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ABSTRACT: 24 

 Contests are largely driven by resource value, but their outcome also depends on 25 

asymmetries in fighting ability between contestants. Consequently, individuals benefit from 26 

assessing these asymmetries when deciding to engage opponents or retreat. Yet, there is 27 

much about these assessments that we do not know. First, it is often difficult to discriminate 28 

if individuals only assess their own fighting ability or if they compare it to that of their 29 

opponents by mutual assessment. Second, the extent to which assessment improves over the 30 

course of a contest, as predicted by theory, has remained largely unexplored. We addressed 31 

these questions by studying assessment during territorial contests between male Siamese 32 

fighting fish, Betta splendens. Findings show the consistent use of mutual assessment when 33 

deciding to engage opponents, with a progressive increase in assessment accuracy over 34 

sequential contest phases by reducing the use of dishonest signals. Importantly, contrary to 35 

theoretical expectations, we find evidence of a novel form of mutual assessment in which 36 

fight motivation increases (rather than decreases) when contestants assess their opponents as 37 

more formidable than themselves. Although contestants shifted to opponent-only assessment 38 

when adjusting display and attack, the collective evidence shows greater aggressive intent 39 

towards more threatening opponents. We argue that explanations for this form of assessment 40 

may be provided by considering territorial dynamics related to reproductive success and 41 

parental investment.  42 

 43 
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INTRODUCTION 48 

 Contests are ubiquitous in the animal kingdom and constitute an important component 49 

of social interactions that contributes to fitness (Briffa & Hardy, 2013). On one hand, contests 50 

can play a crucial role in driving resource allocation, such as food or territory, and can be 51 

used to resolve existing issues in resource distribution, where the scarcity of a resource may 52 

increase motivation to compete for it (Enquist & Leimar, 1987; Arnott & Elwood, 2008). On 53 

the other hand, contests are energetically demanding and fights against more formidable 54 

opponents can be damaging to health, with an increased mortality risk from escalated 55 

injurious attacks (Enquist & Leimar, 1983; Riechert, 1988; Neat, Taylor and Huntingford, 56 

1998). Therefore, contestants may adjust their fighting strategy depending on the potential 57 

costs they may sustain.  58 

Game theory has extensively addressed the way that potential costs and benefits affect 59 

contest outcome, focusing largely on the role of asymmetries between contestants (Riechert, 60 

1998). Classical models assume that contestants may exhibit only one of few stable fighting 61 

strategies (e.g. Hawks vs. Doves; Smith & Price, 1973) and maintain fixed decisions during 62 

contests (Smith & Parker, 1976). Yet the ability of contestants to attain resources is 63 

determined by a range of factors, collectively termed resource holding potential (RHP; 64 

Parker, 1974), which include body size, residency, weaponry, energetic state and kinship 65 

(Briffa, 2008; Walsh & Iyengar, 2015). Consequently, fighting strategy can vary extensively 66 

and continuously with these RHP factors and as a result of the cognitive assessment of 67 

information on these factors by contestants, a concept that has been increasingly supported by 68 

empirical evidence (Arnott & Elwood, 2009a; Reichert & Quinn, 2017). However, RHP 69 

assessment is not yet well understood and identifying particular assessment strategies remains 70 

difficult (Taylor & Elwood, 2003; Arnott & Elwood, 2009a).   71 



 

 

For contestants, the most accurate estimate of asymmetries comes from mutual 72 

assessment (‘sequential assessment model’; Enquist, Leimar, Ljungberg, Mallner & 73 

Segerdahl, 1990) where they sequentially gather information on relative differences in RHP 74 

between themselves and an opponent, typically interpreted as a comparison of ability 75 

(Elwood & Arnott, 2012). However, early support for this strategy was based on incorrect 76 

analyses (Taylor & Elwood, 2003), with few recent convincing examples of its use by 77 

animals (Schnell, Smith, Hanlon & Harcourt, 2015; Green & Patek, 2018). In contrast, self 78 

assessment strategies, where animals evaluate only their own RHP [‘war of attrition without 79 

assessment’ (Mesterton-Gibons, Marden & Dugatkin, 1996) and ‘energetic war of attrition’  80 

(Payne & Pagel, 1996) models], have increasing empirical support (Prenter, Elwood & 81 

Taylor, 2006; Elwood & Arnott, 2009a; Tsai, Barrows & Weiss, 2014). Although asymmetry 82 

cannot be directly estimated without comparisons to opponent RHP, they can be reflected in 83 

estimates of thresholds when animals evaluate their own RHP sequentially over fights and 84 

consider changes due to injury sustained  (‘cumulative assessment model’; Payne, 1998). In 85 

particular, because opponents with greater fighting ability can inflict greater injury, this can 86 

reflect effects related to opponent RHP. Consequently, mutual assessment is difficult to 87 

distinguish from cumulative self-assessment because they both result in the same predictions 88 

for relationships between contestant RHP and contest costs (Taylor & Elwood, 2003; Arnott 89 

& Elwood, 2009a).   90 

 Indeed, many recent studies using the framework of examining relations between 91 

contestant RHP and contest costs have produced inconclusive results in terms of support for a 92 

particular strategy (e.g. Prenter, Elwood & Taylor, 2006; Martínez-Cotrina, Bohórquez-93 

Alonso & Molina-Borja, 2014; McGinley, Prenter & Taylor 2015). These studies use 94 

measures that indicate direct costs (e.g. degrees of attack escalation and outcome) or cost 95 

thresholds (e.g. contest duration) related to the progress of a fight, but assessment is expected 96 



 

 

to differ when deciding to engage in a fight. This is because the decision to retreat before 97 

engaging provides benefit to those likely to lose or incur injury and because during fights 98 

behaviour may reflect mostly immediate responses to the opponent (Mesterton-Gibbons & 99 

Heap, 2013). Therefore, it is equally important to also consider RHP effects on the 100 

motivation to fight. Although contest duration is also considered an indicator of motivation, 101 

the length of a contest relies largely on ongoing behaviour and specifically relates to loser 102 

motivation, because longer durations indicate a greater cost threshold contestants are willing 103 

to accept before retreating (Arnott & Elwood, 2009b). Thus, there is a need for alternative 104 

approaches to infer assessment and one such alternative is to probe aggressive motivation 105 

directly. To achieve this, Elwood, Wood, Gallagher & Dick (1998) interrupted fights by 106 

startling focal contestants and measured the time they remained startled (motionless) before 107 

resuming activity, which indicated their willingness to engage opponents. That study and a 108 

number of studies since (e.g. Arnott & Elwood, 2009b; Arnott & Elwood, 2010a; Schnell et 109 

al., 2015), have validated startle duration as a strong indicator of aggressive intent and fight 110 

motivation that is independent of in-fight behaviour and fight outcome, i.e. whether focal 111 

contestants lose or win. Another advantage of the startle probe is that it can be used more 112 

than once during fights (Arnott & Elwood, 2010), enabling changes in assessment strategy to 113 

be tracked over the course of the contest. Predictions are that if animals use RHP assessments 114 

when deciding to engage an opponent, then startle durations will vary with own RHP if they 115 

use self assessment, with opponent RHP if they use opponent assessment and with both if 116 

they use mutual assessment (Arnott & Elwood, 2009a). Furthermore, as the contest 117 

progresses animals are expected to have more opportunity to collect and analyse information 118 

from their opponent, which is why progressive improvements over time are particularly 119 

expected for opponent and mutual assessment (Enquist et al., 1990; Payne, 1998).  120 



 

 

 We employed the startle probe technique on two sequential occasions during fights in 121 

captive-bred male Siamese Fighting fish (Betta spelndens) to examine whether motivation to 122 

engage opponents is affected by own and opponent RHP measures and if the effect changes 123 

over time. By also looking at agonistic behaviour, we further aimed to examine similarities in 124 

decision strategy between engaging opponents and responding to their display and attack 125 

during fights. Further, by staging interactions between tanks (through the transparent tank 126 

walls) we prohibited direct contact and injury, and ensured fish could assess opponent RHP 127 

only via visual assessment. Although we found no studies explicitly examining the 128 

contribution of B. splendens body size to RHP, body weight and length have been extensively 129 

validated across species, including fish (see Arnott & Elwood, 2009a) and, therefore, are 130 

expected to provide a reliable indicator of RHP. On the contrary, while fins may be 131 

implicated in the attack repertoire of B. splendens (tail beating, fin flickering and charging; 132 

Simpson, 1968), effects of fin size on contest behaviour have only been indicated by response 133 

to images (Allen & Nicoletto, 1997) and there is no other evidence that they honestly signal 134 

RHP. However, because captive-bred lines of the species commonly have fins larger or 135 

smaller than would be expected for their body size (Meejui, Sukmanomon & Na-Nakorn, 136 

2005), fin size may misrepresent RHP by influencing assessment of size (Payne & Pagel, 137 

1997; Earley, 2010) and bias behaviour due to signal dishonesty. In particular, we consider 138 

the degree to which fin size is disproportionate to body weight (a measure of size widely 139 

validated as an indicator of RHP) to indicate the extent to which fins can dishonestly signal 140 

size during display. As such, in addition to using weight as a robust measure of RHP, we also 141 

examine if fin display provides a parallel dishonest signal by exaggerating size. This is 142 

achieved by examining the residuals of the linear relationship between fin length and body 143 

weight, a measure that indicates the degree to which fin size is disproportionate to body size 144 

(see Elwood and Arnott, 2010b). We predicted that motivation and aggression would be 145 



 

 

greater for fish with a high RHP if self assessment is used (such as in killifish; Hsu, Lee, 146 

Chen, Yang & Cheng, 2008) and lower towards high RHP opponents if opponent assessment 147 

is used (such as in the cichlid Neolamprologus pulcher; Reddon, Voisin, Menon, Marsh-148 

Rollo, Wong et al., 2011), and that both these predictions should be met if mutual assessment 149 

is used. Further, if mutual assessment is used we also expect a lower fight motivation and 150 

aggression towards opponents that have a relatively greater advantage in RHP (RHP 151 

asymmetry; Schnell et al., 2015; Green & Patek, 2018). Finally, we expected that effects 152 

from signal dishonesty would decrease during contests, if assessments progressively improve 153 

as predicted by theory (Enquist et al., 1990; Payne, 1998). 154 

 155 

METHODS 156 

Animals and husbandry 157 

 Male Siamese fighting fish (N = 44) were acquired from a local supplier, Grosvenor 158 

Tropicals, Lisburn, Northern Ireland. Fish were housed individually in 15L tanks enriched 159 

with plants, toys and shelter. Tank water was filtered, heated, aerated and changed twice-160 

weekly, kept at 26±1 OC, 7.2±0.4 pH and a regulated bacterial cycle. Together with the 161 

highly monitored conditions, regular checks were carried out to ensure fish were healthy and 162 

without signs of common diseases (as listed by Monvises, Nuangsaeng, Sriwattanarothai & 163 

Panijpan, 2009). Each fish was fed 4 pellets (Hikari© Bio-gold) twice a day and exposed to 164 

regular 12h photoperiods (0700-1900). Experiments were carried out during light periods 165 

(350-600 nm and 300 lux at water surface).  166 

Ethical note 167 

 This study was carried out in accordance with all relevant animal-welfare guidelines 168 

(ASAB). Our experimental set-up prevented direct physical contact between fish, removing  169 

any risk of injury, and our protocol kept staged contests brief, reducing contest-related stress 170 

https://www.sciencedirect.com/science/article/pii/S037663571630119X#bib0005


 

 

levels (as recommended by Huntingford, 1984). By minimising transfers and always 171 

transporting fish in water we limited stress from handling and disturbance. Veterinary 172 

inspections by DHSSPS, Northern Ireland, deemed no need for licensing and an institutional 173 

ethical approval was acquired (No.: QUB-BS-AREC-17-004). Following the conclusion of 174 

the study, animals were kept for separate non-invasive tests. 175 

RHP measures 176 

 After a 72-hour acclimation to laboratory conditions, two RHP measures were 177 

recorded for all fish. First, wet weight in grams was used as a robust estimate of RHP (Arnott 178 

& Elwood, 2009), calculated using a digital precision scale to estimate the net weight 179 

between the tare weight of a water-filled container and its weight when holding the fish. 180 

Second, the length of the caudal fin (Figure 1a) and the anal fin (Figure 1b) were estimated 181 

from traces on graph paper applied to the outside of the tank when fish rested and used as an 182 

indicator of general fin size, a visual signal that could potentially dishonestly advertise RHP. 183 

All fish rested on 3 cm wide buoyant platforms that were attached near the surface on the 184 

front facing glass wall of the tank (to facilitate breathing during resting times), which ensured 185 

fish were against the glass wall during measurements and minimised variation in the distance 186 

from the wall between individuals. Because visual attention to each fin might vary due to 187 

individual strategy or differences in opportunity (e.g. opponents exhibiting more lateral 188 

display provide more opportunity for focal fish to assess their caudal fin), we used the 189 

combined fin length to indicate fin size. This enabled the examination of composite effects 190 

from fin size, controlling effects due to differences in attention to either fin.  191 

Contests 192 

 Two days following weight and fin length measurements, we randomly selected focal 193 

fish (N=22) and paired them with an opponent (N=22), matching half of the focals with an 194 

opponent bigger than them and half with an opponent smaller than them (using weight 195 

https://www.sciencedirect.com/science/article/pii/S037663571630119X#bib0190


 

 

comparisons) in a randomised fashion and housing pairs in neighbouring tanks. Opaque 196 

plastic sheets were placed between neighbouring housing tanks to prevent interactions, which 197 

mitigated behavioral effects from heightened aggressiveness (Gómez‐Laplaza & Morgan, 198 

2000) and prior fighting experience (Hsu, Earley & Wolf, 2006). The first contests were 199 

carried out following a 7-day acclimation period to the new housing tanks, which allowed 200 

fish to form territorial associations. Following their first contest, focal fish were randomly 201 

matched with a new opponent so that individuals that first faced a bigger opponent were now 202 

matched with a smaller opponent and those that first faced a smaller opponent were now 203 

matched with a bigger opponent. New opponents were moved to the tanks next to focal fish 204 

and allowed to acclimatise for 7 days before the second contest. 205 

 At the start of each contest, the opaque dividers between the neighboring tanks of 206 

pairs were removed and fish allowed to interact across the glass tank walls. Although the air-207 

water interface between tanks may lead to some visual distortions, evidence in B. splendens 208 

(Arnott, Beattie & Elwood, 2016) and other fish suggests that this set-up enables the visual 209 

assessment of opponents (Arnott & Elwood, 2010a) and ensures that there are no effects from 210 

direct contact. Contests were video recorded using a Sony HDR CX190E handy-cam video 211 

camera oriented towards the front facing walls of the two tanks, so that both focal and 212 

opponent fish could be recorded. A large plastic panel (150 cm x 150 cm) was placed behind 213 

the camera to hide the experimenter when controlling the camera and carrying out test-related 214 

manipulations. For the interim periods, the experimenter remained away from the tanks to 215 

minimise any further interference. A large glass marble (24g) was dropped through a hole in 216 

a plastic panel placed on top of the tank of the focal fish, 2 min after the onset of display 217 

(identified as either frontal display - presenting extended gills to opponent- or lateral display 218 

- presenting side with flared fins to opponent; Simpson, 1968). The panel was kept at 10 cm 219 

from the water surface allowing the marble to land in the water with a distinct splash and act 220 



 

 

as a startling stimulus. The marble landed behind a vertical opaque plastic screen (21cm x 221 

5cm) placed in the tank of the focal fish 10 min prior to experimentation (the time serving as 222 

an acclimation period), so that it hid the startle stimulus from the opponent (as per Arnott & 223 

Elwood, 2009b & 2010a). Once the focal fish resumed display, behaviour was recorded for a 224 

further 5 min before dropping a second marble using the same approach. Following 225 

recommencement of display from the second startle, fish were allowed to display for a final 226 

period of 5 min before the test was concluded by replacing the opaque plastic sheet between 227 

tanks. 228 

 From the video recordings, we measured two separate aspects of agonistic behaviour: 229 

(1) the total duration (seconds) of agonistic display by each contestant, including the 230 

extension of gill opercula when facing the opponent (frontal display) and the presentation of 231 

their side to the opponent while swimming and flaring their fins (lateral display); (2) the total 232 

number of attempted attacks by each contestant identified either as tail beating (within ~ 1 233 

body length proximity to the tank wall and oriented towards opponent) or biting (charging the 234 

tank wall with their mouth open and oriented towards opponent) (Simpson, 1968). Finally, 235 

we measured the time (in seconds) focal fish remained motionless following the drop of the 236 

marble (from when the marble hit the water), which was used as a measure of fight 237 

motivation (referred to as startle duration; Elwood et al., 1998; Arnott & Elwood, 2010a). 238 

 239 

Analysis 240 

 All calculations, analyses and graphical representations were carried out in the 241 

statistics software Minitab® version 17 (Minitab Inc., State College, PA, USA) and SPSS 242 

version 22 (IBM Corp., Armonk, NY. USA). First, the degree of signal dishonesty was 243 

measured by the residuals of the linear regression between combined fin size and weight, for 244 

both opponent and focal fish, which indicated the degree of disproportion between the two 245 



 

 

measures (see Arnott & Elwood, 2010b). All dependent measures and predictors 246 

(Supplementary; Table S1) were normally distributed (parametric), with the exception of the 247 

recorded number of attacks during contests (non-parametric measure). Mean differences in 248 

startle duration between sequential probes and in total display duration between fights with 249 

bigger or smaller opponents were tested using repeated measures ANOVA.  Differences in 250 

the median number of attacks (non-parametric) between fights with bigger or smaller 251 

opponents were tested by Wilcoxon signed-ranks test. Separate mixed-effect models were 252 

used to test for effects from RHP measures, examining linear associations with parametric 253 

variables and Poisson associations (log-link) with the non-parametric variable. First, models 254 

were used to test main effects from focal-weight, opponent-weight and their difference, to 255 

establish links to an accurate RHP indicator. Second, models were used to test main effects 256 

from the residuals of the regression of total fin length on wet weight, from opponents, focals, 257 

and their difference, to establish effects from dishonest signals. All mixed models included 258 

ID as a random factor to control for pseudoreplication. Furthermore, trial (first or second 259 

contest), opponent sequence (i.e. whether bigger or smaller opponents were faced first) and 260 

their interaction were included as fixed effects to test for influences of experience between 261 

contests. 262 

 263 

RESULTS 264 

 Mean startle durations did not differ between the first and second probe (η2=0.068, 265 

F2,22=1.54, P=0.068), but were longer (η2=0.160, F2,22=4.00, P=0.059) when fighting 266 

relatively smaller opponents (startle 1: mean = 56.27 s ± 92.78 S.D., startle 2: mean = 78.41 s 267 

± 141.35 S.D.) than relatively bigger opponents (startle 1: mean = 29.63 s ± 58.83 S.D., 268 

startle 2: mean = 36.00 s ± 55.13 S.D.). No significant differences in mean display times 269 



 

 

(η2=0.047, F2,22=1.027, P=0.322) or median attack attempts (Z2,22= -0.958, P=0.338) were 270 

found between contests with bigger or smaller opponents.  271 

RHP effects on fight motivation and agonistic behaviour 272 

  Startle durations were not affected by trial, opponent sequence (bigger or smaller 273 

first) or their interaction (r2<0.09; P>0.05), indicating no experience effects between 274 

contests. Both the first and second startle duration of focal fish were related positively to their 275 

own wet weight, negatively to the wet weight of their opponents and strongly linked to the 276 

degree and direction in which they differed from the opponent (Table 1a), with shorter startle 277 

durations exhibited by smaller fish (Fig. 2a) towards bigger opponents (Fig. 2b) that were 278 

also bigger in relation to themselves (Fig. 2c). This indicates that motivation relied on own 279 

and opponent RHP, as well as the asymmetry in RHP, as expected for the use of mutual 280 

assessment.  281 

 Behaviour during fights, display times and attack numbers, were not affected by trial, 282 

opponent sequence or their interaction (r2<0.01; P>0.05). However, both total display times 283 

(r2= 0.159, F2,44=7.66, P=0.009) and the number of attacks (r2= 0.125, χ2
2,44=17.19, P<0.001) 284 

were related positively to opponent weight (Fig. 3a and 3c), but not own weight (total display 285 

time: r2= 0.044, F2,44=2.13, P=0.152; number of attacks: r2= 0.002, χ2
2,44=0.32, P=0.569; Fig. 286 

3b and 3d) or the weight difference between contestants (total display time: r2= 0.081, 287 

F2,44=3.63, P=0.064; number of attacks: r2= 0.020, χ2
2,44=2.82, P=0.093). Collectively, these 288 

results support the hypothesis that agonistic behaviour was depended on opponent RHP (i.e. 289 

opponent assessment), but not own RHP (self assessment) or asymmetries between the two 290 

(mutual assessment). 291 

Fin length as a dishonest signal of RHP  292 

 Combined fin length was positively related to wet weight, for both focal (R2=0.154, 293 

F2,22=7.66, P=0.008) and opponent fish (R2=0.172, F2,22=8.73, P=0.005). However, there was 294 



 

 

a significant lack-of-fit error in the model with instances of fish having exceedingly larger or 295 

smaller fins than predicted by their weight, both for focals (R2=0.755, F2,22=16.78, P<0.001) 296 

and opponents (R2=0.602, F2,22=4.34, P<0.001). Given that weight is a widely validated 297 

measure of RHP (studies cited in Arnott & Elwood, 2009a), this suggests that fin length can 298 

signal RHP but with a significant degree of inaccuracy. The extent to which RHP is 299 

misrepresented by fin length, as indicated by the residuals from the regression, was not found 300 

related to total display time (focal resid.: R2=0.0014, F2,44=0.06, P=0.812; opponent resid.: 301 

R2=0.020, F2,44=0.81, P=0.372; difference: R2=0.005, F2,44=0.21, P=0.651) or the number of 302 

attacks (focal resid.: R2=0.013, χ2
2,44=1.75, P=0.186; opponent resid.: R2=0.020, χ2

2,44=2.72, 303 

P=0.099; difference: R2=0.003, χ2
2,44=0.38, P=0.537). This suggests that fin size was not used 304 

for adjusting agonistic behaviour. Conversely, startle duration was related to the residuals of 305 

focal and opponent fish, and their difference in residuals, which suggests that fin size is used 306 

during assessment. However, the relationship was not consistent over time, being significant 307 

for the first startle but not the second startle (Table 1b).  308 

 309 

DISCUSSION 310 

 Our findings reveal that male B. splendens use information on both their own and 311 

their opponent's fighting ability, which is used to assess asymmetries. This is evidenced by 312 

fight motivation being affected by own and opponent measures of RHP, and also by the 313 

degree and direction of asymmetry between contestants (Fig. 2 and Table 1). Given the lack 314 

of contact or injury during fights, this evidence strongly suggests that fish use visual signals 315 

from the opponent which indicates mutual assessment as predicted by theory (Payne, 1998; 316 

Taylor & Elwood, 2003; Arnott & Elwood, 2009a). More specifically, we find evidence for a 317 

novel form of mutual assessment in which, contrary to theoretical predictions (e.g. sequential 318 

assessment model; Enquist etal., 1990), aggressive motivation increases (rather than 319 



 

 

decreases) when facing a more formidable opponent. These findings highlight how the 320 

identification of any form of assessment primarily relies on whether measures of own RHP, 321 

opponent RHP and asymmetries between them predict variation in contest behaviour and to 322 

what degree, with the direction of effects only indicating how the assessment is used and not 323 

whether it is used. 324 

 Our results compare variably to previous findings showing that B. splendens 325 

(Polgardani, Rouzbehani & Parsaiyan, 2017) and other fish species (Reddon et al., 2011) 326 

estimate opponent RHP, but offering no evidence for mutual assessment. On the contrary, 327 

some earlier studies suggest that teleost fish exhibit mutual assessment of RHP measures, 328 

including fin size and weight (Enquist, Ljunberg & Zandor, 1987; Turner, 1994). However, 329 

these earlier studies only consider differences between bigger and smaller asymmetry pairs to 330 

support this, which, as noted by Taylor & Elwood (2003), can be driven solely by own-RHP 331 

assessments and can misrepresent the strategy used. Examples of mutual assessment 332 

identified by linear relationships, as predicted by updated theory (Arnott & Elwood, 2009a; 333 

Elwood & Arnott, 2012), can only be found in studies of other taxa that sometimes use startle 334 

probes to measure fight motivation (e.g. cuttlefish; Schenll et al., 2015), but more frequently 335 

infer motivation from contest duration (e.g. mantis shrimp; Green & Patek, 2018). As noted 336 

in the introduction, studies indicate important advantages of using startle probes to measure 337 

motivation over inferring motivation from contest duration, including independence of startle 338 

responses from ongoing agonistic behaviour and outcome, i.e. whether a focal individual 339 

wins or loses (Elwood et al., 1998; Arnott & Elwood, 2009b; Arnott & Elwood, 2010a). 340 

Therefore, by using startle probes in our study, we provide evidence for mutual assessment in 341 

fish contests that rely on an independent and more robust measure of motivation.  342 

 In contrast to evidence of mutual assessment when deciding to engage opponents, 343 

agonistic behaviour during fights relied only on visual assessments of the opponent's RHP 344 



 

 

(Fig. 3). The aggressive responses of B. splendens have been previously found to peak even 345 

in the presence of only artificial cues that cannot be accurately assessed or compared to own 346 

ability (including LED lights and robotic movement; Romano, D., Benelli, G., Donati, E., 347 

Remorini, D., Canale et al., 2017). Consequently, aggression during fights may reflect a 348 

generalised response to perceived levels of directed threat, for which size can be an indicator 349 

(e.g. cichlids are more aggressive towards bigger dummies; Beeching, 1992). Consistent with 350 

earlier evidence in fish (killifish; Hsu et al., 2008) and with theory (Mesterton-Gibbons & 351 

Heap, 2013), this suggests that, while engaging in fights might rely on more accurate 352 

assessments that involve greater effort, animals rely on simpler mechanisms for adjusting 353 

response during display and attack. 354 

 One morphological feature used by B. splendens to signal RHP and assess opponents 355 

is fin size (Allen & Nicoletto, 1997), facilitated by lateral displays during contests (Simpson, 356 

1968; Monvises et al., 2009). Here we identify that fin size can misrepresent size by either 357 

being bigger or smaller than would be expected by weight, an extensively validated measure 358 

of RHP across vertebrates (see review by Arnott & Elwood, 2009a). Similar to earlier studies 359 

measuring signal dishonesty (Arnott & Elwood, 2010b), this was indicated by values of 360 

regression residuals between fin size and weight. The degree of misrepresentation affected 361 

contestant motivation (startle duration), with respect to their own and their opponent's fin 362 

residuals, as well as difference between the two (Table 1). This suggests that the 363 

misrepresentation of the signal is both used by focal contestants (as senders) and influences 364 

their behavior when assessed in opponents (as receivers), suggesting its use as a dishonest 365 

signal as expected by literature (Payne & Pagel, 1997; Earley, 2010). However, contrary to 366 

the consistency of effects of wet weight between the first and second startle probe (Figure 2), 367 

the effects on fight motivation by fin size residuals progressively decrease over sequential 368 

probes and lose statistical significance (Table 1). If fin size was assessed by fish as an 369 



 

 

independent RHP measure, due to the involvement of fins during attacks (Simpson, 1968), 370 

we would expect stable effects over time. However, we considered fin size as a signal of 371 

overall size and here we identify that the degree of its dishonesty as a signal of size has a 372 

decreasing effect over time. The progressive decrease in effects from unreliable information 373 

is consistent with an expected progressive increase of assessment accuracy during contests 374 

(Elwood & Arnott, 2012) and possibly reflects the involvement of learning and attentional 375 

control in regulating motivation (Reichert & Quinn, 2017). Though we cannot be certain 376 

about learning effects from our findings, we can infer the progressive increase in assessment 377 

accuracy via the decreased efficacy of dishonest signals.  378 

 The increase in fight motivation towards formidable opponents, as a result of such 379 

accurate and progressively improved estimates of RHP symmetries, is more difficult to 380 

explain. Contrary to predictions from theory (Arnott & Elwood, 2009a; Elwood & Arnott, 381 

2012), fish were more motivated to fight opponents that they assessed as having a greater 382 

RHP than them (Fig. 2). Fighting relatively stronger opponents increases the risk of incurring 383 

costs (Riechert, 1988; Neat et al., 1998), which can initially seem maladaptive. Explanations 384 

for unexpected levels of fight motivation during territorial disputes are often attributed to 385 

owner-intruder dynamics, where owners are more informed on the objective value of their 386 

territory than intruders and ownership is expected to provide an RHP advantage independent 387 

of fighting ability (Enquist & Leimar, 1987; Smith & Parker, 1976; Arnott & Elwood, 2008; 388 

Arnott & Elwood, 2009a). Another possibility is that territorial owners unconditionally 389 

decide to engage in fights because the more frequently they win, the less likely intruders will 390 

compete with them in the future (Kokko, López-Sepulcre, A., & Morrell, 2006). However, 391 

these two hypotheses assume that fight motivation is dependent on being either an owner or 392 

an intruder, but not on RHP asymmetries, which contrasts our findings. An alternative 393 

hypothesis is the 'desperado effect' (Grafen, 1987), where less formidable animals with a 394 



 

 

history of losing do not respect ownership-based asymmetries in RHP over an extremely 395 

valuable resource. Although this hypothesis implicates resource value in the unexpectedly 396 

high aggression of low-RHP fish (Fig. 2a), it also assumes no respect for RHP asymmetries. 397 

Therefore, it also cannot explain the mutual assessment strategy revealed in our study that 398 

drives individual fight motivation towards relatively bigger opponents (collective evidence; 399 

Fig. 2). 400 

 A more plausible explanation is offered by the Napoleon strategy, which relies on 401 

accurate estimates of asymmetries in RHP and resource value; the strategy involves the 402 

expression of elevated aggressive intent by small males towards opponents assessed to be 403 

comparatively more formidable, especially when the value of a resource is higher than the 404 

costs of the contest (Morrell, Lindström & Ruston, 2005). It is likely that fish with a lower 405 

RHP, that are likely to have been out-competed in the past, may attribute greater value to 406 

established territory and be more likely to fight threatening opponents that impose greater 407 

risk, as our findings show here. In turn, the value of territory could be further influenced by 408 

its potential use, which in the case of B. splendens includes investment in bubble-nest 409 

construction for future offspring, a parental behaviour linked to reproductive success 410 

(Braddock & Braddock, 1956; Simpson, 1968; Monvises et al., 2009). This would likely 411 

expand the influence that territory value has in relation to life histories, given low-RHP 412 

individuals are likely to have also been outcompeted in the past over mates. 413 

 The effect that life histories have on the value individuals attribute to resources, 414 

including territory, have been indicated in fish and other vertebrates (Arnott & Elwood, 415 

2008). For example, a monogamous male contesting over a sole territory may be more 416 

aggressive than a polygynous male contesting over several territories (e.g. wild cichlids; 417 

O'Connor, Marsh-Rollo, Ghio, Balshine & Aubin-Horth, 2015). In our study, mating 418 

differences were controlled by the absence of females, so the value of the territory could 419 



 

 

instead fluctuate depending on investment in bubble-nest construction, whcih was noted in 420 

the sample population and has been similarly observed or quantified in captive B. splendens 421 

males in the past (Braddock & Braddock, 1956; Simpson, 1968). One hypothesis is that 422 

bigger nests may be attributed greater fitness value and warrant greater defensiveness 423 

because they reflect greater energetic effort and parental investment. This is consistent with 424 

many of the underlying assumptions of both the 'desperado effect' and the 'Napoleon 425 

strategy', i.e. fish with lower RHP are more driven to fight opponents when they attribute 426 

higher fitness-value to resources, especially when resources are linked to reproductive 427 

success - in this case related to bubble-nest construction (Grafen, 1987; Morrell et al., 2005). 428 

Earlier evidence suggests that the presence and number of nests influence aggression only in 429 

interaction with audience effects (Dzieweczynski, Earley, Green & Rowland, 2005), but there 430 

is no evidence whether the effects relate to territory value or whether nests also influence the 431 

motivation to fight. Although we did not record measures of bubble-nest construction for our 432 

sample population, this is something we are currently investigating to examine effects of 433 

resource value on the decision to fight, the assessment strategy used and the level of 434 

aggressiveness expressed. 435 

 436 

Conclusions 437 

 The use of accurate assessments for the decision to fight is fundamental to our 438 

understanding of contests, but it remains largely unexplored (Arnott & Elwood, 2009a; 439 

Reichert & Quinn, 2017). The primary benefit of accurate assessments of RHP asymmetry is 440 

that they can have broader fitness-related benefits than those linked to resource value, such as 441 

reducing energy and injury costs (Riechert, 1988; Neat et al., 1998). Previous studies have 442 

been unable to definitively identify the use of complex cognitive strategies and theoretical 443 

models suggest that the contribution of asymmetry assessment to contest performance may 444 



 

 

still be explained by the use of simple cognitive processes (Elwood & Arnott, 2012). 445 

However, our findings suggest that mutual assessment is employed sequentially for managing 446 

fight motivation and we argue that at least some cognitive effort is used in improving 447 

assessment accuracy by progressively reducing attention to dishonest signals. In contradiction 448 

with theory, assessment did not drive avoidance towards relatively more formidable 449 

opponents but instead increased fighting motivation towards them. This may be explained by 450 

the level of threat imposed in terms of territorial intrusion by bigger and more dangerous 451 

opponents. We additionally aim to investigate the role of bubble-nest construction in 452 

upcoming studies and anticipate an interest by other researchers to examine how life-histories 453 

may affect resource value and its impact on fight motivation and RHP assessment. 454 

 455 
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Table 1. Linear effects on the two sequential startle-durations by weight and fin-length 

residuals of focal fish, opponents, and their difference. 

   First startle   Second startle 

   R2
 F2,44 P   R2

 F2,44 P 

(a) Weight: Focal  0.173 17.38 <0.001   0.076 8.20 0.007 

Opponent  0.149 8.97 0.005   0.131 6.75 0.013 

Difference 

 
 0.308 18.72 <0.001   0.206 10.93 0.002 

(b) Fin residuals: Focal  0.173 8.74 <0.001   0.042 1.82 0.174 

Opponent  0.090 4.56 0.016   0.040 1.74 0.187 

Difference  0.156 7.87 0.0012   0.024 1.06 0.355 

Bold type indicates associations with statistical significance of P<0.05. 

 

 



 

 

FIGURE LEGENDS: 618 

 619 

Figure 1. Measures of caudal (a) and anal fin length (b) as extracted from traces by applying 620 

graph paper on the glass tank-wall where fish rested.  621 

Figure 2. The startle duration of focal fish varied individually with their own weight (a), the 622 

weight of their opponent (b) and the difference between them (c). This was observed on both 623 

sequential occasions, first and second startle. Contrary to predictions, the motivation to 624 

recommence fighting was greater for smaller fish against relatively bigger opponents that 625 

differed the most from them. 626 

Figure 3. Contest behaviour exhibited by focal fish towards relatively bigger opponents 627 

(black circles) or relatively smaller opponents (white circles). The total display time of fish 628 

was unrelated to their own weight (a), but positively related to their opponents' weight (b). 629 

Similarly, their number of attacks were not strongly related to their own weight (c), but 630 

positively related to their opponent's weight (d). Overall, fish were significantly more 631 

aggressive when fighting bigger opponents. 632 
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