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 18 

Abstract 19 

 20 

Social rank in a hierarchy determines which individuals have access to important resources 21 

such as food, shelter, and mates. In the African cichlid fish Astatotilapia burtoni, rank is under 22 

social control, such that larger males are more likely than smaller males to be dominant in rank. 23 

Although it is well known that the relative size of A. burtoni males is critical in controlling social 24 

rank, the specific behavioral strategies underlying responses to males of different sizes are not 25 

well understood. In this research, our goal was to characterize these responses by performing 26 

resident-intruder assays, in which aggressive behaviors were measured in territorial males in 27 

response to the introduction of unfamiliar males that differed in relative standard length (SL). We 28 

found that the relative SL of intruders played an important role in determining behavioral 29 

performance. Resident males exposed to larger (>5% larger in SL) or matched (between 0 and 30 

5% larger or smaller in SL) intruder males performed more lateral displays, a type of non-31 

physical aggression, compared to resident males exposed to smaller (>5% smaller in SL) 32 

intruder males. However, physical aggression, such as chases and bites, did not differ as a 33 

function of relative SL. Our results suggest that A. burtoni males amplify non-physical 34 

aggression to settle territorial disputes in response to differences in relative SL that were not 35 

previously considered to be behaviorally relevant.   36 
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Keywords: Aggression, territorial, resident-intruder, social behavior, cichlid 37 

 38 

Highlights 39 

 40 

• Relative size determines social rank in the African cichlid Astatotilapia burtoni  41 

• Resident male A. burtoni respond differently to small size differences in intruder males 42 

• Residents perform more non-physical aggression against larger intruders 43 

• Residents do not alter physical aggression as a function of differently sized intruders 44 

• Distinct behavioral strategies are used against different intruders 45 

 46 

Introduction 47 

 48 

Intraspecific aggression is widespread among social animals (van Staaden, Searcy, & 49 

Hanlon, 2011). Aggressive behavior, either through physical attacks or non-physical signaling, is 50 

used to resolve conflicts related to access to resources such as food, shelter, territory, and 51 

mates. Extraordinary diversity exists in how different species express aggression and the rules 52 

that govern aggressive interactions. However, one rule seems to apply across species: physical 53 

or injurious behaviors are considered to be escalatory, occurring primarily in response to 54 

conflicts that are difficult to resolve (Holekamp & Strauss, 2016; Maynard Smith & Harper, 1988; 55 

van Staaden et al., 2011). The degree of conflict has been formally defined in terms of 56 

differences in resource holding potential (RHP). RHP can take the form of different levels of 57 

fighting ability as measured by body or weapon size. When large asymmetries in RHP exist 58 

among animals, aggressive interactions do not escalate from non-physical to physical; however, 59 

when asymmetries in RHP among animals are smaller, aggressive interactions are more likely 60 

to escalate, involving more physical and injurious forms of aggression.  61 

 62 
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Evolution has shaped social dynamics across species to resolve aggressive interactions 63 

with as little physical fighting as possible, as this ensures individual and species survival 64 

(Holekamp & Strauss, 2016; Maynard Smith & Harper, 1988; van Staaden et al., 2011). This is 65 

abundantly clear in social animals that exist in a hierarchy, where rank determines which 66 

individuals possess a territory and the behaviors they perform. This is the case for the African 67 

cichlid fish Astatotilapia burtoni, where males stratify along a dominance hierarchy and exist as 68 

either non-dominant or dominant (Fernald, 2012). Dominant males possess a territory which 69 

they defend through aggressive interactions and in which they mate with females, while non-70 

dominant males do not perform these behaviors. Dominant males also possess larger testes 71 

and brighter body coloration compared to non-dominant males. Social hierarchies in A. burtoni 72 

remain in flux, however, as non-dominant males constantly survey the environment, searching  73 

for a social opportunity to ascend in social rank to dominance. Social opportunity for a non-74 

dominant A. burtoni male typically occurs when a larger male is absent from the environment, 75 

which a given smaller non-dominant male perceives as an opportunity to ascend to dominant 76 

rank. Within minutes of the opportunity, the non-dominant male increases aggressive and 77 

reproductive behavior in an attempt to establish a territory.  Dominant males who encounter a 78 

larger dominant male in their environment will begin to descend in social rank by reducing 79 

aggressive and reproductive behavior (Maruska, Becker, Neboori, & Fernald, 2013). 80 

 81 

Size-induced social control of social status in A. burtoni has been shown in several 82 

studies.  The reliable occurrence of this phenomenon makes size an excellent tool for 83 

controlling social environments in the laboratory, with the goal of generating fish with a given 84 

social status and studying the associated physiological underpinnings (for examples, see 85 

Alward, Hilliard, York, & Fernald, 2019; Maruska, Becker, Neboori, & Fernald, 2013; Maruska & 86 

Fernald, 2010). Although it has been shown repeatedly that size influences social status in male 87 

A. burtoni, a precise understanding of the relationship between size and behavior has not been 88 
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established. For instance, while size is something that modifies social decisions in male A. 89 

burtoni, it is unclear what size difference males actually perceive as different and how they 90 

modify their behavior accordingly. Previous work has defined male A. burtoni as “matched” in 91 

size within a large range of standard length (e.g., 0-10% larger or smaller in standard length 92 

(SL=measured from the most anterior portion of the mouth to the most anterior portion of the 93 

caudal fin); see Alcazar, Hilliard, Becker, Bernaba, & Fernald, 2014; Desjardins & Fernald, 94 

2010)). However, recent work suggests that very small size differences between male A. burtoni 95 

can affect social interactions. For example, Alcazar et al ( 2014) found that males that were 2.1-96 

4.9% larger in SL than their competitor consistently won during a contest, suggesting that size 97 

differences previously regarded as “matched” may actually be behaviorally relevant. However, 98 

this study was focused on which fish won each contest and not on the specific behavioral 99 

strategies underlying responses to differently sized males.  100 

 101 

Characterizing the specific behavioral patterns in A. burtoni that occur in response to 102 

differently sized males may yield insight into the capacity of A. burtoni to discern different levels 103 

of social opportunities, which would allow for a deeper understanding of the cognitive abilities 104 

required to successfully navigate a social hierarchy. In the present study we characterized 105 

behavioral responses in male A. burtoni as a function of differently sized male competitors 106 

during resident-intruder assays, in which a dominant male with a territory (i.e., the resident) was 107 

exposed to an unfamiliar, non-dominant male intruder that differed in relative standard length 108 

(SL). (illustrated in Fig. 1). The results of this study could shed light on the rules of engagement 109 

during social interactions in male A. burtoni.   110 
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 111 

Figure 1. The behavioral patterns in male Astatotliapia burtoni underlying responses to 112 

differently sized males have not been characterized. Male A. burtoni change their social 113 

status depending on the social environment. Large males socially suppress smaller males and 114 

large males are more likely to be dominant. The specific behaviors males perform in response 115 

to differences in relative size, however, have not been determined. We asked during a resident-116 

intruder assay what behavior patterns resident males use when presented with male intruders 117 

that were smaller, larger, or matched in size. 118 

 119 

Methods 120 

 121 

Ethical Note  122 

 123 

The protocols and procedures used here were approved by the Stanford University 124 

Administrative Panel on Laboratory Animal Care (protocol number: APLAC_9882) and followed 125 

the ASAB/ABS Guidelines for the use of animals in research. We were able to monitor the 126 

behaviours of all fish throughout each day of the study (see below). Throughout the whole 127 

assay, each tank was monitored in real time through a Wi-Fi-enabled camcorder remotely 128 

connected to a tablet (iPad). Fish in all other tanks were monitored three times daily by visual 129 

inspection, to ensure they experienced no physical harm. No fish were physically harmed at any 130 

point during the assay.  131 
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Animals used 132 

 133 

Fish were bred and used at Stanford University from a colony derived from Lake 134 

Tanganyika in accordance with AAALAC standards.  135 

 136 

General approach 137 

 138 

To assess behavior as a function of SL, we conducted resident-intruder assays. We took 139 

several steps to control for social experience and age of both the resident and intruder, since 140 

these factors have been found to influence behavior in A. burtoni (Alcazar et al., 2014; 141 

Solomon-Lane & Hofmann, 2019). In these assays, the resident had a dominant social status 142 

and an established territory, while the intruder had a non-dominant social status. To control for 143 

previous social experience, the resident and intruder were unrelated and had had no visual, 144 

physical, or chemical interaction at any point prior to the assay. Another step we took to control 145 

for social experience was to socially suppress all males before they were given the social 146 

opportunity to ascend to dominance and were provided a territory. We also physically isolated 147 

socially ascending fish from other fish, to further control for the role of social experience on 148 

behavioral responses to the intruder. All intruders were socially suppressed in a tank with fish 149 

that were unrelated to the resident. Finally, all resident-intruder pairs were age-matched, to 150 

control for effects of age on behavior (Alcazar et al., 2014). 151 

Assay set up 152 

Social suppression 153 

Two 121-liter social suppression tanks (see Fig. 2a for illustrated example) were each 154 

filled with 20 related, small suppressed males, as well as 3 large, unrelated dominant males and 155 
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 7 

3 females. The two tanks contained broods of the same age from different parents. Fish from 156 

the two tanks could not interact visually, physically, or chemically with those in the other tank. 157 

Smaller suppressed males were housed in these conditions for at least 45 days before being 158 

transferred to a dominance inducing tank (see below).  159 

 160 

Figure 2. Experimental workflow to probe behavioral strategies in male Astatotilapia 161 

burtoni. (a) Males were socially suppressed to non-dominant social status using social 162 

suppression tanks. (b) After social suppression, males were placed individually into dominance 163 

inducing tanks where they possessed and could interact visually with males and females. (c) 164 

Once males reach social dominance, they are transferred to a tank where they establish a 165 

territory as a resident and then exposed to a male intruder. (d) After the assay, male residents 166 

are weighed for body and gonad mass and behavior videos are scored and analyzed. 167 

 168 

Dominance inducing tank setup  169 

Thirty-liter dominance inducing tanks (see Fig. 2b for illustrated example) were set up for 170 

the isolation of previously suppressed males to allow for controlled social ascent to dominance. 171 

Each tank contained a shelter (half terra cotta pot) and faced a 121-liter tank filled with 10 172 

unrelated females with which the male could interact visually but not physically or chemically. 173 

Beside each tank was another isolated male in a dominance-inducing tank with which they 174 

(a) Social suppression (b) Dominance induction

(c) Resident-intruder assay

(d) Determine body 

and gonad mass, 

score and analyze 

behavior

Experimental workflow

Key

Dominant male

Female

Half terra cotta pot

Non-dominant male

Social suppression
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 8 

could interact visually but not physically or chemically. Males were transferred from the 175 

suppression tank and isolated in a dominance-inducing tank for 2-4 weeks before entering the 176 

assay tank. 177 

Resident-intruder assay 178 

A resident-intruder assay tank (see Fig. 2c for illustrated example) consisted of one 30-179 

liter tank, with a half terra cotta pot (Fig. 2c). A male was removed from a dominance-inducing 180 

tank, its SL was measured, and immediately placed in an 30-liter tank containing gravel and a 181 

half terra cotta pot simulating a spawning site. The male was given 48 hours to acclimate and 182 

establish a territory (Alward et al., 2019).  183 

After the 48-hour acclimation period, an intruder male was removed from its social 184 

suppression tank, its SL was measured, and then it was introduced to the resident-intruder 185 

assay tank. Video recording began as soon as the intruder was introduced. Behavioral 186 

interactions were also monitored remotely in real time (iPad). Immediately after observation of 187 

the first aggressive behavior by the intruder or resident, recording continued for 60 min more 188 

and then the assay was stopped.  189 

Dissections 190 

Immediately following the completion of the resident-intruder assay, the resident male 191 

was removed, weighed, and euthanized via rapid cervical transection (see Fig. 2d). An incision 192 

was made anterior to the vent to the caudal fin and the gonads were removed and weighed.  193 

Scoring behavior  194 

Based on previous work, multiple types of behavior were quantified ( Fernald & Hirata, 195 

1977; see Fig. 3 for illustrated examples of behaviors): fleeing from male; physical aggression 196 
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(chase male and bite male); non-physical aggression (lateral display and flexing); and pot entry, 197 

a territorial behavior. Fleeing was defined as a rapid swim retreating from an approaching fish. 198 

Chase was defined as a rapid swim directed towards a fish. Biting was defined as the male 199 

lunging a short distance towards a fish and biting it on its side, then floating backwards a short 200 

distance. Lateral displays were defined as aggressive displays classified as presentations of the 201 

side of the body to another fish with erect fins, flared opercula, and trembling of the body. 202 

Flexes were defined as presentations of the side of the body with erect fins while the fish was 203 

immobile. Pot entry was defined as as any time a male entered the half terra cotta pot. Videos 204 

were scored in Scorevideo (Matlab). The results of scoring videos were saved into log files that 205 

were subjected to a variety of analyses using custom R software.  206 

 207 

Figure 3. Illustration of aggressive behaviors. We quantified multiple aggressive behaviors 208 

performed during resident-intruder assays, including (a) chases, (b) bites, and (c) lateral 209 

displays directed towards males.  210 

 211 

Measuring the effects of size differences: group-level and continuous analyses  212 

Previous work in A. burtoni and other cichlids suggests that a size difference between 0 213 

and 5% is considered “matched” in size (Alcazar et al., 2014; Reddon et al., 2011; Taborsky, 214 

1984, 1985). Therefore, to explore the behavioral strategies used as a function of relative SL 215 

(intruder SL/resident SL), we used three groups for our resident-intruder assays: Smaller, 216 

Aggressive behaviors

Chase Bite Lateral display
(a) (b) (c)
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Matched, and Larger. The “Smaller” group contained residents that were exposed to intruders 217 

5% or more larger in SL; the “Matched” group included residents that were within ±5% of the 218 

size of the intruder; and the “Larger” group included residents that were exposed to intruders 219 

5% or more smaller in SL. We also assessed the effects of relative SL as a continuous variable 220 

on behavior using correlational analyses.  221 

Statistical analysis  222 

 223 

 All statistical tests were performed in Prism 8.0. We used Kruskal-Wallis ANOVAs 224 

followed by Dunn's post-hoc tests for comparisons of physiological and behavioral measures 225 

across groups. When comparing only two groups, we used Mann-Whitney tests. Raster plots 226 

were generated using custom software packages in R (available at https://github. 227 

com/FernaldLab). Correlational analyses were conducted using Pearson’s r. Effects were 228 

considered significant at p≤0.05.  229 

 230 

RESULTS 231 

 232 

Qualitative analysis of behavior as a function of relative SL 233 

 234 

 We first visualized behavioral output for all fish in raster plots (Fig. 4). These plots 235 

showed that regardless of relative SL, residents attacked intruders at similar rates. However, 236 

fish from both the Matched (Actual SL difference range=intruder 0 to 4% larger than resident) 237 

and the Smaller group (Actual SL difference range=intruder 5 to 10% larger than the resident) 238 

performed more lateral displays than the Larger group (Actual SL difference range=intruder 5 to 239 

23% smaller than the resident), suggesting that as intruder SL increases relative to the resident, 240 

residents perform more non-physical acts of aggression. Finally, most intruders performed zero 241 
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aggressive behaviors towards the resident (see Fig. 5; results not shown in raster plots because 242 

it occurred at such low rates and only in a few fish; see below), indicating that the resident fish 243 

all maintained dominance throughout the challenge (or “won”). 244 

 245 

 246 

 247 

Figure 4. Qualitative visualization of behavior. Raster plots showing behavior from individual 248 

fish from each the (a) Larger, (b) Matched, or (c) Smaller group. Each colored line represents a 249 

particular type of behavior. The x-axis represents time. “Flex” and “In pot” are represented here 250 

are durational behaviors; once the bar denoting either behavior is over the fish has stopped that 251 

behavior.  252 

 253 
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 254 

Figure 5. Effects of group on aggressive behavior in intruder males. (a) There were no 255 

effects of group on various intruder behaviors, including (a) chase male, (b) bite male, (c) lateral 256 

displays, and (d) flexing. Each circle represents an individual fish. Top and bottom whiskers 257 

represent maximum and minimum, respectively; top and lower boxes represent third and first 258 

quartiles, respectively; line within box represents the median.  259 

 260 

Correlational analyses reveal different features of resident aggression scale with relative SL 261 

 262 

We next ran correlational analyses to assess the relationship between relative SL and 263 

behavior.  These analyses showed that different aspects of aggression in the resident were 264 

altered by relative SL. For instance, the resident performed more lateral displays as relative SL 265 

increased (r=0.63, N=17, P=0.007) (Fig. 6a). Additionally, once relative SL reached the Matched 266 

range, residents exhibited a stark increase in the number of lateral displays they performed that 267 

continued into the larger range. The resident also flexed for longer as relative SL increased 268 

(r=0.53, N=17, P=0.02) (Fig. 6b). When relating the proportion of each behavior performed to 269 

the relative SL of the intruder, we found a significant positive relationship between lateral display 270 

proportion and relative SL (r=0.62, N=17, P=0.008) (Fig. 6c). We also found significant 271 
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relationships between the latency for the resident to perform behavior the relative SL of the 272 

intruder. Specifically, residents took longer to perform the first chase at the intruder as the 273 

relative SL of the intruder increased (r=-0.49, N=17, P=0.04) (Fig. 6d). Residents also took 274 

longer to perform lateral displays (r=-0.56, N=17, P=0.02) (Fig. 6e) and flex (r=-0.53, N=17, 275 

P=0.02) (Fig. 6f) as the relative SL of the intruder increased.  276 

 277 

Figure 6. Correlations between relative standard length (SL) and behavior. Correlation 278 

analyses showed significant relationships between relative SL and several behavioral traits. (a) 279 

Larger ratios of intruder SL over resident SL were associated with more lateral displays 280 

performed by the resident. (b) Larger intruder/resident SL ratios were also associated with more 281 

time flexing by the resident male. (c) A larger proportion of behaviors performed were lateral 282 

displays when the intruder/resident SL ratio was larger. Residents took a shorter latency to (d) 283 

chase males, (e) perform lateral displays, and (f) flex when the intruder/resident SL ratio was 284 

larger. Regions of each graph shaded in green, red, or blue correspond to the different ranges 285 

of intruder/resident SL ratios on the x-axis that indicate the categorized groupings written on top 286 

of each graph (Larger, Matched, or Smaller). Pearson’s r values are shown in the bottom right of 287 

each correlation graph. Asterisks indicate a significant correlation. **P < 0.01; *P < 0.05.  288 

 289 

 290 

Group-level comparisons suggest residents use a different behavioral strategy depending on 291 

intruder length 292 

 293 

0.7 0.8 0.9 1.0 1.1 1.2

0

20

40

60

Intruder SL/Resident SL

L
a
te

ra
l d

is
p
la

y
s

r=0.63**

Larger SmallerMatched

0.7 0.8 0.9 1.0 1.1 1.2

0

500

1000

1500

Intruder SL/Resident SL

F
le

x
: 
to

ta
l d

u
ra

tio
n
 (

s
e
c
)

r=0.53*

Larger SmallerMatched

0.7 0.8 0.9 1.0 1.1 1.2

0

500

1000

1500

2000

Intruder SL/Resident SL

L
a
te

n
c
y
 t
o
 c

h
a
s
e
 m

a
le

 (
s
e
c
)

r=-0.49*

Larger SmallerMatched

0.7 0.8 0.9 1.0 1.1 1.2

0

500

1000

1500

2000

2500

Intruder SL/Resident SL

L
a
te

n
c
y
 t
o
 la

te
ra

l d
is

p
la

y
 (

s
e
c
)

r=-0.56*

Larger SmallerMatched

0.7 0.8 0.9 1.0 1.1 1.2

0

1000

2000

3000

4000

5000

Intruder SL/Resident SL

L
a
te

n
c
y
 t
o
 f
le

x
 (

s
e
c
)

r=-0.53*

Larger SmallerMatched

0.7 0.8 0.9 1.0 1.1 1.2

0.0

0.1

0.2

0.3

0.4

Intruder SL/Resident SL

L
a
te

ra
l d

is
p
la

y
s
/a

ll 
b
e
h
a
v
io

r

r=0.62**

Larger SmallerMatched

(a) (b) (c)

(d) (e) (f)

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 22, 2020. ; https://doi.org/10.1101/2020.07.22.216473doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.22.216473
http://creativecommons.org/licenses/by-nc-nd/4.0/


 14 

 We then compared resident behavior as a function of the group-level categories. There 294 

were no effects of group on physical forms of aggression (bites and chases), flexes or pot 295 

entries (H17³4.4, P³0.12) (Fig. 7a). There was a significant effect of group on the performance 296 

of lateral displays by the resident (H17=8.9, P=0.005); both the Matched and the Smaller fish 297 

directed significantly more lateral displays at the intruder compared to the Larger fish (Fig. 7b). 298 

A significant effect of group was observed on the proportion of behaviors that were lateral 299 

displays (H17=9.3, P=0.003) (Fig. 7c). There were no effects of group on the latency to perform 300 

any specific behaviors (H17³1.4, P³0.52).  301 

 302 

Figure 7. Effects of relative-size group on aggressive behavior. (a) There were no effects of 303 

group on chase male, but Matched and Smaller males performed (b) more lateral displays and 304 

(c) a larger proportion of the behaviors performed by the Smaller males were lateral displays. 305 

Each circle represents an individual fish. Top and bottom whiskers represent maximum and 306 

minimum, respectively; top and lower boxes represent third and first quartiles, respectively; line 307 

within box represents the median. **P < 0.01; *P < 0.05.  308 

 309 

 310 

No effects of gonadosomatic index or other physiological factors on resident behavior 311 

  312 

 No significant correlations were found between resident GSI and resident behaviors (r³-313 

0.37, N=17, P³0.13). We also did not observe a significant effect of group on GSI (H17=1.3, 314 

P=0.53) (Fig. 8a). However, as expected, residents had significantly larger GSI than intruders 315 

(i.e., suppressed fish) (U=53, n1=18, n2=17, P=0.0006) (Fig. 8b), suggesting that residents had 316 
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reached dominant social status after being placed in dominance-inducing tanks and intruders 317 

were socially suppressed.  318 

 319 

Figure 8. Effects of relative-size group and social status on gonadosomatic index (GSI). 320 

(a) Groups did not differ in GSI. (b) Socially suppressed males had significantly smaller GSI 321 

than dominant males. Each circle represents an individual fish. Top and bottom whiskers 322 

represent maximum and minimum, respectively; top and lower boxes represent third and first 323 

quartiles, respectively; line within box represents the median. ns=non-significant. ***P < 0.0001. 324 

 325 

 We also assessed whether certain physiological traits in residents other than the relative 326 

SL of the intruder may have influenced our behavioral findings. Overall, while significant 327 

physiological effects were observed, they were completely unrelated to our behavioral findings. 328 

For instance, there was an effect of group on SL (H17=11.28, P=0.0003) and body mass (BM) 329 

(H17=11.58, P=0.0002), where the Smaller group had significantly larger SL and BM than the 330 

Matched group (Fig. S1a-b). Fish from the Smaller group also faced intruders that were 331 

significantly larger in terms of SL (H17=11.39, P=0.0003) and BM (H17=11.31, P=0.0003) 332 

compared to the Larger group (Fig. S1c-d). Finally, the Smaller group had larger testes than the 333 

matched group (H17=6.9, P=0.02) (Fig. S1e). This overall pattern of differences does not 334 

systematically relate to our pattern of behavioral findings (see Fig. 4-8), suggesting that our 335 

behavioral differences are specifically related to the effects of the intruder’s relative SL.   336 
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Discussion 338 

 339 

 We have characterized a behavioral logic underlying aggression in resident dominant 340 

males in A. burtoni. Specifically, when resident dominant males are exposed to an intruder who 341 

is matched or larger in relative SL, they use a behavioral strategy that emphasizes non-physical 342 

aggression.  On the other hand, physical aggression in resident dominant males does not vary 343 

as a function of differences in the relative SL of the intruder. Below we describe how our results 344 

contribute to our understanding of social hierarchies in A. burtoni.  345 

 346 

In A. burtoni, size is a critical factor in determining social rank (Fernald & Maruska, 2012; 347 

Fernald, 2012). This fact is so well-established that studies aiming to include A. burtoni males of 348 

lower and higher ranks can reliably induce such ranks by housing fish with others that are larger 349 

or smaller for approximately two weeks or more (For examples, see Alward, Hilliard, York, & 350 

Fernald, 2019; Burmeister, Jarvis, & Fernald, 2005; Maruska, Becker, Neboori, & Fernald, 2013; 351 

Maruska & Fernald, 2010). Nevertheless, relative size in A. burtoni has typically been used only 352 

in this way. One reason small differences in relative size were not considered to be behaviorally 353 

relevant based on previous findings is the lack of consistency in behavioral quantification and 354 

analysis itself. For instance, different aggressive behaviors in A. burtoni have at times been 355 

represented by a single metric, in which both physical and non-physical aggression were treated 356 

as one measure called total aggression (for example, see Desjardins & Fernald, 2010). 357 

However, recent studies have shown that physical and non-physical aggression are 358 

uncorrelated in A. burtoni, suggesting that these aggressive behaviors function differently during 359 

social interactions. For instance, Loveland and colleagues showed a lack of correlation between 360 

lateral displays and border fights, a type of physical aggression (Loveland, Uy, Maruska, 361 

Carpenter, & Fernald, 2014). Additionally, a time-course study showed a robust decrease in the 362 

performance of lateral displays from  morning to afternoon, without a change in the performance 363 
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of border fights during the same time period (Alward et al., 2019).  This finding provides further 364 

evidence that physical and non-physical aggression are dissociable in A. burtoni. By focusing on 365 

individual types of aggressive behavior we were able to detect fine-grained differences in 366 

behavioral output as a function of subtle differences in SL.  367 

 368 

Our results are in line with what has been observed in other fish species. For instance, in 369 

the convict cichlid Cichlasoma nigrofasciatum, Iateral displays are performed less when fish 370 

could interact visually before allowed to interact physically, compared to when they could not 371 

see each other before physical interaction (Keeley & Grant, 1993). Notably, physical aggression 372 

did not differ regardless of whether the fish could see each other before being allowed to 373 

physically interact. Thus, as in A. burtoni, evidence exists in other fish such as C. nigrofasciatum 374 

that non-physical and physical aggression are used differently depending on the social 375 

environment. For A. burtoni specifically, lateral displays are used more frequently when SL 376 

asymmetries are smaller, suggesting lateral displays are used to settle conflicts that are difficult 377 

to resolve.  378 

 379 

In angelfish (Pterophyllum scalare) larger males competing in a neutral territory always 380 

won contests (Chellappa, Yamamoto, Cacho, & Huntingford, 1999). On the other hand, when a 381 

resident-intruder asymmetry existed the resident always won irrespective of relative intruder 382 

size. Hence, as with A. burtoni, relative size influences behavior but residents have an 383 

advantage in resident-intruder contests. Indeed, the prior-residence advantage effect has been 384 

well demonstrated in laboratory and field situations (Alcock, 2009; Mesterton-Gibbons & 385 

Sherratt, 2016). Future studies modifying social experience of both intruders and residents in A. 386 

burtoni may yield novel insights into the behavioral logic of aggression in A. burtoni.  387 

 388 
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Our results suggest there is a complex relationship between social experience and 389 

behavioral responses to size differences in A. burtoni. Indeed, if it was the case that only size 390 

differences guided behavioral performance, then intruder males that were larger than the 391 

resident should have performed more lateral displays--but this was clearly not the case. These 392 

results suggest a winner and/or loser effect plays a role in guiding social decisions in male A. 393 

burtoni. In the winner effect, competitors who win contests are more likely to win future contests 394 

than losers (Dugatkin, 1997; Dugatkin & Earley, 2004). Here, socially suppressed males are 395 

likely to be losing contests repeatedly. Furthermore, testosterone, which is higher in dominant 396 

males than non-dominant males (Parikh, Clement, & Fernald, 2006), increases  the winner 397 

effect (Oliveira, Silva, & Canário, 2009).  Moreover, androgen receptor activation is required for 398 

social dominance (Alward et al., 2019). Based on the above, we hypothesize that testosterone 399 

may modulate cost thresholds in A. burtoni males. Future work manipulating testosterone 400 

signaling pharmacologically or genetically will be fundamental in determining the functional 401 

relationship between testosterone, winner/loser effects, and cost thresholds in A. burtoni.  402 

 403 

Conclusion 404 

 405 

 We discovered in a highly social cichlid fish that relative size differences between a 406 

dominant resident and a non-dominant intruder male affects social decisions made by the 407 

resident male.  Our findings lay the foundation for future work on the different social and 408 

biological factors that may affect behavioral strategies in A. burtoni and add to the existing work 409 

on models of aggression in social fish species.  410 
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Supplementary Figure and Legend 520 

 521 

 522 

 523 

Figure S1. Effects of group on body size measures and testes mass. (a-e) For all measures 524 

shown the Larger and Matched group did not differ. The Smaller group males were larger than 525 

the Matched group for (a) SL and (b) BM, and (e) testes mass. (b) There was a statistical trend 526 

for the Smaller group fish to have larger BM than the Larger group fish. (c-d) Smaller group fish 527 

were exposed to larger intruders than the Larger and Matched group fish, but this was only a 528 

statistical trend for the latter group. Each circle represents an individual fish. Top and bottom 529 

whiskers represent maximum and minimum, respectively; top and lower boxes represent third 530 

and first quartiles, respectively; line within box represents the median. **P < 0.01; *P < 0.05.  531 
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