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Male-male competition and female-female competition can play important roles

in the origin and maintenance of phenotypic polymorphism and speciation. If

territory owners bias aggression towards others of their own phenotype, rare

male phenotypes will be involved in fewer costly fights, facilitating the evolution

of diversity, and stabilizing the coexistence of distinct phenotypes or species.

However, the mechanisms that regulate aggression biases have received little

attention. We discuss how learning and plasticity in behavioral biases may

dramatically influence how aggression biases evolve, which in turn may have

important consequences for clarifying the role of intrasexual competition in the

process of speciation. We then present data from a field study of two cichlid

species in Lake Victoria and illustrate how the social environment could

modulate aggression biases of territorial males towards specific intruder

phenotypes. Specifically, in Pundamilia nyererei (males are red) and P. ‘pink

anal’ (males are blue), blue territory holders showed a tendency to shift their

aggression bias more towards red intruder (stimulus) males relative to blue

intruder males when these territory holders had more red territorial neighbors.

By contrast, red territory holders tended to reduce aggression towards red

intruder males relative to blue intruder males when they were surrounded by

more red territorial neighbors. Although sample sizes are small, our data suggest

that social context may shape aggression biases in the Pundamilia species

complex and that these effects may vary between species. We conclude that

considering the social environment and experience in shaping aggression biases

may advance our understanding of how mate competition shapes evolutionary

patterns of phenotypic diversification.
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Introduction

Sexual selection via mate choice plays an important role in

speciation (Safran et al., 2013). For example, sexual selection can

cause reproductive isolation between diverging populations when

sexually selected traits are an indicator of local adaptation (van

Doorn et al., 2009; Servedio and Boughman, 2017). While classically

most attention has been given to mate choice, it is now increasingly

recognized that intrasexual disputes for mates or territories plays a

critical role in several models of evolutionary diversification

(Weissing et al., 2011; McCullough et al., 2016; Grether et al.,

2017; Tinghitella et al., 2018). Specifically, male-male competition

can generate negative frequency dependent selection if territory

owners bias aggression towards intruders that phenotypically

resemble themselves (‘own-type’ aggression bias, which is

adaptive because similar phenotypes likely belong to the same

species and compete for the same pool of females) or toward

common phenotypes (‘common-type’ aggression bias) (Seehausen

and Schluter, 2004). In these situations, rare phenotypes spend less

time and energy on costly territorial disputes. Such a ‘rare male

advantage’ would help rare phenotypes invade the population and

stabilize the coexistence of distinct phenotypes and sister species

(van Doorn et al., 2004; Dijkstra and Border, 2018). Previous studies

have tested for own-type aggression biases using territorial

intrusion tests in several animal species (Bolnick et al., 2016;

Yang et al., 2018). Some studies have reported that animals

preferentially attack competitors that resemble their own

phenotypes (Anderson and Grether, 2010; Lehtonen, 2014;

Bolnick et al., 2016; Moran et al., 2017; Scali et al., 2021). Others

found that territorial aggression was biased towards specific

phenotypes (Dijkstra et al., 2006; Tinghitella et al., 2015; Drury

et al., 2020), such as phenotypes that are more common in the local

environment [but see (Bieri et al., 2024)]. Despite the considerable

attention that has been paid to aggression biases in the context of

evolutionary diversification, few studies have considered the

mechanisms that generate and maintain aggression biases.

Selection is expected to favor own-type aggression biases,

because similar (conspecific) rivals compete for the same pool of

mates. However, gene flow would break up combinations of alleles

that are responsible for own-type aggression biases unless one-allele

mechanisms, such as learning, induce a link between behavioral

biases and (own) phenotype (Yeaman andWhitlock, 2011; Flaxman

et al., 2014). Prior studies in, for example, cichlid fish and poison

dart frogs indicate that early social experiences may increase own-

type aggression biases (Dijkstra et al., 2008; Verzijden et al., 2008;

Yang et al., 2019). Such plasticity is important as it could almost

instantly create (within one generation) and maintain own-type

aggression biases despite gene flow (Dijkstra and Border, 2018).

Although there is a significant interest in learning and cognitive

processes in studies on conflict behavior and aggression (Reichert

and Quinn, 2017), we know very little about how the local

environment shapes aggression biases based on early and recent

social experience. Nevertheless, there is a large body of literature on

rival recognition and adjustments in territorial responses to

neighbors versus strangers based on recent social context
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(Christensen and Radford, 2018). Territory owners may exhibit

weaker responses to familiar territorial neighbors versus strangers

as neighbors are more likely to respect territorial boundaries while

the intentions of strangers are often unclear [the ‘dear enemy effect’

(Temeles, 1994)] or the opposite [the ‘nasty-neighbor effect’ (Müller

and Manser, 2007)]. Territorial male bullfrogs (Rana catesbeiana)

exhibited diminished responses with repeated synthetic bullfrog

calls in field playback experiments, suggesting that habituation to

rival-specific stimuli could explain the dear enemy effect in this

species (Bee, 2003). This suggests that habituation to specific

recognition cues may also result in adjusted responses to rival

phenotypes that resemble familiar neighbors. Habituation to

familiar male phenotypes would actually diminish or even

eliminate rare male advantages since territory owners are more

likely to escalate fights when encountering rivals with an

unfamiliar/rare phenotype (Carazo et al., 2008; delBarco-Trillo

et al., 2009; Humfeld et al., 2009). By contrast, ‘nasty neighbor’

effects could provide rapid means for creating rare male advantages

if males learn to bias aggression towards their own or the more

abundant phenotype that poses a greater threat to territory owners

(Hyman and Hughes, 2006; Akçay et al., 2009). If ‘dear enemy’

effects diminish aggression biases towards common phenotypes but

increase it towards unfamiliar, rare phenotypes, then male-male

competition would hinder speciation. By contrast, in the case of

‘nasty neighbor’ effects favoring the expression of own-type or

common-type aggression biases, male-male competition would

facilitate the emergence of new phenotypes and stabilize the

speciation process by promoting coexistence of divergent

phenotypes or sister species (Figure 1).

Several studies have suggested that exposure to competitors in

local neighborhoods in early life may allow individuals to recognize

direct competitors for mates and/or territories and lead to aggression

biases towards the more abundant phenotype (Verzijden et al., 2008;

Bolnick et al., 2016) or own phenotype (Dijkstra et al., 2008;

Verzijden et al., 2009; Yang et al., 2019). While social learning

early in life may facilitate the evolution of rare male advantages

(Dijkstra et al., 2008; Verzijden et al., 2009; Yang et al., 2019)

(Figure 1), less attention has been given to the effects of recent

social experience on aggression biases. Here we use a dataset collected

in the field of two sympatric species of Lake Victoria cichlid fish to

illustrate how the local environment and recent social experiences

could shape aggression biases (note that we were not able to study the

effect of early experience in our study). The East African cichlids are

an iconic and powerful model system for evolutionary and behavioral

research, showing incredible variation in traits related to ecology and

behavior (Albertson et al., 2003; Fanouraki et al., 2007; Brawand

et al., 2014; York et al., 2018; Baran and Streelman, 2020). Males of

some species, such as those confined to rocky reefs, are highly

territorial and territory ownership is key to their reproductive

success (Maan et al., 2004). Females take care of the offspring in

the form of mouthbrooding of eggs and larvae (Renn and Schumer,

2013; Maruska et al., 2020). Sexual dimorphism is pronounced, and

male nuptial coloration is used as a communication cue in both mate

choice and competitive interactions (Seehausen and Van Alphen,

1998; Dijkstra et al., 2005). The Lake Victoria rocky reef dwelling
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cichlid fishes of the genus Pundamilia include species and morphs

with red and blue male nuptial coloration with varying degrees of

reproductive isolation (Seehausen et al., 2008; Svensson et al., 2017;

Van Rijssel et al., 2018). Using simulated intrusion choice tests, we

have previously found that blue and red males of reproductively

isolated species bias aggression towards conspecifics, hence to their

own nuptial phenotype (Dijkstra et al., 2006, 2007). In many cichlid

species, territories can be found in aggregations with males engaging

in aggressive interactions with surrounding territorial neighbors

(Maan et al., 2004) to establish and maintain territorial boundaries

(Dijkstra et al., 2022). It is possible that these social interactions as

well as eavesdropping on neighbor’s interactions with third parties

(Oliveira et al., 1998) modulate aggression biases in territorial cichlid

males. In Pundamilia nyererei (males have a crimson red dorsum,

referred to as ‘red’) and P. ‘pink anal’ (males are dark blue, referred to

as ‘blue’), we have previously shown that males bias aggression

towards their own species using simulated intruder choice tests

with a red and a blue ‘stimulus’ (or ‘intruder’) male each enclosed

in a glass jar (Dijkstra et al., 2006). Here we used the same field data

to explore how aggression biases are correlated with the species

composition in the social environment. To this end, we recorded the

number of red and blue immediate neighbor(s) of each focal male

and assessed how species composition of immediate territorial
Frontiers in Ecology and Evolution 03
neighbor(s) was associated with the measured aggression biases

towards red and blue stimulus males. If males learn to bias

aggression towards the more abundant phenotype that is

frequently encountered, we predict that their aggression preference

will be tilted towards the more abundant phenotype, such that males

with more red neighbors will exhibit a stronger aggression bias

towards red stimuli compared to males from mixed-species

neighborhoods (Figure 1). We have also previously shown that

across different Pundamilia populations, blue phenotypes tend to

exhibit more variable aggression biases compared to red phenotypes,

which display strong own-type aggression biases (Dijkstra et al.,

2007; Dijkstra and Groothuis, 2011). We therefore predicted that the

effect of social context on aggression biases will be stronger in the

blue species than in the red species.
Methods

Species

This study focuses on two species fromMakobe island. Males of

Pundamilia nyererei are crimson dorsally, yellow on their flanks,

and have a crimson dorsal fin (referred to as ‘red’). Males of P. ‘pink
FIGURE 1

Schematic overview of the role of learning and plasticity in modulating aggression biases and potential consequences for speciation and divergence.
Experience with heterospecific competitors early in life is known to facilitate own-type aggression biases (Dijkstra et al., 2008; Dijkstra unpublished
data). In addition, more recent interactions with immediate territorial neighbors may lead to plasticity in agonistic behavior (expected shifts in biases
are indicated by arrows), either enhancing, diminishing, or even abolishing rare-male advantages.
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anal’ are dark metallic blue and have a characteristic pink anal fin

and pink lappets on the dorsal fin (referred to as ‘blue’) (Figure 2).

Both species occur sympatrically and syntopically around Makobe

Island [for details see (Seehausen, 1996; Seehausen and Bouton,

1997)]. The data was collected in the field between Dec. 22nd, 2002,

and July 23rd, 2003, and observations took place in the mornings

between 9 am and 12:00 pm.
Fieldwork

Details about the experimental procedures are provided

elsewhere (Maan et al., 2004; Dijkstra et al., 2006). In brief,

fieldwork was conducted by scuba diving (PDD was the diver).

Territory holders of both species were located along a transect line

at a depth of six to nine meters. Males occupy mutually exclusive

territories. Redmales defend a rocky crevice in a rocky area while blue

males usually defend a rocky crevice surrounded by a sandy bottom

(Seehausen, 1996). Each male territory was marked with a coded tile

placed between the rocks. Although this was not measured for the

focal males in this study, territory size likely varied between 2 and 4

m2 as was reportedly previously for P. nyererei territory holders in the

same study site (Maan et al., 2004). For each focal male (except for

three P. nyerereimales and one P. ‘pink anal’ male), a diver recorded

the species of each neighboring territorial male that occupied a

territory immediately adjacent to that of the focal male.

Neighboring males shared territorial boundaries with the focal male

and consequently the focal male was able to interact at close range

with the neighboring male without either male leaving their own

territory. Neighboringmales consisted of red (P. nyererei) and/or blue
Frontiers in Ecology and Evolution 04
(P. ‘pink anal’) males; one red male and one blue male had a

Lithochromis sp. “yellow chin” territorial neighbor. The average

number of immediate territorial neighbors was 1.7 ± 0.3 (standard

error) for blue focal males and 1.5 ± 0.3 for red focal males (range

both species 0 – 4 neighbors). A representative drawing of a focal

male’s territory is shown in Figure 2 and an overview of all the males

with information on immediate territorial neighbors is shown in

Supplementary Table 1. After this, a diver positioned a red and a blue

stimulus male (size-matched, standard length asymmetry < 6%), each

individually confined in a watertight transparent glass jar, into the

center of the focal male’s territory, approximately 15 cm from the

opening of a crevice in which the territorial male was hiding. Stimulus

males were obtained by gillnetting or angling at nearby locations

around Makobe Island. We successfully measured aggression biases

in 14 blue and 13 red males. We had neighborhood data for 13 blue

and 10 red males (Supplementary Table 1). Within each species, we

used unique red-blue stimulus pairs (i.e. each stimulus pair was

presented once to one blue territory holder and one red territory

holder), except for four stimulus pairs which were each presented to

two different blue territory holders due to a lack of stimulus fish. Each

trial lasted 10 minutes, and halfway through the trial we switched the

left right positions of the stimulus males. For each trial, we recorded

the frequencies of lateral display, frontal display, and attack behavior

(Dijkstra et al., 2006). Lateral and frontal display are covert aggressive

acts whereby the male positions itself laterally or in front of the

stimulus male, ending with a change in posture. An attack is defined

as biting and butting at the walls of the tubes containing the stimulus

males. An attack bout was defined as a series of rapid bite attempts

with <1 second time intervals between the bites. The observer (PDD)

was not blind with respect to focal species or the species identity of
FIGURE 2

(a) Aggression biases were measured in red (Pundamilia nyererei) and blue males (P. ‘pink anal’) using 10-min. simulated intruder choice tests in the
field. Stimulus males were enclosed in clear glass jars. Shown is the predicted direction in which the neighbor’s phenotype can modulate aggression
biases in red (red circles) and blue focal males (blue circles). The baselines response (circles) assumes that males exhibit own-type aggression biases
if there is not effect of experience. (b) Sketches were made of territory characteristics of territory owners. Shown is a representative territory of a
blue males (P. ‘pink anal’) surrounded by two red territorial neighbors. Picture credit (P. nyererei): Martine Maan.
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neighboring males. However, when the data was collected in the field,

the observer had not yet developed hypotheses relative to the

potential effect of neighboring territorial males on aggression biases.
Statistical analysis

The statistical software R v3.6.1 (2019) (R Core Team 2012) was

used for all statistical analysis of the data. We calculated two

measures of own-species aggression biases. The first is a

previously used response ratio based on the sum of aggressive

behaviors (lateral display, frontal display, and attack bouts). It was

calculated as sum of behavior towards one stimulus species divided

by the sum of behavior to both species. Response ratios are

commonly used in studies on aggression biases (Dijkstra et al.,

2006; Verzijden et al., 2009; Yang et al., 2019) and we have reported

the response ratio data of the current study in a previous report

showing that males bias aggression towards their own species

(Dijkstra et al., 2006). The second measure of aggression bias is

the bite intensity when interacting with a particular stimulus male.

The bite intensity was calculated as the total number of bites divided

by the number of attack bouts directed at a specific stimulus male.

Higher values correspond to more bites delivered at each attack

bout, reflecting more intense aggression to a specific stimulus male.

One red male was excluded from this latter analysis because he only

showed display behavior.

To test if the species composition of neighboring males

influenced aggression biases (response ratio and bite intensity),

we fitted models with ‘neighborhood type’ and species identity of

the territory holder (focal species) as independent variables. Focal

males that were classified as ‘red-only neighborhood’ were males

that had one or multiple red territorial neighbors and no blue

territorial neighbors. If a male was alone or had at least one blue

neighbor, it was categorized as ‘other neighborhood’ (Table 1). We

also ran models to test if the proportion of red neighbors relative to

blue neighbors (number of red neighbors/total number of

neighbors) was correlated with aggression biases (in these models

we did not include neighborhood type). One red and one blue male

were excluded from this analysis because they did not have

immediate territorial neighbors. We also examined the effect of

‘blue-only neighborhood’ (defined as shown in Table 1) but we do

not present the statistical findings due to limited samples sizes (two

males in some categories) (Supplementary Figure S1). Since the

response ratio is proportional data, we fitted beta regression models

using the betareg package (Cribari-Neto and Zeileis, 2010). For the

bite intensity analysis, we used linear mixed models (LMMs), using
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fish identity as random effect since each fish had data for bite

intensity towards red and blue stimulus males. In the initial model,

we included as independent variables the species identity of the

territory holder (focal species) as well as species identity of the

stimulus males. Since some stimulus pairs were used more than

once, we also fitted models using stimulus pair ID as a random

effect. However, the random effect for stimulus pair could only be

estimated for very few cases leading to poorly fitted or overfitted

models. We therefore report the findings of models without

stimulus pair as a random effect. For all models we retained (and

examined) interaction effects if p < 0.1. Model assumptions were

verified by plotting residuals against fitted values. For all effects we

reported estimates and standard error.
Results

Own-type aggression bias in bite intensity

As shown in a previous report (Dijkstra et al., 2006), males bias

aggression towards their own species and this effect was stronger in

red males. Here we show the same data and include some additional

data points that were not reported in the previous publication

(Figure 3). We tested if an own-type aggression bias is also found in

bite intensity. In the overall model, we found that bite intensity

towards conspecific versus heterospecific stimulus males was not

influenced by focal species (LMM, stimulus species* focal species:

-0.138 ± 1.335, t24 = -0.104, p = 0.9). Males exhibited a higher bite

intensity to conspecific stimuli than heterospecific stimuli (Figure 3,

LMM, stimulus species: 1.947 ± 0.652, t23 = 2.986, p = 0.007). The

model also retained a significant focal species effect (LMM, focal

species: -3.526 ± 1.265, t27 = -2.788, p = 0.01) as blue males

exhibited a bite intensity that was almost double of that observed

in red males (bite intensity, blue male: 6.46 ± 0.87, red males: 3.31 ±

0.48 bites/attack bout). Below we describe how experience with

certain neighbor phenotypes could modulate these own-species

aggression biases.
The effect of having only red neighbors on
aggression biases

To test if the presence of specific territorial neighbors influences

aggression biases, we coded focal males as having red territorial

neighbors only (red-only neighborhood) or other types of neighbors

(both red and blue neighbors, only blue neighbors, or alone). We
TABLE 1 Shown are the neighborhood type categories used in our models to assess the effect of having only red territorial neighbors versus other
neighborhood types as well as having only blue territorial neighbors versus other neighborhood types on aggression biases.

Neighborhood type Only red or blue neighbor(s) Other neighborhood types Notes

Red-only versus other Immediate neighbor(s) are/is red Red and blue neighbors, only blue
neighbor(s), or alone

Results are reported in manuscript

Blue-only versus other Immediate neighbor(s) are/is blue Red and blue neighbors, only red
neighbor(s), or alone

The data are shown in the
Supplemental Material
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found a significant interaction between neighborhood type and

focal species on response ratio towards red males (Beta regression,

neighborhood type x focal species: -2.172 ± 0.838, z = -2.593, p =

0.01). This interaction effect suggests that the effect of having only

red neighbors on aggression biases differed between red and blue

males (Figure 4a). Blue territory owners in red-only neighborhoods

exhibited a stronger aggression bias towards red stimuli compared

to blue territory owners with other types of neighbors (Beta

regression, neighborhood type: 1.550 ± 0.552, z = 2.798, p =

0.005). Within red males, there was no significant effect of
Frontiers in Ecology and Evolution 06
neighbor type on the response ratio towards red males (Beta

regression, neighborhood type: -0.618 ± 0.623, z = -0.992, p = 0.32).

There was also a species-specific pattern in the effect of

neighbors on bite intensity to red versus blue stimulus males

(Figure 4b), as indicated by a significant three-way interaction

effect between, neighborhood type (red-only or other

neighborhoods), territory-holder (focal) species, and stimulus

species (LMM: 6.209 ± 2.360, t21 = 2.631, p = 0.02). Within blue

males, there was a significant interaction between neighborhood

type and stimulus species (LMM, neighborhood type x stimulus
FIGURE 4

The effect of having only red territorial neighbors versus other types of neighborhoods on aggression biases towards red versus blue stimulus males
for red and blue Pundamilia territory holders. (a) Shown is the response ratio towards red males (#aggressive acts towards red/total #aggressive
acts). (b) Bite intensity towards red and blue males is the number of sequential bites within a given attack bout. Territory holders that had only red
neighbor(s) were labeled as ‘only red’. ‘Other’ refers to males that had at least one blue neighbor, both blue and red neighbors or who were alone
(Table 1). Boxes enclose 25th to 75th percentiles. Error bars enclose data range, excluding outliers. Dots are data points. Dashed lines connect
stimulus males within pairs.
FIGURE 3

Own-type aggression bias in blue and red Pundamilia territory holders. (a) The response ratio to own species (both species bias aggression towards
their own species; for statistics, see Dijkstra et al., 2006). (b) Shown is the bite intensity towards red and blue stimulus males. Indicated are p values
based on linear mixed models. Boxes enclose 25th to 75th percentiles. Error bars enclose data range, excluding outliers. Dots are data points. Dashed
lines connect stimulus males within pairs.
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species: -4.248 ± 1.638, t12 = -2.594, p = 0.02), suggesting that there

was an effect of neighborhood type on aggression biases in terms of

bite intensity. More specifically, in blue males who were not

surrounded by only red males (i.e., territory owners coded as

‘other’, Table 1), there was a significantly higher bite intensity

towards blue stimulus males than towards red stimulus males

(LMM, stimulus species: 3.688 ± 0.949, t9 = 3.888, p = 0.004). By

contrast, blue males with only red neighbors showed no significant

aggression bias in terms of bite intensity (LMM, stimulus species:

-0.324 ± 0.315, t3 = -1.029, p = 0.4). In red males, neighborhood type

(red only versus other) was not linked to differences in bite intensity

towards red or blue stimulus males (LMM, neighborhood type x

stimulus species: 2.115 ± 1.457, t8 = 1.452, p = 0.18).
The effect of proportion of red neighbors
on aggression biases

To test whether the relative abundance of red relative to blue

territorial neighbors influenced aggression biases, we examined the

effect of proportion of red neighbors on response ratios and bite

intensity (Figure 5). For response ratios towards red, there was no

significant effect of proportion of red neighbors (with or without

focal species, p values > 0.26, Figure 5a). For bite intensity, the

model retained a significant three-way interaction effect between

stimulus species (blue or red), proportion of red neighbors, and

focal species (LMM, 7.439 ± 3.142, t18 = 2.368, p = 0.03, Figure 5b).

This finding is consistent with the ‘red-only neighborhood’ analysis,

in that the neighborhood effect on aggression biases varies by

species. In blue males, bite intensity towards red or blue stimulus

males did not significantly depend on the proportion of red males

(LMM, proportion of red neighbors x stimulus species: -3.443 ±

2.190, t10 = -1.573, p = 0.15). However, in red males the aggression
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bias in terms of bite intensity depended significantly on the

proportion of red neighbors, with red males exhibiting lower bite

intensity towards red stimulus males relative to blue stimulus males

with increasing proportion of red males (LMM, proportion of red

neighbors x stimulus species: 4.051 ± 1.402, t7 = 2.889, p = 0.025).

Within red males, bite intensity towards red stimuli tended to

decline somewhat with a higher proportion of red neighbors (LM,

proportion of red neighbors: -3.694 ± 1.660, t = -2.225, p = 0.06) but

there was no such effect in bite intensity towards blue stimuli (0.519

± 1.163, t = 0.446, p = 0.68).

Overall, there was a significant decline in overall bite intensity

(i.e. to either stimulus species) with proportion of red neighbors

(LMM, proportion of red neighbors: -3.588 ± 1.199, t20 = -2.993, p =

0.007, Figure 5b) and this model was not dependent on focal species

(p values > 0.37). This suggests that territory holders with a higher

proportion of red neighbors showed reduced bite intensity.
Discussion

In the current study, we confirmed that territorial red (P.

nyererei) and blue (P. ‘pink anal’) Pundamilia males bias

aggression towards males of their own species. Such own-type

aggression biases are thought to facilitate invasion of rare

phenotypes and favor coexistence of divergent phenotypes both

during and after speciation (Dijkstra and Border, 2018). However,

our data also suggest that aggression biases are modulated by the

social neighborhood. Blue males with only red neighbors directed a

higher proportion of aggression (response ratio) to red stimulus

males compared to blue territory owners with other neighborhoods.

These findings suggest that blue territory owners shift their

aggression preferences towards the red phenotype if red is more

abundant and territory owners are more likely to be surrounded by
FIGURE 5

The effect of proportion of red territorial neighbors on aggression biases for red and blue Pundamilia territory holders. (a) Shown is the response
ratio towards red males (#aggressive acts towards red/total #aggressive acts). (b) Shown is the bite intensity towards red and blue stimulus males.
Bite intensity is the number of sequential bites within a given attack bout. Lines are model-specific trend lines, and shaded area are 95%
confidence intervals.
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only red neighbors. This effect of social context would enhance the

rare male advantage to blue males, potentially promoting co-

existence and preventing red males from taking over the

population. By contrast, we found that red males tended to

reduce their aggression bias in terms of bite intensity towards red

stimulus males when they were surrounded by more red territorial

neighbors. Our findings suggest that in red males, social context

may diminish the rare male advantage to blue males since more red

males in the local environment (and higher likelihood of red-only

neighborhoods) tended to shift aggression preferences away from

red rivals. Since the effect of neighborhood on aggression biases was

stronger in blue males, our results suggest the social context may

especially shape aggression biases in a way that disadvantages red

males when they are abundant, aiding in keeping red males in check

and favoring blue males when they are rare. This finding is in line

with the distribution of different Pundamilia phenotypes across

different localities in Lake Victoria, with red Pundamilia

phenotypes always co-existing with blue Pundamilia phenotypes

while entirely blue Pundamilia populations are not uncommon

(Seehausen et al., 1997; Seehausen and Van Alphen, 1999; Dijkstra

et al., 2007). We clarify our results in more detail and discuss

alternative explanations that can explain the correlation between

neighborhood type and aggression biases.

Our findings suggest that species composition of local

neighborhoods can influence aggression biases in the territory

holders. Here we specifically tested whether increased exposure to

a certain phenotype (i.e. red territorial neighbors) increased

aggressive responses towards males of that specific, more familiar

phenotype. Support for this prediction was found in blue males but

not in red males. We hypothesize that recent social interactions

with red territorial males primed blue territory owners to increase

aggressive responses to red intruders, consistent with the ‘nasty

neighbor effect’ (Müller and Manser, 2007). Red males, on the other

hand, may reduce responses to red intruders when surrounded by

more red neighbors. This would be consistent with a ‘dear enemy

effect’ in the red species, which suggests that individuals habituate to

specific stimuli of neighbors leading to a generalized reduced

response to red phenotypes relative to blue phenotypes. These

findings in red males are consistent with previous studies in other

haplochromine cichlids showing that males reduce territorial

aggression towards familiar neighbors (Aires et al., 2015;

Weitekamp and Hofmann, 2017). The species differences in

modulation of aggressive behavior based on social neighborhood

is also supported in the analysis where we split territory holders into

having ‘only blue’ territorial neighbors versus other types of

neighborhoods as defined in Table 1 (Supplementary Figure S1).

The pattern is visually similar for the response ratio (Supplementary

Figure S1a), with blue territory holders shifting bias towards blue

stimuli when only surrounded by blue neighbors, while red territory

holders tilting it away from blue stimuli when more familiar with

blue. The observed species difference in modulation of aggressive

behavior based on social neighborhood is difficult to explain, but it

could be related to differences in how red and blue males perceive

the relative threat level of each male phenotype based on
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interspecific differences in motivation to expand territories or

willingness to engage in physical confrontations. For example, the

blue species is less abundant at our study site than the red species,

but blue males are considerably more aggressive than red males.

However, how these species differences in local abundance and

aggressiveness are linked to species-specific adjustment of behavior

according to species composition of neighborhoods is unclear and

requires further studies. We also note that ‘nasty neighbor effects’,

and ‘dear enemy effects’ are not mutually exclusive mechanisms

shaping aggression biases.

Given the previously reported more variable aggression biases

in blue Pundamilia phenotypes and extremely robust own-type

aggression biases in red Pundamilia phenotypes (Dijkstra et al.,

2007; Dijkstra and Groothuis, 2011), we predicted that the effect of

social context on aggression biases was stronger in blue males than

in red males. As discussed above, this prediction was correct for the

proportion of aggression (response ratio) to red stimulus males,

with an effect detected in blue males but not in red males. However,

the observation that the proportion of red males influences biases in

bite intensity in red males was unexpected. Our findings suggest

that social context may be more important in shaping aggression

biases than previously thought.

Although behavioral adjustment based on recent social

interactions among neighboring territorial males could influence

aggression biases, alternative explanations are also possible.

Specifically, it is possible that intrinsic behavioral differences

among males of the two species explain the correlation between

aggression biases and neighborhood characteristics if those

characteristics influence how males sort themselves into territorial

neighborhoods (Lehtonen and Helanterä, 2024). For example, red

males that are inherently less aggressive to red intruders may

tolerate more red and fewer blue neighbors around their

territories. Past studies in cichlid fish have shown that own-type

aggression biases predict the distribution and spacing of territories

occupied by species of specific phenotypes, such that males are

more likely to have territorial neighbors that are dissimilar to

themselves (Kohda, 1998; Seehausen and Schluter, 2004; Tyers

et al., 2021). Experimental tests are required to examine the

causal relationship between neighborhood characteristics and

aggression biases.

One limitation of the current study is the lack of statistical

power to detect differences among males with varying social

neighborhoods. We began examining the reported neighborhood

effects after the data had been collected in the field. Findings were

therefore serendipitous. Future studies should not only increase

sample sizes but also use experimental manipulations of

neighborhoods and additional behavioral observations on focal

males and their neighbors, including the frequency and nature of

interactions between territory owners and neighboring territorial

males of different species or phenotypes. Territory holders may

acquire threat-sensitive information linked to previous encounters

with rivals of specific phenotype and adjust behavior accordingly.

For example, territory owners may learn to associate rival

phenotypes with personality characteristics, tendency to escalate
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conflicts, or intrusion rates (Olendorf et al., 2004; Hyman and

Hughes, 2006; Akçay et al., 2009). This type of information

gathering could also occur in ‘bystanders’ through witnessing

behavioral interactions between males of specific phenotypes in

local neighborhoods (Oliveira et al., 1998; Clotfelter and Paolino,

2003). Finally, we placed stimulus males close to the core of a male’s

territory. One could argue that this is a somewhat artificial approach

and that in more realistic scenarios, territory owners can see

approaching opponents, and will likely evict (potential) intruders

in the border region. Establishing how males approach such rivals

under more realistic scenarios is important (Lehtonen et al., 2015),

especially since experience-dependent defensive responses are

modulated by encounter location (Bolyard and Rowland, 2000;

Carazo et al., 2008; Sogawa and Kohda, 2018).

The current study suggests that intrinsic own-type aggression

biases are modulated by learning and social context. However, it is

unknown how territory owners integrate rival cues with early and

recent social experiences, which ultimately determines the

aggressive response to specific phenotypes. Aggression biases are

important for theoretical models of evolutionary diversification

(Tinghitella et al., 2018; Yang et al., 2019) and the outcome of

species interactions (Drury et al., 2020; Grether et al., 2020).

Although others have suggested that cognitive processes are

important for understanding aggression biases (Grether, 2011)

and contest behavior more generally (Hsu et al., 2006; Reichert

and Quinn, 2017), more studies are needed to examine how social

environment and learning shape aggressive behavior (Roleira et al.,

2017; Friesen et al., 2022). This research can draw from studies

on the cognitive and neural mechanisms of species discrimination

and rival recognition in birds and other vertebrates (Mateo, 2004;

Hoke et al., 2008; Lynch et al., 2017). Insights from these fields

may influence our understanding of the role of male-male

competition in speciation quite significantly as discussed in the

introduction (Figure 1).

We described how the social environment could modulate

aggression biases using a case study of two cichlid species. We

found that aggression biases of territory holders towards red and

blue intruders depended on their own phenotype but also on the

presence or absence of red territorial neighbors. These neighbor

effects on modulation of aggression biases were also different for

blue and red males. Territory owners in a range of species are

known to show large plasticity in behavioral responses based on the

social context and past social encounters, but such plasticity has

rarely been studied in the context of aggression biases. Our case

study focused on recent social experience and the effect of social

context. Future studies should study how early life and recent social

experiences interact to shape aggression biases using experimental

approaches in the lab and the field. Studying plasticity in aggression

biases may advance our understanding of how male-male

competition and competition more generally shape evolutionary

patterns of phenotypic diversification (Winkelmann et al., 2014;

Drury et al., 2020; Grether et al., 2020).
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