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territories, further indicating that the investment by 
most territory holders decreased with territory den-
sity. While some species appeared better neighbours 
than others in terms of their contribution to the neigh-
bourhood-level defensive aggression, the patterns of 
species co-occurrence did not reveal significant spe-
cies pair-specific associations. Overall, these results 
are consistent with the selfish herd theory and suggest 
that territory defence against intruders can impact the 
composition of the local community.
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Introduction

In many animals, success in reproduction or foraging 
requires aggressive defence of a territory. However, 
such territorial aggression is typically costly due to, 
for example, energy expenditure, risk of injury, risk 
of predation or time allocation away from other key 
activities (Riechert, 1988; Marler & Moore, 1989; 
Jakobsson et  al., 1995; Neat et  al., 1998; Briffa & 
Sneddon, 2007). Especially when intruders pose a 
risk of predating on the territory holders or their 
offspring, having territorial neighbours may allevi-
ate the costs. For instance, predators may, on aver-
age, have a lower success when harassed by multi-
ple neighbours, each of which is defending a nest or 
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territory (Robinson, 1985; Wiklund & Andersson, 
1994; Krams et  al., 2009). In addition, the predator 
may leave the area quicker when it is attacked with 
a sufficient intensity that is more easily reached with 
a larger number of participating individuals. Aggres-
sion towards an intruder by multiple neighbours can 
be cooperative, in which case it is often called mob-
bing (birds: Curio, 1978; Cunha et al., 2017; Dutour 
et al., 2019; mammals, fish and invertebrates: Carlson 
et  al., 2018; Carlson & Griesser, 2022), while terri-
torial aggression by neighbours can provide safety 
even when it is not preformed cooperatively. In this 
context, intruders are often thought to be nest preda-
tors, while non-predatory territorial challengers, such 
as competitors over mates or resources, can similarly 
pose a frequent threat and be evicted by multiple 
neighbours (Elfström, 1997; Detto et al., 2010).

Heterospecific neighbours may provide terri-
tory defence benefits in similar ways to conspecifics, 
while presumably being less significant sexual and 
resource competitors. This is relevant because mixed-
species groups are a prominent type of social organi-
sation in many habitats and animal taxa (Terborgh, 
1990; Stensland et  al., 2003; Paijmans et  al., 2019). 
Moreover, mixed-species neighbourhoods may con-
tain a wider variety of sensory abilities that help with 
general intruder detection, or certain resident species 
may be particularly effective towards specific intrud-
ers of high threat (Burger, 1984; Semeniuk & Dill, 
2006). Such potentially beneficial associations may 
take place between relatively equal residents (Klein-
dorfer et  al., 2009; Ibáñez-Álamo et  al., 2015) or a 
smaller species may exploit aggression of bolder and 
more aggressive ones to gain protection against nest 
predators and other intruders (Haemig, 2001; Quinn 
& Ueta, 2008).

In both single- and mixed-species neighbourhoods, 
the costs versus benefits of neighbours are likely to 
result in complicated trade-offs. Benefits of having 
many neighbours (a high territory density) are likely 
to include increased vigilance and quicker or more 
efficient intruder harassment (Elfström,1997; Quinn 
& Ueta, 2008; Detto et  al., 2010), while potential 
costs include aggression and competitive interactions 
(Dunn et  al., 2015), predator attraction (Frauendorf 
et al., 2022) and parasite transmission (Godfrey et al., 
2010). Local territory density is likely to depend on 
the balance between such costs and benefits, which 
may accrue not only from the neighbour density per 

se but also from the neighbours’ characteristics. In 
other words, variation in local territory density may 
be driven by neighbourhood-specific effects. How-
ever, the drivers of such multi-species territory neigh-
bourhoods are not well understood.

In fish, mixed-species associations are common 
for instance in coral reefs and species rich freshwa-
ters (Talbot et  al., 1978; Paijmans et  al., 2019). In 
Lake Xiloá, a Nicaraguan crater lake, more than 10 
cichlid (Cichlidae) species in 8 genera have highly 
overlapping breeding seasons, during which they 
aggressively defend territories from both conspecif-
ics and heterospecifics that pose a risk of taking over 
the territory, predating on their offspring or both 
(McKaye, 1977a). The territories are established on 
the lake floor for the purpose of reproduction and are 
defended typically, but not exclusively, in a biparental 
fashion until the juveniles are ready to disperse at the 
age of a few weeks (Lehtonen et al., 2011a,b). Earlier 
studies suggest that, in such cichlid fish aggregations, 
not all neighbours or intruders are equal (McKaye, 
1977b; Lehtonen et  al., 2015a,b; Lehtonen, 2019; 
Santangelo et  al., 2024). Costly neighbour interac-
tions (Lehtonen & Lindström, 2008; Lehtonen et al., 
2015b; Santangelo et  al., 2024)  aside, some neigh-
bours potentially provide benefits in terms of reduced 
offspring predation or energy expenditure (McKaye, 
1977b; Lehtonen, 2008, 2019). In the mixed-species 
settings, an intruder is sometimes harassed by multi-
ple individuals and species until it flees or succeeds 
in its intrusion (Lehtonen,  personal observations 
2005–2016). In such situations, cooperation might 
increase efficacy of territorial defence.

Thus far, neighbourhood dynamics in Lake Xiloá 
and elsewhere have mostly been assessed between 
conspecifics or specific species pairs. However, when 
multiple species share the same breeding grounds, a 
better understanding of the roles of different neigh-
bours may require an approach that includes all 
relevant members of naturally formed neighbour-
hoods. Accordingly, our objective was to assess the 
aggression by all territory holders of natural mixed-
species neighbourhoods in relation to territory (i.e. 
neighbour) density and species composition. To 
do this, we investigated, using Lake Xiloá cichlids, 
whether neighbourhood-level aggression towards 
an intruder correlates with territory density (i.e. the 
local number of aggressors), which would indicate 
active participation of neighbours to the burden of 
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territory defence. Lack of a density effect in aggres-
sion would, in turn, suggest that territory holders use, 
on average, less energy in higher territory densities. 
Here, we also assessed how aggression relates to the 
intruder’s proximity. The array of territorial species 
in the neighbourhood may also be relevant, and we, 
therefore, tested whether specific species drive the 
neighbourhood’s overall rate of defensive aggression, 
either by being aggressive, affecting the aggression 
of their neighbours or both. In this respect, species 
might differ in their willingness or ability to react to 
intruders, potentially affecting their neighbours’ ter-
ritory defence and hence their own desirability as 
neighbours (birds: Haemig, 2001; Quinn & Ueta, 
2008; these cichlids: McKaye, 1977a,b; Lehtonen, 
2008, 2019). We also expected that if particularly 
well (or badly) functioning species pairs shape for-
mation of the neighbourhoods, the occurrence of spe-
cific pairs of species in the neighbourhoods would be 
non-random.

Methods

The study was set up in November, and it was com-
pleted in December 2016, in Lake Xiloá, Nicaragua 
(12°12.8’ N; 86°19.0’ W). Lake Xiloá is a relatively 
small (~ 4 km2) and deep (average depth: 60 m) crater 
lake with interesting fish fauna that includes endemic 
cichlid species (McKaye, 1977a; Elmer et al., 2009). 
The study coincided with high breeding activity (i.e. 
many active breeding territories) by most of the cich-
lid species in the lake (Lehtonen, personal observa-
tions 2005–2016). During the study period, the water 
was relatively clear with 3–5 m of vertical visibility.

To assess the species co-occurrence and neigh-
bourhood patterns of territorial aggression in natu-
ral neighbourhoods, we first defined the exact points 
where the replicates of the experiment, hereon 
referred to as ‘trials’, were later conducted. This was 
done haphazardly with regard to the cichlid neigh-
bourhoods, as follows. We sought a general area that 
was earlier identified as one of the main cichlid breed-
ing sites in the southern part of the lake, as judged by 
the range of species and density of territories on the 
lake floor. The habitat consisted of a mix of stones, 
pebbles, sand and organic matter. After arriving to 
the site, a diver dropped a small, numbered piece 
of ceramic tile to the lake floor at a depth of 12 m. 

The diver then followed the 12 m depth contour (as 
assessed by a dive computer) and dropped similar 
markers with a minimum distance of 2 m between any 
two markers, forming a line of 18 markers that was 
roughly parallel to the shore. The diver then swam 
towards the shore for slightly over 2 m and started to 
swim in parallel to the original line, dropping markers 
so that the minimum distance between any two mark-
ers was always 2 m. In total, we established 6 parallel 
lines of 18 markers that formed a 6 × 18 grid of mark-
ers on the lake floor. One trial was later conducted on 
each point of the grid, as detailed below.

We ran the trials 7–17 days after the grid had been 
completed. The assessment order of the 108 grid 
points was randomised, so that no adjacent points 
were assessed during the same day (to minimise 
recent disturbance). Hence, the trials were as ran-
dom as possible with regard to the composition of 
the neighbourhoods, as well as sources of noise, such 
as the phase of the reproductive cycle. We ran one 
trial at each grid point, with 3–15 trials run per day. 
At the start of a trial (N = 108), a diver approached 
the assigned grid point, being careful to minimise 
the disturbance to any territories in the vicinity. First, 
the diver recorded the territory holder species and 
the approximate location of the centre of each ter-
ritory within a 1 m radius from the focal grid point. 
The 1  m distance corresponds with earlier observa-
tions of the typical maximum distance from which 
territory holders may react aggressively to intruders 
(Lehtonen et al., 2011b; Lehtonen, personal observa-
tions 2005–2016). The location of the centre of the 
territory was estimated by the behaviour of the ter-
ritory holders; it was where the territory holders 
spent most of their time and where, when visible, the 
school of fry was typically centred (Lehtonen et  al., 
2011b). The diver checked and calibrated the distance 
estimates multiple times and found them to have a 
good accuracy (± 10%).

Two minutes later, the diver initiated the aggres-
sion assessment by placing an intruder dummy (see 
below for details) on the pre-existing grid point and 
then backed off to a direction that minimised the over-
all disturbance. The diver then counted the number of 
aggressive responses by any fish towards the intruder 
dummy for 5 min (noting the species of the aggres-
sor). Here, all territory holders were similarly behav-
ing cichlids and most species were of similar size, 
allowing us to pool their aggressive responses when 
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assessing the neighbourhood-level aggression. In 
addition, species identities were accounted for in the 
statistical analyses (see below). Aggressive responses 
by all species involved either a rapid advance–typi-
cally followed by a bite and retreat back to the centre 
of the territory–or a slow glide towards the dummy 
with pronouncedly flared gill covers (opercula) and 
fins, together corresponding to the ‘total aggression 
rate’ of earlier studies (e.g. Lehtonen et al., 2015a,b; 
Oldfield et al., 2015).

To emulate typical territorial intrusions in this 
community, we chose to use a single dummy of the 
black devil (Amphilophus sagittae) dark colour morph 
in all trials. This species is particularly common in 
the area, and both a potential breeding territory com-
petitor to, and offspring predator of, other cichlid spe-
cies that share the same breeding grounds (Lehtonen 
et al., 2015b; Lehtonen, 2019). The same dual role is 
also true for most other members in this community. 
Following Lehtonen et al. (2015a,b), we constructed 
the intruder dummy by glueing waterproof, photo-
graphic colour prints of a digital photo of the lateral 
side of a black devil (dark colour morph, unknown 
sex) onto both lateral sides of an oval shaped poly-
propylene plate (thickness: 6 mm). The length of the 
dummy, 16  cm, corresponded to a relatively small 
adult black devil (Lehtonen, 2014). It was attached 
to a sinker with a 15  cm long fishing line, allowing 
it to float in a natural position above the lake floor. 
Such intruder dummies (with photographic or artifi-
cial colours) allow quantification of aggression and 
have been successfully used in a wide array of stud-
ies on birds (Syrová et al., 2016; Tryjanowski et al., 
2018) and fish (Rowland, 1999), including aggression 
assessments in a range of Neotropical cichlids (Crav-
chik & Pazo, 1990; Barlow & Siri, 1994; Beeching, 
1995; Lehtonen et al., 2015b, 2016; Anderson et al., 
2016).

To assess the role of key species in the patterns 
of overall, neighbourhood-level aggression, we nar-
rowed our formal investigations to the four most 
common species in the area: the black devil, moga 
(Hypsophrys nicaraguensis), poor man’s tropheus 
(Neetroplus nematopus) (also known as Hypsophrys 
nematopus) and red breast cichlid (Cribroheros longi-
manus). The territories of these species constituted 
over 97% (279/286) of all territories recorded in the 
trials of the current study. In 8 of the 108 trials, no 
cichlid territories were present within the 1 m radius 

and they were, therefore, excluded from the statistical 
analyses.

Statistical analyses

We used R 4.2.2 software (R Core Team 2022) for 
all analyses. To address the patterns of neighbour-
hood-level aggression directed towards the intruder, 
we applied generalized linear models (GLMs) with 
a negative binomial distribution (‘glm.nb’ function 
in R), as appropriate (Zuur et al., 2013) for overdis-
persed (as assessed by the ‘check_overdispersion’ 
command) count data. In particular, our response 
variable of interest was the total number of aggres-
sive responses towards the intruder dummy. To assess 
the importance of the identity of the species present 
in the neighbourhood, and the robustness of the other 
effects (see below) in relation to species differences, 
we applied an information-theoretic (IT) framework 
(Garamszegi, 2011). Here, instead of interfering from 
just a single model, we included the presence of the 
above four species in all possible combinations. Each 
model included the presence (yes/no) of 0–4 cichlid 
species and we fitted a model for each of the 16 possi-
ble species combinations. To address the effect of the 
number of territories (i.e. neighbours), all 16 models 
also included the number of territories within the 1 m 
radius from the intruder dummy as another response 
variable. All 16 models also included the distance 
between the dummy and the nearest cichlid territory 
as an explanatory variable to account for this effect. 
We used the Akaike information criterion (AIC) to 
order these models in terms of their fit. We then drew 
interpretations of the relative performance of the 16 
models.

To further assess the role of the territory closest to 
the intruder, the distance to the intruder, and territory 
holder species, we assessed species-level aggressions 
with a generalized linear mixed model (GLMM) with 
a negative binomial distribution (‘glmmTMB’ func-
tion in R). Here, the response variable was the spe-
cies-specific number of aggressive responses per trial. 
The explanatory variables were the identity of the 
species, whether that species was the closest to the 
intruder (yes/no), the closest distance of any territory 
of that species to the intruder (in cm) and the number 
of territories of that species in the neighbourhood (i.e. 
trial). Note that if the distance approximations of two 
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(or more) species were the same, both species were 
conservatively denoted as not being the closest one. 
Results regarding this effect would be similar, but 
more pronounced, if both were designated as being 
the closest. Because many neighbourhoods had more 
than one species, we added trial identity (i.e. grid 
point ID) as a random effect.

Finally, to further understand the composition of 
the neighbourhoods, especially regarding whether 
certain species occur disproportionately often (or 
rarely) together, we carried out hypergeometric tests 
on the pairwise co-occurrences of each species pair. 
This was done with the’phyper’ function and the 
tests were conducted separately for excess and deficit 
co-occurrence.

Results

The most commonly encountered species was the 
moga, followed by the black devil, red breast cichlid 
and poor man’s tropheus (Figs. 1, 2).

All 16 models (Table  1) that addressed neigh-
bourhood-level aggression towards the intruder 
dummy consistently showed that the distance 
between the dummy and the nearest territory was 
important: the overall rate of aggression was higher 
when the distance was shorter (GLM, |z|≥ 6.96, 

P < 0.0001) (Fig.  3a). Interestingly, the number of 
territories within the 1  m radius from the intruder 
dummy (i.e. ‘density’) did not have a significant 
effect on neighbourhood-level aggression in any of 
the 16 models (GLM, |z|≤ 1.599, P ≥ 0.11) (Fig. 3b). 
Indeed, both effects were similar in all models, 
independent of the combination of species included. 
We used the full model with all four species for 
illustrating the two effects (Fig.  3a,b; Table  2). 
Regarding the four most common species, the moga 
was particularly important in the sense that it was 
included in most of the models with the best fit 
(Tables 1, 2).

Our species-specific analysis confirmed that 
the distance between the dummy and the terri-
tory was the main driver of aggression (GLMM, 
β ± SE = −  0.05205 ± 0.00504, z = −  10.34, 
P < 0.0001) (Fig. 3c). For a given distance, the rate 
of aggression was higher when the focal species 
was the closest one to the intruder than when it was 
not (GLMM, β ± SE = 0.5404 ± 0.2207, z = 2.449, 
P = 0.014) (Fig.  3d). The two most aggressive 
species were the poor man’s tropheus and moga 
(Fig. 1).

Finally, none of the pairwise co-occurrence pat-
terns deviated from random expectations after a 
false discovery rate correction (hypergeometric tests, 
adjusted comparisons, P > 0.24) (Fig. 2).

Fig. 1   Species-level 
aggression effects (GLMM-
generated, with 95% 
confidence intervals) by the 
four cichlid species most 
often encountered during 
the experiment. Species 
without a letter in common 
were significantly different 
(α = 0.05). Photos:  © Topi 
K. Lehtonen
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Discussion

The (arbitrarily defined) neighbourhoods assessed in 
this study often had multiple territories in close prox-
imity (more than 1 territory in 81/100 of the neigh-
bourhoods, maximum number of territories: 7). How-
ever, aggression towards the intruder dummy did not 
significantly increase with the number of territories. 
Therefore, it seems unlikely that cooperative defence 
would drive territory densities, and, instead, other 
factors are likely to play a larger role. The result also 
implies that the costs of territory defence, in terms of 
the number of aggressive responses per each breeding 
pair (/individual), decreased with the territory density. 
However, the current study did not address to which 
extent a more densely packed neighbourhood might 
lure higher numbers of intruders. In this respect, 
while intruders aspiring to predate on offspring might 
be attracted by a high territory density, we expect new 
territorial challengers, in contrast, to be discouraged 
by higher densities of territory defenders.

The results show that the intruder’s distance to the 
nearest territory is a very important predictor of the 
overall aggression subjected to it. Combined with the 
lack of an effect of number of territories on the neigh-
bourhood-level aggression, this finding suggests that 
territory densities are shaped by the so-called selfish 
herd effect, in which aggregations are formed by each 
individual (here: pair) trying to minimise its ‘domain 

Fig. 2   A Venn diagram 
demonstrating the observed 
total numbers of territories 
by species (in brackets) and 
the number of times the 
species co-occurred with 
each other in the neighbour-
hoods we assessed

Table 1   Sixteen different negative binomial GLMs on the 
number of aggressive responses, ranked according to their AIC 
values, with the model of the best fit ranked as 1

Black black devil (Amphilophus sagittae), moga moga (Hyp-
sophrys nicaraguensis), poor poor man’s tropheus (Neetroplus 
nematopus), red breast red breast cichlid (Cribroheros longi-
manus)

Rank Species included df Δ AIC

1 Moga, poor, red breast 94
2 Moga 96 1.13
3 Moga, poor 95 1.34
4 Moga, red breast 95 2.00
5 Black, moga, poor, red breast 93 2.00
6 Black, moga 95 2.94
7 Black, poor, red breast 94 3.31
8 None 97 3.46
9 Black, moga, red breast 94 3.78
10 Red breast 96 3.88
11 Black 96 3.90
12 Black, red breast 95 4.34
13 Poor, red breast 95 4.37
14 Black, poor, red breast 94 4.96
15 Poor 96 5.14
16 Black, poor 96 5.63
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of danger’, i.e. the probability of being the closest 
individual to an approaching danger (Hamilton, 1971; 
McDowall & Lynch, 2019). In this case, nesting close 
to neighbours is beneficial, but the benefits are not 

accrued from an increase of defensive aggression 
with the number of neighbours (which might point 
to active cooperation), but rather from an increased 
probability that one of the neighbour territories ends 
up being the closest one to the approaching intruder, 
hence carrying the highest risk and burden of defen-
sive aggression. Such behavioural pattern among 
these fish is further supported by our finding that spe-
cies-level aggression not only increased by decreas-
ing absolute distance to the intruder but also by the 
status of being the closest territory defender.

Our results also suggest that the Lake Xiloá spe-
cies differ in their aggression and, more generally, 
their role in defining the neighbourhood level of 
aggression towards the intruder. Here, the intruder 
appearance may have played a role in the exact pat-
tern of species differences, with previous results sug-
gesting that these cichlids can adjust their aggression 

Fig. 3   Model-generated predictions and non-adjusted data-
points for (a) neighbourhood-level aggression in relation to the 
distance between the nearest territory and intruder dummy, (b) 
neighbourhood-level aggression in relation to the number of 
territories within 1 m radius from the intruder, (c) species-level 
aggression (the number of aggressive responses per species per 

trial) in relation to the distance between the nearest territory 
and intruder dummy and (d) species-level aggression in rela-
tion to whether the focal species had a territory nearest to the 
intruder. Note that in tie situations, both species were denoted 
in the ’No’ category. Shaded areas and whiskers indicate 95% 
confidence intervals

Table 2   The results of the full model (Rank 5 in Table  1) 
assessing the overall number aggressive responses

Distance refers to the distance between the intruder dummy 
and the nearest cichlid territory

Effect β SD z p

Intercept 4.094 0.4163 9.834  < 0.0001
Black devil − 0.0140 0.2357 − 0.059 0.95
Moga 0.6633 0.2725 2.434 0.015
Poor man’s tropheus 0.4860 0.2469 1.968 0.049
Red breast cichlid 0.4230 0.2405 1.759 0.079
Distance − 0.0354 0.0049 − 7.191  < 0.0001
Number of territories − 0.0497 0.1043 − 0.477 0.63
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to intruder species and appearance (Lehtonen et  al., 
2015a,b; Sowersby et  al., 2018). However, species 
rankings in absolute levels of aggression (Fig. 1) were 
not our primary interest, while more general pat-
terns of neighbourhood-wide territorial aggression 
were not likely to be specific to the intruder dummy 
we used (black devil). Relative to the other key spe-
cies, black devil territory holders’ role in the overall 
aggression towards the conspecific dummy was also 
not particularly large. Aggression by black devil terri-
tory holders may have been moderate because of their 
larger size compared to the other three species that 
were regularly encountered in this study. In particu-
lar, for large species, a lower rate of aggression may 
already be sufficient for creating a high level of threat 
that is enough to keep away most intruders (Lehtonen 
et al., 2011a). Black devils’ larger size may also have 
contributed to how they perceived the intruder: their 
territorial aggression has previously been shown to 
positively correlate with the size of the intruder in 
relation to them (Lehtonen, 2014). Moreover, if black 
devils are particularly intimidating to their neigh-
bours, or the neighbours perceive them to be that to 
intruders, their presence might have moderated over-
all aggression towards the intruder in the neighbour-
hood. Finally, we cannot exclude the possibility that 
the presence of an observer might have affected some 
territory holders more than others.

The differences in neighbours’ intruder repellence 
capacity have potential to affect the local community 
structure and species co-occurrence (McKaye, 1977a; 
Lehtonen, 2008, 2019; Santangelo et  al., 2024). 
More generally, different species may generate vary-
ing costs and benefits as neighbours, and any biases 
in their territorial aggression may also affect the 
difficulty of claiming new territories or later hold-
ing them. Once successfully established, neighbours 
seem to considerably reduce their aggressiveness 
towards each other (Lehtonen et al., 2010; Lehtonen, 
2019), and our hypergeometric tests did not reveal 
mutual exclusion (or attraction) between any species 
pairs. Here, future experiments with manipulated 
exclusions or inclusions would provide more detailed 
information on consequences of species differences. 
For instance, even though species co-occurrence pat-
terns in the current study did not deviate from ran-
dom, whether specific species are overall avoided or 
preferred as neighbours, relative to their abundance, 
remains to be experimentally explored. Moreover, in 

species pairs with a size difference lager than what 
we observed between the four most common species 
in the current study (see McKaye, 1977b; Lehtonen, 
2008, 2019) co-occurrence patterns might be more 
biased. At a larger scale, cichlid territories in Lake 
Xiloá are clustered, which supports the idea of gen-
eral neighbour benefits (McKaye, 1977a; Semeniuk 
& Dill, 2006; Quinn & Ueta, 2008; Lehtonen, 2019). 
The distribution of suitable crevices for hiding eggs 
and small fry is also likely to contribute to the clus-
tering. Similarly, seasonal variation remains to be 
assessed. In this respect, at any given time, species 
may vary in the distribution of the phases of their 
reproductive cycle. However, given the overall simi-
larity of the breeding seasons of these species, the 
extensive within species variation in the exact onset 
date of reproduction, the possibility of more than 
one brood per season per pair and the commonness 
of (asynchronously) failed breeding attempts that 
can be followed by new attempts (McKaye, 1977a; 
Lehtonen, 2008; Lehtonen et al., 2011a), it is unlikely 
that seasonal aspects would be a major driver of the 
observed species differences in aggression.

To conclude, we did not find evidence of coopera-
tion in territorial defence by Lake Xiloá cichlids. Nev-
ertheless, it seems likely that neighbourhoods with 
tightly packed territories provide some benefits for 
the residents, with higher overall densities decreasing 
the investment required per individual, and the neigh-
bour closest to an intruder typically carrying clearly 
the largest share of defensive aggression, in line with 
the selfish herd theory. We also found that the array 
of species forming a neighbourhood matters to the 
overall rate of aggression towards an intruder, making 
some species (and potentially phenotypes) presum-
ably better neighbours than others. More generally, 
such findings suggest that territory defence against 
intruders can act as a force that shapes the composi-
tion of communities. However, the putative role dif-
ferences between the species were broader than at the 
level of readily detectable co-occurrence associations 
between species pairs.

Acknowledgements  We thank Ilppo Kajaste for his help 
with setting up the study, Marta Barluenga, Ken McKaye, and 
the Peace Project crew (especially Theo and Lisa) for logistic 
support in Nicaragua, Maria-Elena Bernal for proofreading an 
earlier version of the text, the guest editors for organising the 
special issue and two anonymous reviewers for the comments 
that helped to improve the paper.



3881Hydrobiologia (2025) 852:3873–3883	

Vol.: (0123456789)

Funding  Open access funding provided by Natural 
Resources Institute Finland. The authors have not disclosed any 
funding.

Data availability  Data that support the findings of this study 
are available as supplementary material (Online Resource 1).

Declarations 

Conflict of interest  Both authors declare that they have no 
conflicts of interest.

Open Access  This article is licensed under a Creative Com-
mons Attribution 4.0 International License, which permits 
use, sharing, adaptation, distribution and reproduction in any 
medium or format, as long as you give appropriate credit to the 
original author(s) and the source, provide a link to the Crea-
tive Commons licence, and indicate if changes were made. The 
images or other third party material in this article are included 
in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not 
included in the article’s Creative Commons licence and your 
intended use is not permitted by statutory regulation or exceeds 
the permitted use, you will need to obtain permission directly 
from the copyright holder. To view a copy of this licence, visit 
http://creativecommons.org/licenses/by/4.0/.

References

Anderson, C., R. Jones, M. Moscicki, E. Clotfelter & R. L. Ear-
ley, 2016. Seeing orange: breeding convict cichlids exhibit 
heightened aggression against more colorful intrud-
ers. Behavioral Ecology and Sociobiology 70: 647–657. 
https://​doi.​org/​10.​1007/​s00265-​016-​2085-3.

Beeching, C. S., 1995. Colour pattern and inhibition of aggres-
sion in the cichlid fish Astronotus ocellatus. Journal of 
Fish Biology 47: 50–58. https://​doi.​org/​10.​1111/j.​1095-​
8649.​1995.​tb018​72.x.

Briffa, M. & L. U. Sneddon, 2007. Physiological constraints 
on contest behaviour. Functional Ecology 21: 627–637. 
https://​doi.​org/​10.​1111/j.​1365-​2435.​2006.​01188.x.

Burger, J., 1984. Grebes nesting in gull colonies: protective 
associations and early warning. The American Naturalist 
123: 327–337.

Carlson, N. V. & M. Griesser, 2022. Mobbing in animals: a 
thorough review and proposed future directions. Advances 
in the Study of Behavior 54: 1–41. https://​doi.​org/​10.​
1016/​bs.​asb.​2022.​01.​003.

Carlson, N. V., S. D. Healy & C. N. Templeton, 2018. Mob-
bing. Current Biology. https://​doi.​org/​10.​1016/j.​cub.​2018.​
06.​025.

Cravchik, A. & J. H. Pazo, 1990. Responses elicited by spe-
cies-specific models in the cichlid Crenicichla lepidota 
(Heckel). International Journal of Neuroscience 52: 
93–97. https://​doi.​org/​10.​3109/​00207​45900​89942​48.

Cunha, F. C. R., J. C. R. Fontenelle & M. Griesser, 2017. Pre-
dation risk drives the expression of mobbing across bird 

species. Behavioral Ecology 28: 1517–1523. https://​doi.​
org/​10.​1093/​beheco/​arx111.

Curio, E., 1978. The adaptive significance of avian mobbing. 
I. teleonomic hypotheses and predictions. Zeitschrift Für 
Tierpsychologie 48: 175–183. https://​doi.​org/​10.​1111/j.​
1439-​0310.​1978.​tb002​54.x.

Detto, T., M. D. Jennions & P. R. Y. Backwell, 2010. When 
and why do territorial coalitions occur? Experimental evi-
dence from a fiddler crab. The American Naturalist 175: 
E119–E125. https://​doi.​org/​10.​1086/​651588.

Dunn, J. C., K. C. Hamer & T. G. Benton, 2015. Anthropogen-
ically-mediated density dependence in a declining farm-
land bird. PLoS One 10: e0139492. https://​doi.​org/​10.​
1371/​journ​al.​pone.​01394​92.

Dutour, M., M. Cordonnier, J.-P. Léna & T. Lengagne, 2019. 
Seasonal variation in mobbing behaviour of passerine 
birds. Journal of Ornithology 160: 509–514. https://​doi.​
org/​10.​1007/​s10336-​019-​01630-5.

Elfström, S. T., 1997. Fighting behaviour and strategy of rock 
pipit, Anthus petrosus, neighbours: cooperative defence. 
Animal Behaviour 54: 535–542. https://​doi.​org/​10.​1006/​
anbe.​1996.​0492.

Elmer, K. R., T. K. Lehtonen & A. Meyer, 2009. Color assor-
tative mating contributes to sympatric divergence of neo-
tropical cichlid fish. Evolution 63: 2750–2757. https://​doi.​
org/​10.​1111/j.​1558-​5646.​2009.​00736.x.

Frauendorf, M., A. M. Allen, E. Jongejans, B. J. Ens, W. 
Teunissen, C. Kampichler, C. A. M. van Turnhout, L. D. 
Bailey, H. de Kroon, J. Cremer, E. Kleyheeg, J. Nienhuis 
& M. van de Pol, 2022. Love thy neighbour?—Spatial 
variation in density dependence of nest survival in relation 
to predator community. Diversity and Distributions 28: 
624–635. https://​doi.​org/​10.​1111/​ddi.​13457.

Garamszegi, L. Z., 2011. Information-theoretic approaches to 
statistical analysis in behavioural ecology: an introduc-
tion. Behavioral Ecology and Sociobiology 65: 1–11. 
https://​doi.​org/​10.​1007/​s00265-​010-​1028-7.

Godfrey, S. S., J. A. Moore, N. J. Nelson & C. M. Bull, 2010. 
Social network structure and parasite infection patterns 
in a territorial reptile, the tuatara (Sphenodon punctatus). 
International Journal for Parasitology 40: 1575–1585. 
https://​doi.​org/​10.​1016/j.​ijpara.​2010.​06.​002.

Haemig, P. D., 2001. Symbiotic nesting of birds with formi-
dable animals: a review with applications to biodiversity 
conservation. Biodiversity and Conservation 10: 527–540. 
https://​doi.​org/​10.​1023/A:​10166​54326​822.

Hamilton, W. D., 1971. Geometry for the selfish herd. Journal 
of Theoretical Biology 31: 295–311. https://​doi.​org/​10.​
1016/​0022-​5193(71)​90189-5.

Ibáñez-Álamo, J. D., R. D. Magrath, J. C. Oteyza, A. D. Chal-
foun, T. M. Haff, K. A. Schmidt, R. L. Thomson & T. E. 
Martin, 2015. Nest predation research: recent findings and 
future perspectives. Journal of Ornithology 156: S247–
S262. https://​doi.​org/​10.​1007/​s10336-​015-​1207-4.

Jakobsson, S., O. Brick & C. Kullberg, 1995. Escalated fight-
ing behaviour incurs increased predation risk. Animal 
Behaviour 49: 235–239. https://​doi.​org/​10.​1016/​0003-​
3472(95)​80172-3.

Kleindorfer, S., F. J. Sulloway & J. O’Conner, 2009. Mixed 
species nesting associations in Darwin’s tree finches: nest-
ing pattern predicts predation outcome. Biological Journal 

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00265-016-2085-3
https://doi.org/10.1111/j.1095-8649.1995.tb01872.x
https://doi.org/10.1111/j.1095-8649.1995.tb01872.x
https://doi.org/10.1111/j.1365-2435.2006.01188.x
https://doi.org/10.1016/bs.asb.2022.01.003
https://doi.org/10.1016/bs.asb.2022.01.003
https://doi.org/10.1016/j.cub.2018.06.025
https://doi.org/10.1016/j.cub.2018.06.025
https://doi.org/10.3109/00207459008994248
https://doi.org/10.1093/beheco/arx111
https://doi.org/10.1093/beheco/arx111
https://doi.org/10.1111/j.1439-0310.1978.tb00254.x
https://doi.org/10.1111/j.1439-0310.1978.tb00254.x
https://doi.org/10.1086/651588
https://doi.org/10.1371/journal.pone.0139492
https://doi.org/10.1371/journal.pone.0139492
https://doi.org/10.1007/s10336-019-01630-5
https://doi.org/10.1007/s10336-019-01630-5
https://doi.org/10.1006/anbe.1996.0492
https://doi.org/10.1006/anbe.1996.0492
https://doi.org/10.1111/j.1558-5646.2009.00736.x
https://doi.org/10.1111/j.1558-5646.2009.00736.x
https://doi.org/10.1111/ddi.13457
https://doi.org/10.1007/s00265-010-1028-7
https://doi.org/10.1016/j.ijpara.2010.06.002
https://doi.org/10.1023/A:1016654326822
https://doi.org/10.1016/0022-5193(71)90189-5
https://doi.org/10.1016/0022-5193(71)90189-5
https://doi.org/10.1007/s10336-015-1207-4
https://doi.org/10.1016/0003-3472(95)80172-3
https://doi.org/10.1016/0003-3472(95)80172-3


3882	 Hydrobiologia (2025) 852:3873–3883

Vol:. (1234567890)

of the Linnean Society 98: 313–324. https://​doi.​org/​10.​
1111/j.​1095-​8312.​2009.​01264.x.

Krams, I., A. Bērziņš & T. Krama, 2009. Group effect in nest 
defence behaviour of breeding pied flycatchers, Ficedula 
hypoleuca. Animal Behaviour 77: 513–517. https://​doi.​
org/​10.​1016/j.​anbeh​av.​2008.​11.​007.

Lehtonen, T. K., 2008. Convict cichlids benefit from close 
proximity to another species of cichlid fish. Biology Let-
ters 4: 610–612. https://​doi.​org/​10.​1098/​rsbl.​2008.​0378.

Lehtonen, T. K., 2014. Colour biases in territorial aggres-
sion in a neotropical cichlid fish. Oecologia 175: 85–93. 
https://​doi.​org/​10.​1007/​s00442-​013-​2879-1.

Lehtonen, T. K., 2019. Aggression towards shared enemies 
by heterospecific and conspecific cichlid fish neigh-
bours. Oecologia 191: 359–368. https://​doi.​org/​10.​1007/​
s00442-​019-​04483-0.

Lehtonen, T. K. & K. Lindström, 2008. Density-dependent sexual 
selection in the monogamous fish Archocentrus nigrofas-
ciatus. Oikos 117: 867–874. https://​doi.​org/​10.​1111/j.​0030-​
1299.​2008.​16677.x.

Lehtonen, T. K., J. K. McCrary & A. Meyer, 2010. Territorial 
aggression can be sensitive to the status of heterospecific 
intruders. Behavioural Processes 84: 598–601. https://​doi.​
org/​10.​1016/j.​beproc.​2010.​02.​021.

Lehtonen, T. K., B. B. M. Wong, K. Lindström & A. Meyer, 
2011a. Species divergence and seasonal succession in rates 
of mate desertion in closely related neotropical cichlid 
fishes. Behavioral Ecology and Sociobiology 65: 607–612. 
https://​doi.​org/​10.​1007/​s00265-​010-​1061-6.

Lehtonen, T. K., B. B. M. Wong, P. A. Svensson & A. Meyer, 
2011b. Adjustment of brood care behaviour in the absence 
of a mate in two species of nicaraguan crater lake cichlids. 
Behavioral Ecology and Sociobiology 65: 613–619. https://​
doi.​org/​10.​1007/​s00265-​010-​1062-5.

Lehtonen, T. K., W. Sowersby, K. Gagnon & B. B. M. Wong, 
2015a. Cichlid fish use coloration as a cue to assess the 
threat status of heterospecific intruders. The American Nat-
uralist 186: 547–552. https://​doi.​org/​10.​1086/​682711.

Lehtonen, T. K., W. Sowersby & B. B. M. Wong, 2015b. Hetero-
specific aggression towards a rarer colour morph. Proceed-
ings of the Royal Society B 282: 20151551. https://​doi.​org/​
10.​1098/​rspb.​2015.​1551.

Lehtonen, T. K., K. Gagnon, W. Sowersby & B. B. M. Wong, 
2016. Allopatry, competitor recognition and heterospecific 
aggression in crater lake cichlids. BMC Evolutionary Biol-
ogy 16: 3. https://​doi.​org/​10.​1186/​s12862-​015-​0569-9.

Marler, C. A. & M. C. Moore, 1989. Time and energy costs of 
aggression in testosterone-implanted free-living male moun-
tain spiny lizards (Sceloporus jarrovi). Physiological Zool-
ogy 62: 1334–1350.

McDowall, P. S. & H. J. Lynch, 2019. When the “selfish herd” 
becomes the “frozen herd”: spatial dynamics and popula-
tion persistence in a colonial seabird. Ecology 100: e02823. 
https://​doi.​org/​10.​1002/​ecy.​2823.

McKaye, K. R., 1977a. Competition for breeding sites between 
the cichlid fishes of Lake Jiloá, Nicaragua. Ecology 58: 
291–302. https://​doi.​org/​10.​2307/​19356​04.

McKaye, K. R., 1977b. Defense of a predator’s young by a her-
bivorous fish: an unusual strategy. The American Naturalist 
111: 301–315. https://​doi.​org/​10.​1086/​283162.

Neat, F. C., A. C. Taylor & F. A. Huntingford, 1998. Proximate 
costs of fighting in male cichlid fish: the role of injuries and 
energy metabolism. Animal Behaviour 55: 875–882. https://​
doi.​org/​10.​1006/​anbe.​1997.​0668.

Oldfield, R. G., K. Mandrekar, M. X. Nieves, D. A. Hendrickson, 
P. Chakrabarty, B. O. Swanson & H. A. Hofmann, 2015. 
Parental care in the Cuatro Ciénegas cichlid, Herichthys 
minckleyi (Teleostei: Cichlidae). Hydrobiologia 748: 233–
257. https://​doi.​org/​10.​1007/​s10750-​014-​2081-4.

Paijmans, K. C., D. J. Booth & M. Y. L. Wong, 2019. Towards 
an ultimate explanation for mixed-species shoaling. Fish and 
Fisheries 20: 921–933. https://​doi.​org/​10.​1111/​faf.​12384.

Quinn, J. L. & M. Ueta, 2008. Protective nesting associations in 
birds. Ibis 150: S146–S167. https://​doi.​org/​10.​1111/j.​1474-​
919X.​2008.​00823.x.

Riechert, S. E., 1988. The energetic costs of fighting. American 
Zoologist 28: 877–884. https://​doi.​org/​10.​1093/​icb/​28.3.​
877.

Robinson, S. K., 1985. Coloniality in the yellow-rumped cacique 
as a defense against nest predators. The Auk 102: 506–519. 
https://​doi.​org/​10.​1093/​auk/​102.3.​506.

Rowland, W. J., 1999. Studying visual cues in fish behavior: a 
review of ethological techniques. Environmental Biology of 
Fishes 56: 285–305. https://​doi.​org/​10.​1023/A:​10075​17720​
723.

Santangelo, N., M. R. Lane & N. A. van Breukelen, 2024. Main-
tenance of spatial distribution by convict cichlid pairs is 
influenced by parental defense behavior toward conspecific 
and heterospecific parental pairs. Ichthyology and Herpetol-
ogy 112: 391–397. https://​doi.​org/​10.​1643/​i2023​085.

Semeniuk, C. A. & L. M. Dill, 2006. Anti-predator benefits of 
mixed-species groups of cowtail stingrays (Pastinachus 
sephen) and whiprays (Himantura uarnak) at rest. Ethol-
ogy 112: 33–43. https://​doi.​org/​10.​1111/j.​1439-​0310.​2006.​
01108.x.

Sowersby, W., T. K. Lehtonen & B. B. M. Wong, 2018. Threat 
sensitive adjustment of aggression by males and females 
in a biparental cichlid. Behavioral Ecology 29: 761–768. 
https://​doi.​org/​10.​1093/​beheco/​ary037.

Syrová, M., M. Němec, P. Veselý, E. Landová & R. Fuchs, 2016. 
Facing a clever predator demands clever responses—red-
backed shrikes (Lanius collurio) vs. Eurasian magpies (Pica 
pica). Plos One 11: e0159432. https://​doi.​org/​10.​1371/​journ​
al.​pone.​01594​32.

Stensland, E., A. Angerbjörn & P. Berggren, 2003. Mixed species 
groups in mammals. Mammal Review 33: 205–223. https://​
doi.​org/​10.​1046/j.​1365-​2907.​2003.​00022.x.

Talbot, F. H., B. C. Russell & G. R. V. Anderson, 1978. Coral 
reef fish communities: unstable, high-diversity systems? 
Ecological Monographs 48: 425–440. https://​doi.​org/​10.​
2307/​29372​41.

Terborgh, J., 1990. Mixed flocks and polyspecific associations: 
costs and benefits of mixed groups to birds and monkeys. 
American Journal of Primatology 21: 87–100. https://​doi.​
org/​10.​1002/​ajp.​13502​10203.

Tryjanowski, P., F. Morelli, Z. Kwieciński, P. Indykiewicz & A. 
P. Møller, 2018. Birds respond similarly to taxidermic mod-
els and live cuckoos Cuculus canorus. Journal of Ethology 
36: 243–249. https://​doi.​org/​10.​1007/​s10164-​018-​0554-z.

https://doi.org/10.1111/j.1095-8312.2009.01264.x
https://doi.org/10.1111/j.1095-8312.2009.01264.x
https://doi.org/10.1016/j.anbehav.2008.11.007
https://doi.org/10.1016/j.anbehav.2008.11.007
https://doi.org/10.1098/rsbl.2008.0378
https://doi.org/10.1007/s00442-013-2879-1
https://doi.org/10.1007/s00442-019-04483-0
https://doi.org/10.1007/s00442-019-04483-0
https://doi.org/10.1111/j.0030-1299.2008.16677.x
https://doi.org/10.1111/j.0030-1299.2008.16677.x
https://doi.org/10.1016/j.beproc.2010.02.021
https://doi.org/10.1016/j.beproc.2010.02.021
https://doi.org/10.1007/s00265-010-1061-6
https://doi.org/10.1007/s00265-010-1062-5
https://doi.org/10.1007/s00265-010-1062-5
https://doi.org/10.1086/682711
https://doi.org/10.1098/rspb.2015.1551
https://doi.org/10.1098/rspb.2015.1551
https://doi.org/10.1186/s12862-015-0569-9
https://doi.org/10.1002/ecy.2823
https://doi.org/10.2307/1935604
https://doi.org/10.1086/283162
https://doi.org/10.1006/anbe.1997.0668
https://doi.org/10.1006/anbe.1997.0668
https://doi.org/10.1007/s10750-014-2081-4
https://doi.org/10.1111/faf.12384
https://doi.org/10.1111/j.1474-919X.2008.00823.x
https://doi.org/10.1111/j.1474-919X.2008.00823.x
https://doi.org/10.1093/icb/28.3.877
https://doi.org/10.1093/icb/28.3.877
https://doi.org/10.1093/auk/102.3.506
https://doi.org/10.1023/A:1007517720723
https://doi.org/10.1023/A:1007517720723
https://doi.org/10.1643/i2023085
https://doi.org/10.1111/j.1439-0310.2006.01108.x
https://doi.org/10.1111/j.1439-0310.2006.01108.x
https://doi.org/10.1093/beheco/ary037
https://doi.org/10.1371/journal.pone.0159432
https://doi.org/10.1371/journal.pone.0159432
https://doi.org/10.1046/j.1365-2907.2003.00022.x
https://doi.org/10.1046/j.1365-2907.2003.00022.x
https://doi.org/10.2307/2937241
https://doi.org/10.2307/2937241
https://doi.org/10.1002/ajp.1350210203
https://doi.org/10.1002/ajp.1350210203
https://doi.org/10.1007/s10164-018-0554-z


3883Hydrobiologia (2025) 852:3873–3883	

Vol.: (0123456789)

Wiklund, C. G. & M. Andersson, 1994. Natural selection of col-
ony size in a passerine bird. Journal of Animal Ecology 63: 
765–774. https://​doi.​org/​10.​2307/​5254.

Zuur, A. F., J. Hilbe & E. N. Ieno, 2013. A beginner’s guide to 
GLM and GLMM with R: a frequentist and Bayesian per-
spective for ecologists, Highland Statistics, Newburgh:

Publisher’s Note  Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.

https://doi.org/10.2307/5254

	The role of neighbours in aggressive defence of territories in mixed-species breeding aggregations of cichlid fish
	Abstract 
	Introduction
	Methods
	Statistical analyses
	Results
	Discussion
	Acknowledgements 
	References




