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ARTICLE INFO ABSTRACT

Keywords: Organisms living at high densities may be forced to engage in conflict for access to resources such as food or
Round goby shelter. When these resources are limited, the outcome of interactions may have important fitness implications.
Dominance We investigated the behavioural interactions of the invasive Round Goby (Neogobius melanostomus) in a shelter-
égilr;zség';n limited environment. Round Goby are benthic fish that utilize rocky shelters for predator avoidance and as

reproductive sites in which territorial males defend clutches of eggs. Previous work on this and other species has
shown that larger individuals have greater resource holding potential in dyadic interactions. In order to un-
derstand the outcome of agonistic interactions in more complex social environments, we observed groups of
three goby of the same sex which varied in relative size in an aquarium in which individuals had the opportunity
to compete for access to shelters. We predicted that larger goby would behave aggressively towards smaller
goby, and outcompete smaller goby for access to shelters. Because males defend shelters while breeding, we also
predicted that male goby would compete more aggressively than females over dominance status. We found that
larger goby in groups were socially dominant to smaller goby, regardless of sex. Additionally, we found that the
largest goby in each group was involved in more aggressive interactions than the second or third largest goby in
each group. We found no effect of relative size or sex on aggressive interaction or the emergent dominance
relationships. Our findings highlight that aspects of the social environment may limit the opportunity for in-

Resource holding potential

dividuals to establish dominance or establish ownership of resources.

Dominance and dominance hierarchies are amongst the founda-
tional concepts utilized by behavioural ecologists to understand social
interactions. Across taxa, dominance is both a cause and consequence in
the outcome of social interactions, conflict over resources, and access to
mates (Dewsbury, 1982; Kaufmann, 1983; Pusey et al., 1997). Dom-
inance plays a role in the fitness of organisms, and an abundance of
work has investigated the mechanisms through which individuals
achieve dominance status (Holekamp and Smale, 1991; Qverli et al.,
1999). Specifically, research has focused on the acquisition of dom-
inance in dyadic conflict (Beaugrand et al., 1991; Martin et al., 1997;
Dugatkin and Druen, 2004; Reddon et al., 2011), as well as the struc-
ture and consequence of dominance in larger social networks (Krause
et al., 2015; Silk et al., 2017). In the present study, we investigated the
formation and structure of dominance hierarchies in the invasive round
goby, Neogobius melanostomus.

Dominance hierarchies are widespread throughout the animal
kingdom. In many species, linear (transitive) dominance hierarchies

form (Chase, 1982; Rutbeg (1983)). However, these relationships may
become more complex as more individuals are considered. In dyadic
interactions, larger individuals are often dominant to smaller in-
dividuals. This is frequently attributed to a consequence of size either
through greater resource holding potential (RHP) (Lindstrom, 1991;
Gherardi, 2006) or experience as a result of age (Hughes and
Strassmann, 1988, Collis & Borgia 1992, Archie et al., 2006). Between
individuals of similar size, conflict over dominance is often greatest
(McCallum et al., 2017; Groen et al., 2012; Reddon et al., 2011), po-
tentially due to uncertainty in assessing opponents. Certain social spe-
cies may even modify their growth rate to avoid size-based conflict with
conspecifics (Buston, 2003; Heg et al., 2004; Wong et al., 2008).
Metrics of dominance are generally based on patterns of agonistic
interactions between individuals (Bayly et al., 2006). Winning or losing
dyadic agonistic interactions may influence an individual’s success in
future conflict (Chase et al., 1994; Schuett, 1996; Hsu and Wolf, 1999;
Gherardi and Daniels, 2003; Hsu et al., 2006). Additionally, third
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parties may observe the outcome of conflict within dyads and in turn
reevaluate whether to engage with losers or winners (Earley and
Dugatkin, 2002; Peake et al., 2002; Engh et al., 2005). The advantages
of winning early, disadvantages of losing early, and the benefit of ob-
serving conflict as a third-party, all support the notion that the order in
which dyadic agonistic interactions are resolved can ultimately influ-
ence the eventual dominance structure. Thus, some individuals may be
at an advantage if they can establish their dominance status over con-
specifics early on, while others may benefit from waiting and deciding
whether to engage conspecifics based on the outcome of their prior
engagements.

In order to investigate how dominance relationships are established
in triadic groups, we introduced three same-sex round goby into novel
arenas and documented patterns of agonistic interactions within triads.
Fish in our experiment varied in relative size, and we predicted that
larger fish would be socially dominant to smaller fish (Sopinka et al.,
2010, McCallum et al. 2017), and that agonistic interactions would be
more frequent 1) for higher positions in the dominance hierarchy, and
2) for a smaller size difference exists between individuals. We predicted
larger fish would have greater access to shelters and spend more time in
them. We also predicted that larger fish would establish their dom-
inance status earlier than smaller fish, which we would detect through
differences in dominance over the course of the observation. Finally, as
male round goby compete for access to territories and shelters, while
females do not establish territories for reproductive purposes, we hy-
pothesized sex-specific differences would occur in conflict and dom-
inance hierarchy establishment.

1. Methods

From June 19 to July 22, 2016, we collected round goby via seine,
trawl, and angling in the vicinity of Gibraltar Island, Lake Erie. Prior to
the experiment, we housed goby in one of two 208 L stock aquaria fitted
with power filters and provided a minimum of one day for goby to
acclimate before experimentation. These aquaria were maintained at
very high densities in order to reduce territoriality (Grant, 1997) and
reduce the risk that dominance relationships had already formed be-
tween experimental fish. Round goby were fed pellet fish food ad li-
bitum as well as wild zebra mussels while housed in stock aquaria.

Prior to experimentation, we individually wrapped three 37.5L
tanks with black, opaque tarp and collectively surrounded the tank area
by black tarp; the area above the tanks was left open for light to enter.
We filled these tanks halfway (~ 20 L) with fresh lake water. We placed
two shelters in each tank, one which was “high quality” (fully enclosed)
and “low quality” (two sided) shelter (McCallum et al., 2017) to create
arenas. A 5-centimeter grid was placed underneath each arena, which
was visible from above. GoPro cameras were suspended 1 m above the
arenas.

For each trial, we selected three same-sex (N = 39 groups, 117 fish
total; 24 male groups, 15 female groups), goby of varying sizes (mea-
sured as standard length (SL: from the tip of the snout to the end of the
caudal peduncle) Female fish mean: 57.30 * 2.02mm, Male fish
mean: 79.84 + 2.85mm). Fish were netted from both stock tanks
haphazardly, such that the specific stock tank a given fish originated
from, and whether it had any previous interactions with another fish in
the trial was randomized. Prior to introducing fish to the arena we
inspected each to confirm sex and to take a SL measurement to confirm
we had collected 3 fish of the same sex that were at least 5 mm apart in
length (so fish could be visually distinguished in videos). We introduced
all three fish to the arena simultaneously, and after a five minute ha-
bituation period we began a 60 min observation. Observations were
filmed using a GoPro camera mounted above the aquarium; videos were
scored by an observer naive to the sex or specific size differences be-
tween fish in each group (although the observer could see that some
fish were larger than others). The observer recorded the counts of ag-
gressive [bites, chases, and displacement] and submissive behaviours
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[hide, flee], based on the ethogram provided by Sopinka et al. (2010).
The observer also froze the video at every 60s interval of the ob-
servation and recorded whether each fish was inside a shelter.

1.1. Animal welfare

While animals in this study engaged in aggressive interactions, these
interactions were no greater than those fish would have encountered in
stock aquaria or in the wild. The authors were present during all ob-
servations and checked on fish in trials frequently. Fish also had access
to two shelters during trials which provided visual barriers between
individuals and further reduced the possibility of escalated aggression.
Escalated aggression occurred infrequently during this study, and while
they did not occur, had any escalated bouts of mouth fighting or other
aggression which could have resulted in physical damage to fish oc-
curred the authors would have terminated the trial immediately and
fish would have been separated from one another. This research was
approved by Ohio State’s Office of Responsible Research Practices
under IACUC protocol number 2008A0110-R2. In accordance with the
requirements of our Ohio Division of Wildlife wild animal permit
(17-152) all goby were euthanized with an overdose of pH buffered
MS-222 followed by cranial severance.

1.2. Statistical analysis

In order to quantify relative dominance, we calculated Dominance
Index scores for each individual (Dominance Index = Xaggressive be-
haviours performed — Xsubmissive behaviours performed; see Aubin-
Horth et al., 2007). We then ran a Generalized Linear Mixed Model
(GzLM) with Dominance Index as the dependent variable. This model
utilized a Poisson distribution with a log link; as some values were
negative, Dominance Index scores were transformed by adding the
[lowest value + 1] to all values. This model included sex, predicted
rank, and their interaction as fixed effects, and group identity as a
random effect. Predicted rank was determined based on the relative size
measured by standard length (e.g. the largest fish was predicted to be
rank 1, second largest was predicted to be rank 2, and smallest fish was
predicted to be rank 3). We used a post-hoc paired sample t-test to
evaluate differences identified by the GzLM.

Fish in our study rarely entered the shelters. Even fewer fish (18 of
117) in our study were observed entering both shelters, we did not
further evaluate whether there was a preference for the “high quality”
versus “low quality” shelter. We suspect lack of use of shelters was due
to the fish being unfamiliar with them (McCallum et al., 2017). As fish
in our study had not had previous opportunities to assess shelters, we
evaluated the time they spent in either shelter. In order to test whether
time spent in shelters varied depending on sex, predicted rank, or their
interaction, we created a GzLM with a negative binomial distribution
(as data was overdispersed) and log link which included sex, predicted
rank, and their interaction as fixed effects, as well group identity as a
covariate. The dependent variable in this model was minutes spent
inside a shelter.

In order to assess whether aggression within dyads was influenced
by characteristics of the interactants, we ran a similar Generalized
Linear Mixed Model (GzLM) with the summed count of aggressive be-
haviors of each member of a given dyad as the dependent variable. As
this value was overdispersed, this model utilized a negative binomial
distribution with a log link. This model included sex, dyad (Predicted
Rank 1 vs. Predicted Rank 2, Predicted Rank 1 vs. Predicted Rank 3,
Predicted Rank 2 vs. Predicted Rank 3), the size difference of the
members of the dyad ((SL larger fish — SL smaller fish)/SL larger fish),
and the two-way interactions of these factors as fixed effects, and group
identity as a random effect. As before, we used a post-hoc paired sample
t-test to evaluate differences identified by the GzLM.

In order to test whether some dominance relationships were re-
solved faster than others, we divided our behavioural observations into
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Table 1
Results of Generalized Linear Mixed Model (GzLM) with a Poisson distribution
and log link testing dominance index as the dependent variable.

Source F dfl df2 Sig
Corrected Model 97.737 5 111 < 0.001
Sex 0.35 1 111 0.556
Predicted Rank 219.508 2 111 < 0.001
Sex*Predicted Rank 291 2 111 0.059

four 15min sections (0:00-15:00, 15:01-30:00, 30:01-45:00, 45:01-
60:00). For each of these segments, we calculated dominance index
scores for each individual and used these as the dependent variable in a
GzLM with a normal distribution and log link. This model included
Time, Sex, Predicted Rank, and the two-way interaction of each of these
factors as fixed effects, and group identity as a random effect.

All statistical analyses were performing using SPSS version 25.0

2. Results

Size predicted the dominance index score for fish in our groups. The
largest fish (which was predicted to be socially dominant) had the
highest score, followed by the second largest, which was followed by
the smallest fish (Predicted Rank 1 vs. Predicted Rank 2: t3g = 5.019,
p < 0.001; Predicted Rank 1 vs. Predicted Rank 3: t3g = 7.262,
p < 0.001; Predicted Rank 2 vs. Predicted Rank 3: t3g = 2.244,
p = 0.031; see Table 1, Fig. 1). Sex, and the interaction of sex and
predicted rank did not predict dominance index score. Predicted rank,
sex, and their interaction did not predict the number of minutes a fish
were identified as inside shelters (GzLM: Sex:F; ;;; = 0.003, p = 0.957,
Predicted rank: Fjq17 = 0.040, p = 0.961, Sex*Predicted Rank:
Fz111 = 2.357, p = 0.099).

There were significantly more aggressive interactions between the
largest and second largest fish in each group than between either of the
other two dyads ([Predicted Rank 1 vs. Predicted Rank 2] vs. [Predicted
Rank 1 vs. Predicted Rank 3]: te4.545 = 2.861, p = 0.006; [Predicted
Rank 1 vs. Predicted Rank 2] vs. [Predicted Rank 2 vs. Predicted Rank
3]: tse.302 = 4.611, p < 0.001; [Predicted Rank 1 vs. Predicted Rank 3]
vs. [Predicted Rank 2 vs. Predicted Rank 3]: t;2 283 = 2.178, p = 0.033;
Table 2, Fig. 2). There were significantly fewer aggressive behaviors
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Table 2

Results of Generalized Linear Mixed Model (GzLM) with a negative binomial
distribution and log link testing summed aggression by both members of the
dyad as the dependent variable.

Source F dfl df2 Sig.

Corrected Model 2.775 9 107 0.006
Sex 0.01 1 107 0.922
Dyad 3.152 2 107 0.047
Size difference 0.012 1 107 0.914
Sex*Size difference 0.145 1 107 0.704
Dyad*Size difference 0.029 2 107 0.971
Sex*Dyad 0.387 2 107 0.68

between the second and third ranked fish in each group than between
any of the other dyads (Table 2, Fig. 2). Size differences between the
members of the dyad (Fig. 3), the sex of the members of the dyad, and
the two-way interactions between each of these effects did not predict
the summed count of aggressive behaviours within the dyad.

There was no impact of time on the dominance index score of group
members, nor could any variation between each of the 15 min segments
be explained by the interaction of segment (Time) or the sex or pre-
dicted rank of the fish (Table 3, Fig. 4). As in our first model, we found
that the predicted rank of a fish predicted its dominance index score
(Table 3, Fig. 4).

3. Discussion

We identified clear differences in dominance status between groups
of three same-sex round goby. These differences were associated with
the size of the individuals in each group, with larger individuals having
higher dominance index scores. These dominance relationships were
consistent throughout the observation period. Sex had no significant
effect on differences in dominance relationships or the interactions
through which they were established. While individuals in our groups
varied in how different in size they were from their tank mates, this
variation was not associated with variation in aggression within these
dyads.

Size-based dominance hierarchies are widespread throughout social
animal groups. In fish, there are many examples of size-based dom-
inance hierarchies forming across species with drastically different
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Fig. 2. Mean summed aggressive behaviors performed by both individuals in the dyad during 60 min observation period. Error bars represent 95% CI. 4 indicates

p < 0.001, 3% indicates p < 0.05 in post-hoc paired samples t-tests.
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Table 3

Results of Generalized Linear Mixed Model (GzLM) with a normal distribution
and identity link testing dominance index score (for each 15 min quarter of the
observation) as the dependent variable.

Source F dfl df2 Sig.
Corrected Model 14.917 17 449 < 0.001
Sex 0.115 1 449 0.735
Time 0.05 3 449 0.985
Predicted Rank 110.818 2 449 < 0.001
Sex*Predicted Rank 1.377 2 449 0.253
Sex*Time 0.229 3 449 0.876
Time*Predicted Rank 0.874 8 449 0.514
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social systems. In group living species such as many cichlids, damsel-
fish, and goby species, dominance relationships have marked con-
sequences for group membership, behavior within the group (Dey et al.,
2013), reproductive opportunities (Hellmann et al., 2015), and even
growth rates of group members (Buston, 2003; Heg et al., 2004; Wong
et al., 2008). In less social fish species that form aggregations or simply
compete with conspecifics, size is still an important determinant of
which individuals are able to access food, shelter, or mates. Round goby
likely fall into this latter category; individuals compete for access to
shelter, and males compete for shelters, which they use to attract mates
and defend young. In spite of this additional motivation to acquire
greater access to resources such as shelter, we did not detect any dif-
ferences in aggressive behaviors between males and females.

Goby in our study were from an established invasive population
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Fig. 4. Mean Dominance Index scores based on predicted rank; broken down into 15 min intervals. We identified the same differences based on predicted rank

described in Fig. 1 and Table 1, but no effect of time. Error bars represent 95% CI.

with an extremely high density (nearly 7 fish per square meter in rocky
habitats in western Lake Erie, Johnson et al., 2005). It is possible that in
other populations, which did not evolve or develop at such high den-
sities, fish could behave differently. Rubenstein (1981) found that de-
pending on the density of pygmy sunfish, Elassoma zonata, males only
established territories when the source of food was predictable or at
higher densities. Magurran and Seghers (1991) found that populations
of guppy, Poecilia reticulata, with an evolutionary history of high pre-
dation risk were more likely to aggregate into dense groups and per-
formed fewer aggressive behaviours than individuals from populations
accustomed to lower predation risk. Round goby in their native habitat,
or along the “invasion front” likely live at lower population densities,
and exhibit different patterns of dominance relationships. Groen et al.
(2012) found that round goby from an invasion front won staged con-
tests against individuals from an established invasive population. They
attributed much of this to size asymmetries. Brandner et al. (2013) also
found that growth and size was an important determinant of competi-
tive ability along the invasion front in a population of round goby in the
Danube river.

We did not identify any change in dominance relationships among
the three goby over the course of our hour observation. It is possible
that size differences were obvious enough that individuals had assessed
one another and dominance relationships were established more or less
immediately. In our observations, it was relatively rare for both in-
dividuals in a dyad to behave aggressively towards one another; gen-
erally, one individual was the aggressor throughout the observation,
while the other responded to each aggressive behavior with a sub-
missive or avoidance behaviour. In a more natural scenario, we would
predict that aggressive interactions would eventually decline, either as
a result of losers moving elsewhere (Fero and Moore, 2008) or because
the dominance relationships had been settled and overt aggressive be-
haviors were no longer necessary (Berdoy et al., 1995). If this latter
possibility is the case, our fish may not have been housed together long
enough to allow the dominance relationships to shift. In order to test
this possibility, future studies should examine changes within groups
over days, weeks, or even the lifetime of the organisms.

Observer effects convey important information to individuals in
social settings. Individuals may gain insights into the abilities of
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potential competitors, and may in turn respond to these individuals
accordingly (Earley and Dugatkin, 2002; McGregor, 2005). In some
cases, third-party observers are predicted to capitalize on the losses of
other individuals and in turn enhance their own status (Johnstone,
2001; McGregor, 2005). The largest members of our groups were in-
volved in most aggressive interactions within groups. Summed counts
of aggressive behaviors between the largest fish and the second, and
third, respectively had the most and second most aggressive interac-
tions of the three dyads in our groups. It is possible that smaller in-
dividuals benefited from observing interactions between the largest fish
and other group members to inform their own behavioural decisions. If
so, this would indicate that dominance relationships in more complex
groups are established from the top down, either through initial as-
sessment of conspecifics, direct aggressive interactions, or through in-
direct experience via observer effects. While we did not explicitly test
this hypothesis, it would be possible to investigate how dominance
hierarchies differ in groups of three (or more) members if individuals
are added sequentially, and these newcomers do (or don’t) have in-
formation about the competitive ability of other group members.

Round goby are an extremely successful invasive in the Laurentian
Great Lakes (Kornis et al., 2012). Aggression has been suggested to be
an important factor in the success of goby living along their invasion
front (Groen et al., 2012), and is also influenced by exposure to con-
taminants (Sopinka et al., 2010). Additionally, the degree of sociality
individual fish display also has important consequences along goby
invasion fronts (Thorlacius and Brodin, 2018). Gaining deeper insights
into the role of size, sociality, and aggression in the establishment of
dominance relationships in this species is valuable for understanding
the distribution of fish in habitats where they are already established, as
well as for assessing their success along invasion fronts as they displace
native species (Bergstrom and Mensinger, 2009).

Dominance relationships are widespread, and have important con-
sequences for the behavior, survival, and fitness of individuals. We
found that size has important consequences for the aggressive interac-
tions between group members, as well as the dominance relationships
that emerge from those aggressive interactions. In nature, dominance
relationships are much more complex than dyadic conflict between
opponents in staged encounters. Increasing the complexity with which
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we evaluate dominance relationships will provide deeper insights into
how dominance works in natural groups, and will allow us to better
understand the consequences of dominance status for individuals, and
its utility for populations and species. Our study takes a step towards
this aspiration by investigating how dominance relationships form in
complex social environments, and reinforcing the importance of size in
resolving these relationships.
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