman correlation, Correlation Gaefit = — 0.941, p = 0.005). In
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other words, the positive effect of punishment wamongest if blennies were

generally unlikely to switch to another victim spec(blennies 2, 3 and 4 in figure 3).

Figure3
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Figure 3: Theeffect of punishment

Black: the probability of six blennies switchingdoother species following aggression by a
female anthias. White: the percentage of switchingnother species without previous
aggression. Data shown for the six blennies tha¢ wbserved being aggressed by female
scalefin anthias more than 50 times.

B) Laboratory

Experiment 1: Do blenniesfocus on alocation or on a particular victim in the
absence of punishment (plateremainsin the same spot and in sight between

trials)?

Combining the data of the two sessions, 3 blenfded and 5) showed a significant
side preference (Sign tests: all n > 24, all@.02), while blenny 1 showed a tendency
to prefer one side (Sign test: n = 24, p = 0.06)lehnies (2, 4, 5, 6 and 7) showed a

significant preference for one of the two plategiiSests: all n > 24, all p 0.04, fig.
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4) while blenny 8 showed a tendency to prefer ofeep(Sign test: n = 29,

p = 0.06).

Figure4

Figure. 4 Choices of sidein thefirst experiment
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black: left side chosen, white: right side chosen.

A similar, asymmetric distribution of black and wéhindicates a side preference;

a dissimilar, asymmetric distribution of black ambdite indicates a plate preference;
a similar, symmetric distribution of black and venibdicates random choice.

Experiment 2: Do blennies focus on a location or on a particular victim in the
absence of punishment (plate moves and isout of sight between trials)?

Plates differed in colour and pattern from expentnke Only blenny 3 developed a
side preference (Sign test: n = 12, p = 0.038, 5jg.Four blennies (4, 5, 6 and 7)
developed a preference for one of the two plategn(®sts: all n > 18, all § 0.002,
fig. 5). Note that the five individuals with sigiént preferences (3, 4, 5, 6 and 7)

kept their preferences from experiment 1 undernie conditions. Three blennies
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yielded non significant results, where two of th¢bbennies 1 and 2) showed a

tendency to prefer one plate (Sign test: n1 = 85 0107, n2 = 18, p2 = 0.09, fig. 5).

Figure5

25

20

15

10

number of attacks

individual

Figure5: Choice of side and platein experiment 2

First column:

Grey: side chosen more often; white: side chosendéten

Second column:

Black: plate chosen more often; white: plate chdess often

Experiment 3: Does punishment influence the likelihood of attacking and the
choice of target and location?

Spontaneous pr eferences

All three blennies developed a clear side prefexe(X? tests, all X2 > 16, all
p < 0.001). In addition, all blennies showed a gigant preference for specific plates.
However, which plate was preferred actually diftedgetween them: One blenny

preferred the two look—alike plates over the ddfely looking plate, one blenny

preferred one of the look—alike plates over theeotivo plates, and the third blenny
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preferred the different looking plate over the twok—alike plates (X2 tests, all X2 > 9,

all p < 0.01).

Influence of punishment:

Likelihood of attack

Two of the blennies were significantly more likeétystop biting after being punished,
one blenny showed a tendency in the same dire@édtest, p1 = 0.0035, p2 = 0.036,

p3 = 0.091).

Choice of target

Punishment influenced the choice of the plate i twf the blennies. One was
significantly less likely to bite the same platdeafbeing punished and another
showed a tendency in the same direction (X2 te€ts,= 3.9, pl = 0.05, X22 = 3.05,
p2 = 0.081). The latter was also significantly midkely to switch from a look—alike
plate to the different looking plate after beingjahed (X2 test, X2 = 9.66, p = 0.002).
The switching from the differently looking plate aoe of the look—alikes was in none

of the three blennies influenced by punishmentt@sts, all X2 < 1.4, all p 0.2).

Choice of location
Punishment did not make it more likely that thenbies switched to the other side for

the next attack (X2 tests, all p > 0.2).

Discussion

In previous studies on parasitic blenny—victim fat#ions we had found evidence for

a public good that is maintained through blennyadaong decisions in two ways
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(Bshary & Bshary 2010 a, b). First, the punishnadrthe parasite is stable because it
is self-serving: blennies avoid punishing individu&econd, a public good emerges
because the parasites also are more likely to atrdwhole group after being
punished. Individual differences in the foragingidens of blennies could change
the effect of punishment in a way that makes punmatit useless and/or does not
create a public good. Therefore we were interefftedere is variation in blenny
feeding preferences that could affect both the-seliving aspect of punishment of the
parasite and the emergence of a public good inlsloddish. We found variation in
the behaviour of individual blennies both in theldi as well as in the laboratory.
Moreover, the first two laboratory experiments gade that individuals are rather
consistent with respect to a key initial decisitmfocus on a suitable location or to
focus on suitable victims. We will first discussthotential causes of this variation
and then discuss the consequences of such vari@ticdhe establishment of public

goods through self-serving punishment.

Potential causesfor individual differences between blennies

L ocal victim species composition

One possibility could be that small-scale ecoldgiddferences between the

territories of the parasites, like differences lie tocal victim composition, lead to

different hunting strategies. But even at the tdetks we observed that all show a
high abundance of anthias the percentage of arittas by blennies varied greatly.

Abundance alone seems not to be enough to explenobserved differences.

Different victim species react differently to a#tac of blennies. The largest

differences exist between species that are residethie territory of the blenny and

species that occupy larger territories and are shbytly visiting the territory of the
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blennies. Generally, visiting species do not chige parasites after attacks while
resident species regularly show this punishing iela (Bshary and Bshary 2010a).
Blennies that occupy territories that are frequemikited by non—punishing fish
might preferably bite these victims. But this shihs to be confirmed and does not
explain the whole range of differences betweernviddial blennies. Other differences
between victim species like differences in mobily size could also lead to

preferences in the blennies in dependence of kpmdies composition.

Specialisation on few victim species

Generally, predators seem to prefer abundant gpast(Murdoch et al 1975, Cook &
Miller 1977) and the abundance of a given specises between the territories
observed. In the field we observed that some bénspecialized on only few victim
species and were not very likely to switch to otbpecies. Such specialisation has
been described for many predators and also padlisatHoppe—Dominique 1984,
Waser 1986, Chittka et al 1999, Rana et al. 200#nik et al. 2003). Feeding
efficiency may be improved because the predatardazus on one search image at a
time though they may switch between several saaragges (Dukas & Kamil 2001).

It is possible that the different specialisatioasrfd in our study species are based on
individual learning. Blennies could learn which tuic species to attack to optimize
the energy gain (Waser 1986, Hamblin & Giraldea0®0sii & Shimada 2009,
Schindler et al. 1997). This would be comparablegbtmal foraging rules observed

in other predators and pollinators (Krebs et ar8 ®llason 1980, Waser 1986).
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Specialisation on location

In the laboratory we observed that some blenniesvsh strong preference for the
location of attacks. At reef patches where victisteow a high probability of
aggressive reactions blennies might prefer to lattémse to their hiding place to be

able to quickly retreat into safety.

Some of the observed differences between blenmakl also be due to cognitive
limitations due to the costs of learning. For thenhies it may not be optimal to aim
at a perfect knowledge of the system they livelnstead of trying to get a complete
understanding of the reactions of all individuahfiin their territory they therefore
might rely on simple rules of thumb like: “afteribg chased avoid this area for the
next attack” or “if you could get a bite withoutibg aggressed keep the victim in
view for a possible additional bite”. Such ruleslmimb could vary between blennies
due to differences in victim species compositiod ather differences between the
territories. In a complex environment, simple rulemy maximise the balance
between benefits of performing well and the cod$tsmformation while individuals

forego the possibility to achieve maximal rewamdgach specific situation (“bounded

rationality”, Gigerenzer & Selten 2002).

Personality traits

Much of the literature about individual differendesabout personality traits (Sih et al.
2004a, b, Bergmduller et al. 2010). It is possilattsome differences in blenny
decision rules might be due to differences in peafibes. For example, bold

individuals may be less flexible and hence rath@esponsive to victim behaviour

while shy individuals incorporate environmental deack more readily in their
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foraging decisions. As we did not score any perstyn@aits in our blennies yet we

won't discuss this possibility any further.

Consequences of blenny foraging decisionsfor the evolution of punishment and

the emer gence of public goods

The victim species we studied in detdfiseudanthias squamipinniseems to be
rather inflexible in its response to blenny-attackpart from the slightly negative
correlation between local abundance and probatfitpunishment we found in our
previous study (Bshary & Bshary 2010a), there [gaaently not much variation in the
probability of aggressive responses, which was ydwabove 60 %. Thus, we can
focus on the question how variation in blenny sygs may affect a) the self—serving

effect of punishment, and b) the emergence of puwaods as a side effect.

There are three main scenarios illustrating theomamce of variation in blenny
feeding strategies:

a) In locations where the blenny is very likelyswitch anyway between species no
matter if it was punished before or not, punishmemot functional. If switching was
the blennies’ standard strategy, then individuatinms would be under selection not
to punish. There would be no public good but alsocompetition between look—
alikes because the behaviour of the blenny is mitiianced by the behaviour of the
victims.

b) If the blenny switches to another individuapifnished but not to another species
then punishment pays for the individual. But thienny strategy will lead to
competition between look-alikes rather than to &blipugood, because for

conspecifics punishment increases rather than deesehe risk of being attacked.
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c) Only if punishment causes the blenny to switchriother species does punishment
pay for the individual while providing a public gbby decreasing the risk of future

attacks for both the individual and its conspesific

Here we make some predictions how variation inenfy’'s preference for certain
locations and a focus on individual recognition &ledk—keeping of victim responses
may lead to punishment being self—serving or nad, @oviding a public good or not.
These predictions are amenable for future testiigst, blennies with a strong
preference for a location are highly likely to causpeated interactions within short
time periods. This is the situation where punishihmaay be effective if the victim
lives in the core area. Outside the core areaaatens will be infrequent and
punishment won't pay because the blenny is vemlyiko switch to another victim
anyway. Alternatively, a blenny roves within itsrteory and hence is likely to switch
automatically between victims because of the ravihg such circumstances
punishment does not provide benefits to the punishe
Second, blennies that mainly pay attention to ildial identity select for punishment
but such punishment could cause either increasetpeiition or a public good. An
increase in competition would be more likely if thlennies remember an experience
with a specific individual rather than with a spescilf blennies mainly avoid location
in response to punishment then they may shift rhimodtat, which should increase the
likelihood that they switch to another species, aedce punishment would pay for

the individual and create a public good. The pitaaiis are summarised in Table 1.
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Aspects of blenny foraging rules
Roving Preference for Preference for non-
location/species punishing individuals
Blenny none; switches | switches to another| switches to another
reaction to anyway between | individual/species | individual/species
punishment: | individual/species
Punishment | no benefit benefit for benefit for
provides: individual individual
Without no difference blenny is likely blenny is likely
punishment to return to same | to return to same
location individual
Effect of no effect decreases risk increases risk
punishment on
conspecifics
Public good no public good public good no publiodo

Table 1. predictions how aspects of blenny foraging raisct the efficiency of punishment
and the emergence of a public good in shoalingmispeciewith a spatial structure

On the stability of punishment and public goods

Our field observations and laboratory experimengnaonstrate that individual
blennies are indeed variable with respect to thpomance of location and victim
identity for their foraging decisions. Thus, thejonaopen question at this stage is
whether the observed variation in blenny decisioles, which sometimes renders
punishment ineffective or merely self—serving, aviich may affect look—-alikes in
either positive or negative ways, overall helpstabilise the emergence of a public
good due to self-serving punishment (Bshary & Bgl#010b). Several models of
cooperation yield stable cooperation because vwamias maintained by ontogenetic
effects (‘phenotypic defectors’ in Sherratt & Rdise2001) or mutation rates
(McNamara et al. 2004). Thus, the observed vanatiay indeed help to stabilise
contributions to the public good in our system. tBa other hand, one has to explain
why anthias seem to be rather inflexible in th&cidion rules and always show high

levels of aggressive responses. At this stage weataexclude that there is variation
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between individuals but the observations suggest itidividuals confronted with a
blenny that switches anyway are on average as sgjgeeas individuals that face a
blenny specialising on anthias. A game theoretaation of the observations may

help to generate more specific predictions amernfablieiture testing.
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General Discussion

The aim of this thesis was to study in detail thieractions between parasitic sabre—
tooth blennies and their victim reef fishes. Thespective was to gain understanding
of a system in which both punishment and publicdgomay exist, and which can be
studied both in nature and with an experimentalséat the laboratory. Overall, | was
lucky enough to be able to answer some of the munsst intended to address. In this
general discussion, | will first summarise the kegults of the three data chapters in
order to discuss what we have learned about theniptdost system. | will then
propose several ideas for future research. Whileleeeloped in detail in this thesis, |
had tried to answer several additional questionsxgumy PhD, and | will introduce
preliminary results and the methodological probléraacountered as inspiration and
help for future students working on the systemalyn | will discuss what we may

have learned more generally about punishment antlilsotions to public goods.

Discussion of all papers combined

The three manuscripts build naturally upon eaclertfihe first paper contains the
basic field observations on blenny-host interactiarith the aim of describing the
system and generating predictions amenable fordutesting. The second paper
explicitly tests hypotheses about punishment andrgimg public goods, while the
third paper documents individual variation in bebav and decision rules of the

blennies.

The key results of the field observations wigrg that not all fish respond in the same

way to blenny attacks. Only resident species thatestheir territory with a blenny
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and repeatedly interact with the same parasite aggressively to its attacks, while
visiting species use their potential to escapehéurtinteractions by swimming off.
Second, we found that the probability of aggresse@ctions to blenny attacks is
negatively correlated to group size, but even ngdagroups of victim species the
aggressive chasing does not disappear. The fissitrenatches observations on the
cleaner wrasse — client mutualism, where the saselant clients but not visiting
clients respond to occasional cheating by cleamgtts chasing, for which it was
demonstrated that it functions as punishment (BsRaGrutter 2002; 2005). Visiting
clients swam off in response to cleaner cheatirtyamided the cleaning station in
the future (Bshary & Schaffer 2002). It seemedljikbat the function of the observed
behaviours is the same in reef fish — blenny imtewas. For punishment to be
effective repeated interactions are important (Ghs#tBrock & Parker 1995). This
could explain the difference between resident asiting species: as resident species
do not have the option to avoid repeated interastiwith the parasite, it could be
beneficial for them to invest in punishment. Visgivictim species, on the other hand,
could in principle avoid close proximity to a blgnby staying away from its reef
patch. Thus, they are most likely to meet the \8amyne blenny again once they have
forgotten the negative experience and hence rethsit patch. In any case, time
intervals between subsequent close encountersanwitnny will be much longer for
visitors than for residents, which should undermine ability of both visitors and
blenny to remember the last interaction. Thus béreefits of punishment are unlikely
to apply to visitor—blenny interactions due to cibige constraints. Along this line of
argument, Oates et al. (2010 a, b) found that gpelaaner wrassesabroides bicolor

cheated clients more frequently thiandimidiatus individuals did, and proposed that
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prolonged time intervals between successive intieres played a key role for this

difference.

The result that chasing was negatively correlatedjroup size suggested that the
benefits of chasing decrease with increasing greigp. There were two possible
explanations for this: a) in large groups there fwer interactions between an
individual fish and the parasite and therefore théividual incentive to chase

decreases with group size. b) the effect of thesiolgais that the parasite switches to
another victim species. This would create a puipiod in large shoals of look—alikes.
In this case the benefit gets diluted because athbers gain from the chasing while
the costs stay the same for a chasing individualaggressive chasing did not stop
completely in large groups the results suggestatthiere is no classic “tragedy of the
commons” involved in this system. On the other hiiis¢emed unlikely that the most
promoted explanations for stable contributions wblic goods in humans, namely
‘altruistic punishment’ stabilised by strong betwegroup competition (Fehr &

Géachter 2002; Boyd et al. 2003; Gintis et al. 20@3)eputation (Nowak & Sigmund

1998; Milinski et al. 2002). In particular altrustpunishment seemed unlikely

because of the lack of kin structure (Avise & Shaji986).

Nevertheless, as the aggression by victims towhlelsnies suggested the existence
of punishment in the system, we had to consideswayvhich individuals gain direct
fitness benefits from chasing blennies. At someapduring my thesis, Sherratt et al
(2009) provided a potentially fitting explanatiorhe authors tried to understand why
bacteria produce and release a variety of substafike enzymes into their

environment, which benefits neighbouring bactesiavall (West et al. 2007). Sherratt
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et al. (2009) found that contributions to a pulgiand can be self-serving as long as
each individual benefits disproportionately fromm @wn contribution. This condition
fits the bacteria examples as due to limited diffnseach individual gains most from
its own contributions while cells that are far awail not gain anything. In the
blenny—host system two non-exclusive mechanismddcéend to individuals
benefiting disproportionately from their own pumsént of blennies. First, if shoals
have a spatial structure and hence individuals hpreérred locations punishment
may benefit the actor if the blenny subsequentlgidss/ the location where it was
chased. Second, if blennies have the ability togeize individual victims then
aggression may lead to the blennies avoiding purgsimdividuals. Both scenarios
seemed to be possible in the blenny-host systedividinal recognition has been
demonstrated repeatedly in fishes, including rettmomof members of other species
(Griffiths & Ward 2006, Tebbich et al. 2002). Tresue of spatial structures within
shoals was mainly addressed within the frameworla dflaster thesis by Gabriel
Cisarovsky, who documented that at least femaléeficaanthias have indeed a

spatial structure in their shoals (Cisarovsky etualpublished manuscript).

The most urgent open questions from the first mempisthat | addressed in the
second manuscript were to test whether aggresaimtions as punishment, whether
punishment creates a public good in locally abuhdpacies, and what factors cause
the aggression by victims to be self—serving. B ifethe chasing of the parasite acts
as punishment we performed experiments in the #&bor to be able to control the
behaviour of the “victims” using Plexiglas platessabstitutes for real victims. If the
blennies were allowed to choose between a plateathays chases and another that

always “flees” they showed a significant preferefarethe fleeing plate and avoided
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the chaser. This showed that the investment ofihathe parasite changes its
behaviour in a way that benefits the chasing irmlial in future interactions. The
chasing observed in victims of parasitic blenniempgletely fulfils the definition of

“punishment” provided in Clutton—Brock & Parker @8. Until now there are only
few examples of punishment in non—human animalg ti@ only show that

individuals inflict costs on individuals that harthem but also that the punished
individuals change their behaviour in future int¢i@ns in a way that is beneficial to

the punisher (Bshary & Grutter 2005, Bshary eR@08, Raihani et al. 2010).

Field observations focussing on female anthias whecued that punishment can
create a public good in large groups of fish. Irs thpecies individual punishment
makes it more likely that the blenny switches tothar species for its next attack.
Hence all members of a shoal of anthias benefinfibhe chasing done by one
member of the group while only the punishing indual has to bear the costs. While
the results resembled very much a solution to thgetly of the commons we also
tested Sherratt et al.’s (2009) prediction thatviodials gain disproportionately from

their own contribution. Unfortunately we could nobllect enough field data to

analyse whether punishing fish face a reducedaidkture attacks in comparison to
non—punishing individuals. In any case such datalavbave been only correlational,
while we could test the hypothesis explicitly inetlaboratory. To test how the
blennies react to a mix of punishing individualgl dree—riders in a group of look—
alikes we performed an experiment using three Blexiplates, two of which looked

alike but differed with respect to the probability punishing the blennies. The
differently looking plate punished with intermediatprobability. Under these

conditions the blennies generally preferred the —ponishing plate over the
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punishing plate. Our studies in the laboratory ssgghat blennies avoid punishing
individuals and that these can profit from the almgsvhile non—punishing individuals
are at risk to be identified as easy targets. Fidieg under these conditions is
therefore no option, because the blennies’ foragingtegies select against it. This is
in accordance with our observations in the fielak tine chasing persists even in large
groups of fish. In conclusion, punishment turned twm be self-serving while
providing a public good as a by—product. The besefi punishment are not so much
due to the punisher gaining disproportionate bé&nhdfut to the free—rider facing

disproportionate costs due to blenny foraging dewcisules.

The results from the second manuscript made itr dleat we should study the
foraging decision rules of blennies in more deiaila third data manuscript. Do
blennies specialize on one or several victim spgeoieare they fully opportunistic?
How important are spatial and individual victim suer their decision to attack? Is
there variation between individuals with respectht® importance of these variables?
We had actually already noticed (without explorthgm in detail) in the field data
presented in Bshary & Bshary (2010b) that thereewedividual differences in the
foraging decisions of the blennies. The laboramxgeriments demonstrated that the
blennies generally prefer to attack abundant speGéven that many variables may
affect blenny foraging decisions and lead to indlinal differences between blennies,
how would such variation affect the effectivenespunishment and the emergence

of public goods?

A detailed re—analysis of the field observation esded indeed strong variation

between individual blennies with respect to theafiing decision rules. Some would
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switch with high probability between victim specieegardless of victim responses
while others focussed on anthias as victim speargs would only switch victim
species if punished. The laboratory experimentsahestnated that some blennies have
preferred locations for their attacks while othéosus on preferred individuals.
Punishment affects most blennies but not all redpimna way that benefits the
punishing individual. All this variation implies @h while punishment is on average
effective and public goods may typically ariseadlly abundant species, the precise
outcome will vary from blenny to blenny. How theriaion in blenny decision rules
may evolve and how victims should evolve their i responses in return has to be
addressed in proper evolutionary game theoreticeflind and is indeed underway
(Sherratt et al. unpublished model). Finally, itrrgortant to note that the variation
we documented may be novel within the particulamtext and the detalil
(‘responsiveness to punishment’) but it fits thexaasions from a variety of other
studies that found that individual predators andividual parasites may develop
prey/host specialisations during their ontogenygptadominik 1984, Bolnick 2003,

Schindler 1997).

In summary, we found a) that victim species thatnod escape from frequent
exposure to sabre—tooth blenny attacks behave ss1geéy towards the blennies, b)
that aggression serves as punishment, c) that lpueist may provide a public good
in locally abundant species, d) that free—ridingag a good option because blennies
prefer to attack free—riders (non—punishers), andhat individual blennies differ
strongly in their foraging decision rules, which ynaffect both the efficiency of

punishment and the emergence of public goods.
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Open questions

While | was lucky enough to be able to answer sah¢he key questions | had
initially hoped to address during my thesis, theme several remaining questions, and
inevitably new ones emerged based on the resalitained. There is thus still a lot of
research to be done on blenny-host interactions. fbHowing part may help to
inspire specific research projects, without anytipalar order of relevance or

feasibility.

Function of and differences between the differentyppes of aggressive chasing

In our observations in the reef we noticed thatvilkéms of blennies not only react to
attacks but also show aggressive chasing whenategpproached by the parasite in
a biting attempt (the blenny approaches from bemral typical stop and go manner)
and sometimes without obvious reasons (pre—emptwest strikingly, aggression in
the three circumstances — after being bitten, ispease to approach and
spontaneously — were not all significantly correthtvith each other. This lack of
correlation suggests different functions but whase are remains unclear. In all three
circumstances a deterrent effect on the blenny sderbe plausible. But we noticed
that in response to an approach by a blenny it geaserally enough for the
prospective victim to turn into the direction oktparasite to stop the attack. So why

do some individuals invest into aggressive chasimder these circumstances?

Laboratory observations on anthias—blenny intevastisuggest that ‘spontaneous
aggression’ may not be spontaneous after all. @aiyi aimed at studying individual
variation in punishment and the effects of groue sin the probability of punishment,

the blennies hardly ever attacked unless the antingie fed. But while they were fed
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the anthias rarely responded aggressively to bikdswever, we noticed that
individual anthias that had been bitten during flegdsessions were more likely to
chase the blennies ‘spontaneously’ during the fivautes following the feeding
session than individuals that had not been biti#n Bshary, unpublished data).
Maybe the ‘spontaneous aggression’ we observeaeimgef is something similar, but
this has to be tested. What the laboratory data shithat anthias hold grudges: while
they typically respond to an immediate attack falto do so increases chances to
chase the parasite later on. Furthermore, it isiplesthat there is general variation
between individuals with respect to their aggressess, and that aggressiveness in
intra— and inter—specific contexts correlate withcle other. We found in our
laboratory studies on anthias that intra—and isfgeeific (against blennies)
aggression were positively correlated in all fivedy tanks (A. Bshary, unpublished
data). We also tried to measure hormonal concémtsaiof Testosterone and 11-K
Testosterone in our study animals but the samplpeaed to be contaminated as the
controls yielded similar values as the experimesgahples. Despite the failure with
the hormonal analyses, the results indicate thatiprate causes may partly help to
explain aggression/punishment in our system. Nbekss, holding grudges may be
functional if the delayed chasing alters the blémrperception of its victim from

‘free—rider’ to ‘punisher’ and hence decreasegigieof future attacks.

Is there individual variation in aggressive responas of victims to blenny attacks?
We observed differences in the level of aggresspgponses on species level. Until
now it is not completely clear if the observed eliinces are due to a mix of (mainly)
punishing and (mainly) non—punishing individualsdore to strong variability in the

response of single individuals. It is possible tlla¢ probability of aggressive
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reactions is condition dependent and individuah fisly invest into punishment if
they can afford to do so at any given moment. Wosld lead to variability in every
given individual (intra—individual differences). Is also possible that there are
individual fish that are more aggressive than atlard therefore always more likely
to react aggressively to attacks by blennies, ggested by the positive correlation
between intra— and inter—specific aggression inemahthias observed in the
laboratory. While the correlation does not dematstindividual differences there is
plenty of evidence in the animal personality litara that animals differ with respect
to aggressiveness (Sih et al. 2004, Bergmullet. &04.0). Larger sample sizes in the
laboratory where all fish can be individually matkeould allow answering several
of the questions raised in the current and in tie@ipus section. These data should be
complemented by field observations. Below are saspecific methodological
suggestions for such experiments and field obsenstbased on my largely failed

attempts.

Laboratory experiment considerations

For the blennies | would cho$®agiotremus rhinorhynchus, because it seems to be
easier to catch theR. tapeinosoma and we know how to keep this species under
laboratory conditions (Bshary &Bshary 2010b). Astwn species | would chose
again the specieRseudanthias squamipinnis. They are a common species in the Red
Sea, easy to catch and frequently attacked bywhebtenny species. We also know
already how to keep them under laboratory condstidxs they are rather susceptible
to infections under laboratory conditions they dtobe bathed in a Praziquantel
solution (an anthelmintic effective against differ@arasites) before they are released

into the tanks.
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The number of individuals should not be too smaltduse anthias are shoaling fish
and do not behave naturally in small numbers. |ldi@onsider 20 individuals the
minimum. The tanks have to include shelters forrgvadividual anthias (plastic
tubes, bricks) and a tube (plastic or bamboo, igeed 1 and 2) as hiding place for the
blenny. The anthias need additional structuresosuading the shelters to behave
normally (figure 1). Anthias are plankton feedensl @ormally feed in front or above
the reef structures where they have their hidirargsd. The tanks have to be high
enough to allow the anthias to move in a naturay.whthey are too shallow the
anthias stay most of the time in their hiding ptae®d do not show much activity
except during feeding sessions and the parasiéoni@gs will not interact normally
with the anthias. The diameter of the tanks shdwddlarge enough to allow for
enough space between the shelters of the anthizsitwe intra—specific aggression.
The tanks we used in my experiments had a diamétem which was just enough to

fit 20 shelters inside (figure 1). Larger tanks n@ypreferable in future experiments.

Figure 1 "
Experimental setup at Lizard Island research $taflf604; left tanks; right structures and
hiding places, anthias males (violet) and femadeange) and blenny.

A major challenge will be to create conditions ihigh blennies will produce natural
foraging behaviour, which would mean about 20 biges hour. | predict that a high

water column will make them behave more activeor®rinflux and outlet could
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produce a current in the tank which may promotaci# as well. A key feature of a
successful setup will be continuous provisioningmfll amounts of food, mimicking
plankton floating by in nature. Distracted indivads are most likely to be bitten by
blennies but our previous experiments showed thé&tading is restricted to few
sessions per day the victims will focus on foragamgl will not respond immediately
to bites by the blenny.

Figure 2

FemaleP. sq'uamipinnia tagged beneath the P. rhinorhynchusiin its hiding place in the
dorsal fin. laboratory.

Field observation considerations

For some of my questions observing anthias initid yielded good quality data sets.
Additional data sets will rely on the ability to s#rve repeated interactions between
blennies and marked individuals. The blennies ccuwddof either species, while
anthias still appear to be the most appropriatémispecies as they are abundant,
frequently in the open water column and regulatigcked by blennies. Nevertheless,
the problem with these data is that we did not rgana get them yet despite repeated
attempts. In the field there are too many potentieims on a patch (typically 60—
150) so that they cannot be all individually markéee method is to inject coloured
elastomer (VIE, visible implant elastomer tag pdad by NMT) into scale pouches
(see figure 2). Two easily visible colours (blued amhite/yellow) and six different
locations help rapid identification of up to 24 ividuals. In addition to this reduced

data set there are on average few interactionsngéridual and day. Cisarovsky
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(unpublished manuscript) estimated that there mutld interaction per individual
anthias per 12 hour day. This implies that a pevgloo would dive four hours per day
would have to spend two month at one reef patcloroter get on average 20
interactions per marked individual. Therefore, taboratory setup seems to offer

more promising conditions.

Is punishment of cleaners and blennies somethingahco—evolved?

As the same species that punish blennies alsolpgieaners for cheating it appears
to be possible that the behaviour in the two sibuat did co—evolve or that evolution
in one context promoted the use in the other oreyldd punishment evolved in the
cleaner — client context and is a reaction to “thgaby cleaners that led to the same
reaction to “cheating” in another context. A pog#ibto test this hypothesis would
be to look at how fish in the Caribbean that coeedlwith cleaning gobies instead of
cleaning wrasses react to blennies. These cliente®tipunish the gobies (Soares et al.
2008), which seems to be understandable becaumaraiegobies prefer ectoparasites
over client mucus and hence prefer to cooperataréScet al. 2010). In the Caribbean
there are no biting blennies present, so they ateadapted to interact with the
parasites. But it would be possible to let theneratt with cleaner wrasses that
occasionally cheat and test their behaviour afteind bitten by a cleaner. If
Caribbean resident fish that are for some timerooméd with cleaner wrasses in the
laboratory show aggressive chasing of the bitimguaérs even though they do not do
this to cleaning gobies then this inter—specificgragsion is present in their
behavioural repertoire and they are flexible enotagbise it if necessary. In this case
it is not necessary to evolve punishment in tharete context to be able to punish

blennies. If they do not show any aggressive clgasithey are confronted with biting
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cleaners then this suggests that the aggressionsadfae two different cheaters may

be linked in some way.

Is there an additional public good effect of delaye attacks after punishment?

We observed in our laboratory studies on the efiépuunishment on blennies that the
parasites sometimes refuse to attack the nexf ggates if they were punished in the
previous round (page 98). It would be interestiogsee if there is a similar effect
under natural conditions. If the parasites delagy riext attack after being punished
this could add to the public good that we obserbedause ALL other victims in the
territory of the blenny, not only the punisher atedgroup members, would benefit
from a period of repose. It would be rather easyest this in the field. Until now
there are no measurements of time intervals betattaoks. Using this information it
would be possible to compare the time intervalsvbeh attacks with and without
previous punishment. The hypothesis would be that punishment the next attack is
delayed. This could have several reasons. Firstchasing itself will use up some
time. Second, the blennies are sometimes hidintpeir hiding place if they were
chased intensely. This could delay the search feevavictim. And third, as observed
in the laboratory experiments, the punishmentfitsalild deter the blennies for some
time from attacking. To exclude the two first pbddies it would be necessary to

ignore the time spent chasing and hiding.
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Are there personality differences between blenniesnd are they linked to
differences in feeding strategies?

While | documented individual differences in belwawni in my thesis it remains
unclear what factors cause this variation. Indigldiexperience and operant
conditioning (successful actions are more likelyb® repeated than unsuccessful
actions) could cause much of the variation we okegkrNevertheless, personality
differences seem to be widespread in animals (Béllgmet al. 2010, Sih et al. 2004
a, b, Gosling & John 1999). It could be interestiodest the blennies for personality
differences and more importantly to test if thes#erences, if there are any, are
linked to some of the observed differences in fegditrategies. One could imagine
that individuals that are risk averse might staysel to their hiding place and avoid
predatory species as well as highly mobile speciémse individuals might also
respond more strongly to being chased by theiimgt Personality therefore could
lead to differences in victim species compositienveell as to differences in the
effectiveness of punishment in this system. Theee standard tests for individual
differences in boldness and aggressiveness (Wed#d®, Gosling 2001, Reale et al.
2007) like the “novel object” test that comparedividual differences in factors like
the time delay to approach a novel object. Thests teould be combined with the

kind of experiments conducted in my thesis.

Is there a preference for visiting species?

The field observations allowed us to document aomdijfference between resident
victim species and victim species that are onlytiaig the territories of blennies:
visiting species nearly never react aggressivelglénny attacks but rather swim off

to avoid future attacks. When we observed the lisnim the field it looked like the

135



parasites started to attack visiting species am sgathey arrived. Until now there is
no data that allows us to test if blennies expois difference and prefer to attack
visiting species over resident species. To test We would need quantitative data
about resident and visiting species present agamn time. Because the numbers for
resident species are constant over time it woulgt ba necessary to keep track of
visitors that are entering and leaving the teryitdr would also be interesting if there
is a difference between blennies in territoriest thee regularly visited and in

territories that are only rarely visited. This abglive us an idea about how beneficial

— or costly — it is to “specialize” on “easy prdiKe visiting species.

Do blennies that experience a more complex victinomposition have different
feeding strategies than blennies with a simpler vitn composition?

One possible explanation for the different feedstrgtegies observed could be small
scale differences in victim composition and inatnplexity. In the cleaner — client
context it could be shown that cleaners that liva imore complex environment (on
the continuous reef) including more client speq@esform better in learning tasks
than cleaners that live at small reef blocks thatlass complex in respect to client
composition (Sharon Wismer unpublished Master #)eslihis suggests that for
cleaners in a simpler environment it is enoughsi® some “rules of thumb” to be able
to interact with all clients while cleaner in a rmaomplex environment have to stay
flexible and to be able to learn more fine—tunedawveoural rules. Though it is not
clear if the interactions of blennies and theitims are complex enough to produce a
similar pattern it is still possible that the coemty of victim composition has an
important effect on the foraging rules of the paess At reef blocks with high

numbers of individuals it might pay to specializetbe most abundant species instead
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of learning how to interact with all the differegpecies while at some small reef
patches there might simply not be enough indivislwdlany one species in total to

allow for specialization.

The importance of location for blenny attacks

An important issue for a thorough understandinghaf blenny—host system is to
determine how both parasite and victims use spBeceblennies have preferred
locations for attack? Do they tend to avoid a lmcatvhere they have been chased
recently? Do individual victims of the various wotspecies use preferential locations
and could hence benefit from keeping a blenny atvasn their favourite sites?
Gabriel Cisarovsky could demonstrate that femathias shoals indeed have a spatial
structure (Cisarovsky et al., unpublished manugcripiried do answer if the blennies
indeed avoid a location where they have been chaseshtly, and more specifically
if the distance between the parasite and the v&cisnlarger after punishment than
after no reaction or victim flight. The data wesrdely inconclusive due to small
sample sizes in the ‘non—punishment’ condition antbw resolution of the grid
system we established (1x1x1m cells). Regardingdibiance between blennies and
their victims | observed the blennies and theitimes and after each attack | followed
the victim for 20 seconds (the shortest time irdethat allowed the blenny and the
victim to be “back to normal”) and then estimateithwihe help of a reference stick a)
the distance between victim and blenny, b) theadist between victim and location
of attack, and c) the distance between blenny aondtibn of attack. Because there
was always only one blenny present this was rasirightforward. For the two
blennies for which | had enough data to perfornisttes there was no difference in

the distances between aggression/no aggressidoakéd at the distance between the
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victim and the location and between the victim dhd blenny. But the distance
between the blenny and the location of attack \aegel following aggression in one
of the two blocks (Mann—Whitney U test, N = 144,=7-2.5, p= 0.012). This
indicated that this blenny might indeed avoid tbeation of attack rather than the
aggressive individual. For the other blenny thess wo significant effect. It is thus
interesting to note that we find individual diffaes in space use decisions in the two

blennies of this study.

General conclusions

The starting point of my PhD was to study punishimand public goods. The

literature on laboratory studies on humans basesirople but rather artificial games

provided mixed results. Some studies found posigfiects of punishment on

cooperation (Rockenbach & Milinski 2006), othersurid that punishment can

stabilize cooperation if it is effective and ratlobeap (Egas & Riedl 2008) and others
found negative effects of punishment (Dreber et28l08). Therefore it seemed

promising to study a system in which punishmenuaes under natural conditions to

evaluate its effects on the potential emergen@emiblic good.

The most important result of my study on parasitennies and their host reef fishes
is that punishment is not necessarily altruistid ireates a public good. Moreover,
the amelioration of a public good does not nedoktthe goal of the punishing action.
Instead, a public good may arise as a by—produstlbserving punishment. Stable
contributions to public goods were not due to aogtwlling actions between group

members. Instead, the problem of free—riding wagesioby the common enemy: the
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parasitic blennies would self-servingly ‘punisredrriders by focussing their attacks

on such individuals.

Overall, the study system seemed to fit the assomptof a volunteer’'s dilemma
better than the assumptions of a classic publidgaame. In the latter game group
gains are proportional to overall contributions ihin the former game a contribution
by few or even just one individual is enough toateethe public good (Diekmann
1985, Archetti 2011). Theoretical analyses of tb&inteer’s dilemma focus on how
individuals should adapt the probability of contrtibng to factors like group size, the
number of acting individuals necessary to prodheepublic good, or relative payoffs
(Diekmann 1985, Archetti 2011). My study systemvles a new solution to the
general problem: the individual that has been bitt&s ‘chosen’ by the parasite to
make a decision and cannot expect any conspetufiast instead. These asymmetries
remove uncertainties over who could/should takeaand at the same time cause a
situation where the acting individual gains a digartionate benefit compared to
other group members, which greatly stabilises dmuntions to public goods (Sherratt

et al. 2009).

For future studies on humans, | propose that wel meere observations on real-life
interactions that involve punishment and/or pulgicmds. Such observations would
give first indications whether punishment in humaresy also often be primarily self—
serving and whether the emergence of public goaas aften be a by—product rather
than the goal. One hitherto rather unexplored gi@tkeimdividual benefit of punishing

for the benefit of a public good could be the gaiira reputation. If the reputation of

being a punisher increases the probability of regihelp in future interactions or if
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it deters competitors (Johnstone & Bshary 2004)ight be worth to invest into such

a reputation.

Another important line of future research conceths potential existence of
asymmetric benefits, more specifically cases in cWwhiindividuals benefit
disproportionately from their own contributions tbe public good. Reputation
provides one mechanism in humans how individualy benefit disproportionately
from their own contribution. Spatial structures winich benefits get diluted with
increasing distance is another way (Sherratt 20@9), e.g. if humans care about their
neighbourhood. Asymmetries in strength can be getheer. If stronger individuals
can get more than the average share of the bettefigamight be willing to undertake
actions that benefit the group as whole. For examplnn & Lewis (2001) suggested
that dominant males may evict floating males fréma territory to their own benefit
but also to the benefit of lower ranking (and heweaker) male group members that
remain passive. In humans, an experiment showedftbaly one individual has the
possibility to punish for the whole group this lsad more effective cooperation in a
public goods game (O’'Gorman et al. 2009). Asymrastmay be important for the
evolution of punishment in general, also outside plablic goods context. The best
example of punishment outside humans involves raatieaning mutualism (Bshary
& Grutter 2005). In this mutualism, interactionsween cleaner wrasses and resident
non—predatory clients are asymmetric and it isrcieho is always the good (the
client) and who is potentially the bad who thendseto be punished (the cleaner).
Maybe such asymmetries that are normally not pteadghe design of human studies

are essential for punishment to function.
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What is still needed are more systems in which ipugpbods could be studied in
nature. There are some explicit studies on bact@iast et al. 2007) and on
cooperatively breeding species (Clutton—Brock 10410, 2009, Kingma er al. 2011,
Bergmduller et al. 2005, Sparkman et al. 2011). Bb#tteria and cooperatively
breeding species have the methodological problenkin selection may play a role.
But there may be other examples of public goods$ dwanot necessarily include
related individuals. It would be worthwhile to tkinn more detail about shared
vigilance, cooperative hunting or mobbing that ofteclude several species (Sridar et
al. 2009, Nolen & Lucas 2009, Stojan—Dolar & Heym&®10, Bshary et al. 2006).
In these systems it seems likely that the publimdgoare typically due to self-serving
actions of individuals. Hence, established concdigs by—product mutualism
(Brown 1983), pseudoreciprocity (Connor 1986) andup augmentation (Kokko et
al. 2001) may be applied. These concepts may roteegame theoreticians because
cheating is not an issue because of the self—genature of contributions. However,
it will be interesting to use an ecological apptoan order to understand what
ecological factors promote self-serving behavidingt lead to the emergence of
public goods. Given that modern humans face maidolip goods problems like
overuse of resources, pollution, or global warmitvgy possible solutions emerge.
The first is to find ways to convince humans todehaltruistically. The second is to
use laws and/or financial incentives to create l@mgical conditions’ under which
contributions to public goods become self-servilbe latter option appears to

provide a more realistic way.
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