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Abstract
We have investigated the effect of mirror-elicited agonistic behaviour on oxygen consumption in the Mozambique tilapia, Oreochromis
mossambicus (Cichlidae). Males exposed to their mirror image showed higher frequencies of both lateral display and tail-beating and escalated
aggression more frequently than males exposed to a transparent glass that was used as a control for the presence of a novel object in the tank. This
aggressive response was correlated with an increase in oxygen consumption. Overt aggression was highly correlated with display behaviour and
with locomotor activity. Bivariate analyses showed high correlation (explaining about 64% of variation) between overt aggression, locomotor
activity and metabolic rates. Weakly positive bivariate correlations between displays and metabolic rates turned spurious after partialling out
aggression. The data suggest that energetic costs only emerge late during the conflict, when animals escalate their aggressive behaviour.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction
Competing males use a ritualized sequence of visual, acoustic,
and tactile signals that may escalate to overt (physical) aggression
during agonistic interactions [1–4]. This sequence has been
interpreted as a way to sort out winners and losers at an early stage
of the conflict, thereby preventing the escalation of the fights
during which both parties incur physical damage ([5–10], but see
[11]). In order to prevent cheating at the early stage of conflicts, it
is expected that the expressed agonistic signals (e.g. aggression
and displays) convey honest information on the relative fighting
ability of the opponents. This may occur when their expression
has some significant intrinsic cost associated [12,13]. In this paper
we investigate the potential energetic costs of such displays.
The metabolic consequences of fighting have been described
in detail in Betta splendens by Haller [14]. This species directly
escalates in staged dyads, and amino acid and glycogen content
of the muscles significantly decreases already after 10 min of
fighting. Neat et al. [8] showed that fighting Tilapia zillii males
⁎ Corresponding author. Tel.: +351 218811700; fax: +351 218860954.
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depleted sugar reserves and accumulated lactate in their
muscles. In both these studies, losers were reported to incur
higher costs than winners [8,14]. Grantner and Taborsky [15]
measured direct oxygen consumption using respirometry in
males of another cichlid species, Neolamprologus pulcher. In
these males, agonistic behaviour increased approximately five
times the energy expenditure relative to the basal metabolic rate.
These authors used a mirror to elicit aggression in their experiment which has the advantage that during fighting no
damage is inflicted on the focal animal and data can be collected
on an individual basis [16]. Both studies on cichlids suggest that
the high energy expenditure of fighting is restricted to the
escalation part of the interaction, which is likely to be a consequence of the increased motor activity associated with the
expression of overt aggression [8,15].
The objective of this study was to investigate energetic costs
of agonistic behaviour in Mozambique tilapia (Oreochromis
mossambicus) males. This species was chosen because males
show escalated fighting towards their own mirror image [17],
and also because individuals of this species readily adapt to
staying in the metabolic chambers used in respirometry [18–20].
The experiment was part of a study on the effects of the androgen
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11-ketotestosterone on metabolic rate. Males treated with the
androgen had higher basal metabolism [21]. Here we test
whether this treatment showed any interaction with the
relationship between behaviour and metabolism.
2. Materials and methods

among all fish. During stimulation, oxygen was measured once
every 3 min. Once every 9 min, a reference value was obtained
from the chamber without fish. Three consecutive oxygen
consumption values were averaged resulting in eight values per
individual (four periods of 9 min for mirror and control
stimulation). At the end of the experiment (day 12), all males
were returned to their original stock tanks.

2.1. Animals and housing conditions
2.2. Measurements of activity and behaviour
Adult O. mossambicus males of 2 to 4 years old were kept in
mixed sex groups, typically holding two males and three females, in 750–800 l aquaria at the animal housing facilities of
the Instituto Superior de Psicologia Aplicada, Lisbon, Portugal
[22]. Only males were selected that were reproductively active
(see below), and all males had experienced multiple spawnings
in the stock aquaria (males may reach sexual maturity at about
9 months of age [23]). Water was continuously aerated and kept
at a temperature of 26 °C (± 1 °C), and the photoperiod regime
was 13 L:11 D.
In half of the animals (n = 14) the levels of the androgen 11ketotestosterone (KT) were experimentally elevated by implanting them with a silastic KT implant. The other half (n = 13)
received a silastic implant with castor oil only (for details about
surgery see Ros et al. [21]). The levels of circulating KT in both
groups were 1.34 ± 1.31 (avg ± SD) ng/ml in control males and
2.45 ± 0.83 (avg ± SD) ng/ml in KT treated males [21].
At day one of the study, dominant males were identified in
stock tanks and caught. These males were individually housed in
12 l aquaria during seven days, visually and chemically isolated
from other males. To standardize body condition, during the first
six days of isolation they were fed proportionally to their metabolic body mass: 9 g food pellets per kg0.8 fish per day (pellets
were made at the Department of Aquaculture Systems and
Animal Nutrition in the Tropics and Subtropics, University of
Hohenheim: 42.0% crude protein, 9.9% crude lipid, 11.3%
crude ash, 20.3 kJ gross energy). This was followed by 1 day of
fasting to prevent interference of heat increment of feeding on
oxygen consumption measurements [24]. Fasting was continued
for the three days during which the males were in respirometry.
At experimental day 8, body mass (average 75.8 ± 4.3 g) was
measured and they were individually placed in the sealed respirometer chambers that were visually isolated from each
other.
At experimental day 11 mirror and control tests were carried
out. Two adjacent chambers were sampled for oxygen consumption and fish behaviour was recorded on video for later
analyses. Oxygen consumption was sampled once every 3 min
per chamber. A reference oxygen value was taken from a
chamber without fish before the start of the experiment. To
calculate base-line oxygen consumption, two measurements
were taken before the start of the mirror or control stimulation.
Stimulation started by placement of a mirror or a similar sized
glass window on one of the sides of the chambers and ended
36 min later by taking it away. Three hours later the experiment
was repeated but the chamber that previously had a mirror
treatment now received a glass treatment and vice versa, so that
the order of presentation of mirror vs. glass was balanced

Video recordings were analysed using the software package
JWatcher (v. 0.9, Animal Behaviour Laboratory, Macquarie
University, Sydney, Australia). The following behaviours were
scored: Motor Activity: the percentage of the total time in which
the animal was not immobile and lying on the bottom of the
chamber; Overt Aggression: buts and bites which in this set-up
were directed towards the side of the chamber where the mirror/
glass was placed; Tail-beating: a sudden slap of the tail. Frontal
display: the male is in a swimming position and oriented frontally towards the side of the chamber where the mirror/glass was
placed with dorsal fin extended. Observations from video recordings limited observation of extension of the opercula and
therefore this aspect of the display was left out of analyses;
Lateral display: as Frontal display but shown in a lateral orientation in respect to the side of the chamber where the mirror/
glass was placed; Other social behaviours such as circling were
performed in very low frequency and thus were left out of
analyses.
2.2.1. Calorimetric system and oxygen consumption
measurements
Energy metabolism was measured using an open flowthrough respirometry system [25], designed to record oxygen
concentrations sampled from eight different respiration chambers at constant intervals [21]. Water was kept at a constant
temperature of 26 °C (± 1 °C), filtered over charcoal (Eheim
filter, Germany), and oxygenated with an air stone. Each
chamber of the respirometer was made from flat, optically clear
12 mm thick acrylic plastic (Perspex) (outside dimensions
154 × 154 × 262 mm). A chamber containing no fish was used as
control to correct for possible consumption of oxygen by algae
and bacteria present in the water.
Automated continuous flow sampling allowed to measure
oxygen consumption of several chambers over a single sensor
(CellOx® fitted with stirrer type R2 300 in a through flow cell type
D201; WTW GmbH, Germany). The oxygen meter (Oxi 197;
WTW GmbH, Germany) was logged to a computer that allowed
for automated online acquisition of the data for later analyses.
Metabolic rates were calculated using the method of Niimi
[26] which corrects for a time-lag due to washout delays caused
by the volume of water in the respiration chamber [25,27].
Oxygen consumption is strongly influenced by the amount of
metabolically active tissue in the organism, and therefore scales
with body mass with an allometric factor of 0.8 [18,28]. Therefore
we report oxygen consumption rates (r) corrected for body mass
(M) using this allometric factor (r · M− 0.8 mmol O2 h− 1 kg− 0.8).
After correction no significant correlation of body mass (range 33
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Fig. 1. Time course (average ± SE) of metabolic rate (mr), overt aggression, agonistic behaviour (tail-beating, frontal and lateral display) and motor activity during the
mirror or control stimulation experiment. Metabolic rate values have been corrected for differences in metabolic body mass. Lines with filled symbols depict patterns
during mirror stimulation; lines with open symbols depict patterns of the control group.

to 149 g) with oxygen consumption rates remained [21] (only
subjects with body mass lower than 30 g show a deviation in
corrected oxygen consumption rates, Ros and Oliveira unpublished observations).
2.2.2. Statistical treatment
Three subjects were left out of the analyses. In two cases the
oxygen consumption measurements were invalid due to blockage of the flow regulators. In one case the wound made during
surgery was not closed, which might have interfered with the
oxygen and behavioural measurements (the hormonal implant
was visible from the outside). Therefore the final sample size
was 24 males.
Data were normalised using the appropriate transformations
proposed by Zar [29], logarithmic transformation for continuous variables (oxygen consumption data), Poisson transformation for frequencies (overt aggression and tail-beating), and
arcsin transformation for percentages (time per observation
period in which animals showed lateral or frontal display, or
motor activity). Using these transformations, Kolmogorov–
Smirnov tests did not show significant deviation from normality
for any of the measurements (all variables p > 0.10) taken during
mirror stimulation. However, of the measurements during control stimulation, tail-beating and aggression deviated significantly from normality due to a large number of zero values. Due
to the lack of accessible equivalent non-parametric methods, we
still opted for using parametric ANOVA for testing the effects of

mirror stimulation and of the different phases of the contest in
these behaviours. For all ANOVAs violations of the sphericity
assumption and equality of variances were tested and
conservative (Huyn–Feldt) corrections of p-values were used
when required.
To test for overall effects of KT treatment and mirror stimulation a multivariate ANOVA was carried out with metabolic
rate, the aggressive behaviours (overt aggression, tail-beating,
frontal display and lateral display), and motor activity as dependent variables, and with two factors: mirror stimulation (two
repeated levels: exposure to mirror and exposure to glass) and
period (4 repeated levels: 0–9th min, 9th–18th min, 18th–
27th min, 27th–36th min of the test period). KT treatment was
entered as independent variable. To further test the significant
relationships found in this analysis univariate ANOVAs were
calculated.
Pearson correlation coefficient was calculated to describe the
possible associations between metabolism and behavioural
measurements. As a consequence of our sampling method our
database included per individual eight cases including all the
different measurement (mirror/glass × four periods). In order to
prevent inflation of n-values due to pseudo replication we have
used a re-sampling method [30]. A macro was made that used a
random generator (Microsoft Excel Rnd function) to select one
case per individual. For these 24 selected cases the bivariate
correlation coefficients were calculated. This procedure was
repeated 500 times and from the resulting coefficients we
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selected the median and the 25 and 75% quartiles, representing
the precision of the estimation of the correlation coefficient in
our sample. p-values were calculated based on n = 24.
All statistics were calculated using the SPSS 13 package
(SPSS Inc., Chicago, USA) and Microsoft Office Excel (Microsoft Corporation, USA) and p-values represent two-sided
probabilities.
3. Results
3.1. Effect of KT treatment on energy metabolism
and behaviour
Multivariate analysis showed non-significant for the effect of
KT treatment (treatment: Wilks' λ(15,8) = 0.705, p = 0.24) and
all interaction effects with KT treatment (all Wilks' λ(15,8) >
0.22, all p > 0.19). Further, KT treatment did not have a significant effect on the latency to first overt aggressive behaviour
(mean ± SE: KT group = 7.2 ± 2.4 min; control group: 9.1 ±
3.0 min, two sample T-test: T(22) = 0.49, p = 0.62), or tailbeating (mean ± SE: KT group = 9.6 ± 3.5 min; control group:
10.1 ± 3.0 min, two sample T-test: T(22) = 0.09, p = 0.93). This
suggests that the increased KT levels due to KT treatment did
not increase the readiness of the focal animals to fight their
mirror image in this experiment.
3.2. Effect of mirror stimulation on energy metabolism and
behaviour
Multivariate analysis showed significant effects for both
factors mirror stimulation and period (mirror stimulation:
Wilks' λ(1,22) = 0.33, p < 0.001; period: Wilks' λ(3,20) = 0.62,
p = 0.020), and a trend for an interaction effect between the
two (Wilks' λ(3,20) = 0.73, p = 0.088). We subsequently calculated univariate ANOVAs for testing behavioural and metabolic
variables separately. As depicted in Fig. 1, energy metabolism
increased two-fold (about five times higher than resting levels in
some individuals) from before the experiment to the second 9min-period (p < 0.001; Table 1), after which it remained conTable 1
Mirror stimulation statistical analyses results
Variables

ANOVA repeated factors
MIS

Metabolic F1,23 = 32.0,
rate
p < 0.001
Aggression F1,23 = 31.6,
p < 0.001
Tail-beat
F1,23 = 35.6,
p < 0.001
Frontal
F1,23 = 5.35,
display p = 0.030
Lateral
F1,23 = 1.25,
display p = 0.28
Activity
F1,23 = 18.7,
p = 0.001

Period

MIS × period

F4,92 = 5.66,
p < 0.001
F3,69 = 12.2,
p < 0.001
F3,69 = 0.44,
p = 0.73
F3,69 = 3.99,
p = 0.019
F3,69 = 3.72,
p = 0.016
F3,69 = 7.62,
p < 0.001

F4,92 = 5.86,
p < 0.001
F3,69 = 1.75,
p = 0.18
F3,69 = 0.60,
p = 0.59
F3,69 = 0.36,
p = 0.74
F3,69 = 1.52,
p = 0.22
F3,69 = 1.93,
p = 0.14

For four variables the sphericity assumption did not hold. Therefore p-values
were corrected using Huyn–Feldt epsilon.

Table 2
Pearson correlation coefficients (N = 24) based on randomized sampling (500
iterations) of the database (eight cases per individual: four during mirror
stimulations and four during control stimulation)
Activity
Activity
Aggression r = 0.90
(0.88–0.92)
Tail-beat
r = 0.54
(0.46–0.61)
Frontal
r = 0.79
display (0.72–0.84)
Lateral
r = 0.86
display (0.82–0.89)
Metabolic r = 0.76
rate
(0.70–0.81)

Aggression Tail-beat

r = 0.59
(0.51–0.66)
r = 0.62
(0.55–0.69)
r = 0.60
(0.51–0.67)
r = 0.80
(0.75–0.84)

r = 0.43
(0.33–0.54)
r = 0.32
(0.24–0.41)
r = 0.56
(0.49–0.62)

Frontal
display

Lateral
display

r = 0.66
(0.57–0.73)
r = 0.62
r = 0.55
(0.52–0.69) (0.45–0.62)

Shown are median with between brackets the values corresponding to the 75%
percentiles.

stant. A similar pattern was present for motor activity, overt
aggression, tail-beating and frontal display, which all increased
during mirror stimulation in comparison to control stimulation
(i.e. glass; Fig. 1; all p < 0.05; Table 1). Lateral display durations
were not significantly different between mirror and glass
stimulation, but tended to increase during the mirror test,
indicating a possible effect of the mirror image (Fig. 1, Table 1).
Within the mirror treatment metabolic rate, motor activity,
overt aggression and lateral display, increased significantly
from the first to the second 9-min-period (paired T-test, T(23) >
2.77, p < 0.011), but such an increase was not seen in tailbeating and frontal display (Fig. 1, paired T-test, T(23) < 1.02,
p > 0.32).
To test whether behavioural activity is costly correlation
coefficients between each behaviour and metabolic rate were
computed. Tail-beating was neither significantly correlated with
frontal nor with lateral display (Table 2, lower quartile:
p > 0.11). All other aggressive behaviours were highly correlated amongst each other (Table 2, the lowest quartile of r reached
a p-value below 0.05). There were significant positive correlations between both motor activity and metabolic rates and
the different aggressive behaviours (Fig. 2, Table 2). Overt
aggression showed the highest correlation: 64% (calculated
from the correlation coefficient) of the variation in metabolic
rates can be explained by variation in aggression. After partialling out aggression, no significant correlation was left between the residual metabolic rates and other display behaviours
(all r < 0.18, p > 0.40).
4. Discussion
In this study, overt aggression, characterized by fierce motor
activity followed by nibbling of the wall of the aquarium close
to the mirror, showed a positive correlation with energy expenditure, explaining about 64% of its variation. Tail-beating
and lateral displays were the most abundant agonistic displays
during mirror-elicited aggression trials. However, and despite
the correlation between these displays and overt aggression was
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Fig. 2. Correlations between individual scores of metabolic rate (in mmol O2 h− 1 kg− 0.8), activity, aggression and tail-beating. In this graph eight values per individual
(n = 24) are depicted. In order to prevent inflation of n-values by pseudo replication a re-sampling procedure has been carried out to calculate regression coefficients
(see Materials and methods section).

highly significant, no significant correlations were found between these displays and energy metabolism. The weakly positive correlation between lateral display and metabolic rates lost
significance after partialling out overt aggression. This suggests
that these displays have relatively low energetic costs in
comparison to the normal variation in metabolic rates. Therefore, the energetic costs of fighting behaviour seemed only to
start playing a role during escalation, and thus relatively late in
the fight.
In a previous paper we described that a treatment with the
androgen 11-ketotestosterone increased basal routine metabolism, leading to an increased metabolism especially during the
night period [21]. Here we show that slightly increased levels
of this androgen, which is the active metabolite of testosterone
in fishes, did not result in increased agonistic activity and
metabolism in a mirror test. This result is relevant in questioning whether increased basal metabolic rates are necessary
to anticipate fighting, a consequence thereof, or unrelated to
aggressiveness [31,32].
Although slightly masked by the high frequency of aggression
typical for mirror tests in this species [17], it can be conjectured
from the results that agonistic displays in comparison with overt
aggression are relatively more abundant at the earlier stages than
at the end of the fight. This is in agreement with a classical study
on display behaviour in O. mossambicus [1] and with studies on

several other species of fish that show that lateral display and tailbeating are followed by higher intensity displays like frontal
display, mouth-fighting display and finally overt aggression
[3,4,33]. The sequential structure of fighting does suggest that
displays such as lateral display and tail-beating are used as signals
in the primary assessment of fighting abilities, based on which
opponents might settle the conflict without proceeding to escalated fighting. Lower energetic costs during this primary assessment in comparison with escalated fighting are consistent with
sequential assessment theory [34]. Interestingly, in some animals
metabolic rates show a five-fold increase during escalation above
the initial levels [15]. Such an increase in metabolic rates is close
to the maximum level of sustainable energy metabolism in vertebrates [35,36] and thus escalation might be viewed as an endurance test [11].
Zahavi [37], proposed an alternative mechanism to energetic
costs for the displays to function as honest signals that states that
displays help opponents to assess relative differences in body size.
Asymmetries in body size are expected to play an important role in
male–male competition because larger males have repeatedly been
shown to be more successful in establishing and defending high
quality territories or spawning areas [38,39], and experimentally
staged dyads between male cichlids show that relatively small
differences in body size predict fighting outcome [3,40–42]. The
absence of obvious asymmetries might explain why males so
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readily escalate aggressively towards their mirror image, as
occurred here [31]. Testing such a signalling function of displays
could be achieved in video-playbacks by presenting different sizes
of the same displaying opponent and recording the latencies of the
vocal males to attack the video image [43]. Other alternative
hypotheses are that displays, due to differences in internal states
(e.g. reproductive state, prior fighting experience or social status),
signal the readiness and/or ability of the individuals to fight
[4,44,45].
In summary our results do not reveal energetic costs associated
with the performance of visual displays shown in initial phases of
fights. This result suggests that the efficiency of energy production,
such as metabolic scope, does not play a role during initial
assessment. The results are consistent with sequential assessment
with increasing energetic costs in the course of a conflict due to an
increase in energetically costly overt aggressive behaviour.
Differences in endurance to perform highly costly aggressive
behaviour may play a decisive role in final assessment during
escalated fighting.
Acknowledgements
RFO kindly provided the facilities for a sabbatical leave of KB
at ISPA (Lisbon). The research and the sabbatical leave of KB were
funded by a VW-Foundation grant, which also provided an
assistant fellowship for AFHR to work within the scope of this
grant. This study is part of a research grant funded to RFO by the
Portuguese Foundation for Science and Technology — FCT
(POCTI/BSE/38484/01). RFO's research is also supported by the
Plurianual Program of FCT (R&D Unit 331/94). Two anonymous
referees of P&B have given valuable comments in order to improve
the manuscript. Procedures involving animals are in compliance
with the “Principles of animal care”, publication No. 86-23, revised
1985 of the National Institute of Health, USA, and with the current
laws of Portugal.
References
[1] Baerends GP, Baerends-van Roon JM. An introduction to the study of the
ethology of cichlid fishes. Behaviour 1950;1:S1–S242.
[2] Koops MA, Grant JWA. Weight asymmetry and sequential assessment in
convict cichlid contests. Can J Zool 1993;71:475–9.
[3] Maan ME, Groothuis TGG, Wittenberg J. Escalated fighting despite
predictors of conflict outcome: solving the paradox in a South American
cichlid fish. Anim Behav 2001;62:623–34.
[4] Leiser JK, Gagliardi JL, Itzkowitz M. Does size matter? Assessment and
fighting in small and large size-matched pairs of adult male convict
cichlids. J Fish Biol 2004;64:1339–50.
[5] Smith JM, Price GR. The logic of animal conflict. Nature 1973;246
(5427):15–8.
[6] Parker GA. Assessment strategy and the evolution of fighting behaviour.
J Theor Biol 1974;47(1):223–43.
[7] Hurd PL. Cooperative signalling between opponents in fish fights. Anim
Behav 1997;54(5):1309–15.
[8] Neat FC, Taylor AC, Huntingford FA. Proximate costs of fighting in male
cichlid fish: the role of injuries and energy metabolism. Anim Behav
1998;55(4):875–82.
[9] Härdling R, Smith HG, Jormalainen V, Tuomi J. Resolution of evolutionary conflicts: costly behaviours enforce the evolution of cost-free
competition. Evol Ecol Res 2001;3:829–44.

[10] Peake TM, McGregor PK. Information and aggression in fishes. Learn
Behav 2004;32(1):114–21.
[11] Taylor PW, Elwood RW. The mismeasure of animal contests. Anim Behav
2003;65:1195–202.
[12] Zahavi A. Mate selection—a selection for a handicap. J Theor Biol
1975;53(1):205–14.
[13] Grafen A. Biological signals as handicaps. J Theor Biol 1990;144(4):517–46.
[14] Haller J. Muscle metabolic changes during the first six hours of
cohabitation in pairs of male Betta splendens. Physiol Behav 1991;49
(6):1301–3.
[15] Grantner A, Taborsky M. The metabolic rates associated with resting, and
with the performance of agonistic, submissive and digging behaviours in
the cichlid fish Neolamprologus pulcher (Pisces: Cichlidae). J Comp
Physiol B 1998;168:427–33.
[16] Ruzzante DE. Mirror image stimulation, social hierarchies, and population
differences in agonistic behaviour: a reappraisal. Can J Fish Aquat Sci
1992;49:1966–8.
[17] Oliveira RF, Carneiro LA, Canario AV. Behavioural endocrinology: no
hormonal response in tied fights. Nature 2005;437(7056):207–8.
[18] Job SV. The respiratory metabolism of Tilapia mossambica. Mar Biol
1969;2:121–6.
[19] Kutty MN. Respiratory quotient and ammonia excretion in Tilapia
mossambica. Mar Biol 1972;16:126–33.
[20] van Ginneken VJT, Addink ADF, van den Thillart GEEJM, Korner F,
Noldus L, Buma M. Metabolic rate and level of activity determined in
tilapia (Oreochromis mossambicus Peters) by direct and indirect
calorimetry and videomonitoring. Thermochim Acta 1997;291:1–13.
[21] Ros AFH, Becker K, Canario AVM, Oliveira RF. Androgen levels and
energy metabolism in Oreochromis mossambicus. J Fish Biol 2004;65:
895–905.
[22] Oliveira RF, Almada VC, Canario AV. Social modulation of sex steroid
concentrations in the urine of male cichlid fish Oreochromis mossambicus.
Horm Behav 1996;30(1):2–12.
[23] Oliveira RF, Almada VC. Mating tactics and male–male courtship in the lekbreeding cichlid Oreochromis mossambicus. J Fish Biol 1998;52: 1115–29.
[24] Jobling M. The influences of feeding on the metabolic rate of fishes: a short
review. J Fish Biol 1981;18(4):385–400.
[25] Cech Jr JC. Respirometry. In: Schreck CB, Moyle PB, editors. Methods
for Fish Biology. Bethesda, Maryland: American Fisheries Society;
1990. p. 335–62.
[26] Niimi AJ. Lag adjustment between estimated and actual physiological
responses conducted in flow-through system. J Fish Res Board Can
1978;35:1265–9.
[27] Steffensen JF. Some errors in respirometry of aquatic breathers: how to
avoid and correct for them. Fish Physiol Biochem 1989;6:49–59.
[28] Clarke A, Johnston NM. Scaling of metabolic rate with body mass and
temperature in teleost fish. J Anim Ecol 1999;68:893–905.
[29] Zar JH. Biostatistical analysis. Upper Saddle River, NJ: Prentice Hall;
1984.
[30] Sokal RR, Rohlf FJ. Biometry: the principles and practice of statistics in
biological research. New York: WH Freeman and Co.; 1995. 887.
[31] Haller J. Biochemical background for an analysis of cost–benefit
interrelations in aggression. Neurosci Biobehav Rev 1995;19(4):599–604.
[32] Cutts CJ, Metcalfe NB, Taylor AC. Aggression and growth depression in
juvenile Atlantic salmon: the consequences of individual variation in
standard metabolic rate. J Fish Biol 1998;52:1026–37.
[33] Terlep TA. The function of agonistic display behaviours in Gnathonemus
petersii. J Fish Biol 2004;64:1373–85.
[34] Enquist M, Ghirlanda S, Hurd PL. Discrete conventional signalling of a
continuous variable. Anim Behav 1998;56(3):749–54.
[35] Drent RH, Daan S. The prudent parent: energetic adjustments in avian
breeding. Ardea 1980;68:225–52.
[36] Hammond KA, Diamond J. Maximal sustained energy budgets in humans
and animals. Nature 1997;386(6624):457–62.
[37] Zahavi A. The lateral display of fishes: bluff or honesty in signaling?
Behav Anal Lett 1981;1:233–5.
[38] Andersson M. Sexual selection. Princeton, NJ: Princeton University Press;
1994.

ARTICLE IN PRESS
A.F.H. Ros et al. / Physiology & Behavior xx (2006) xxx–xxx
[39] Johnstone RA. Sexual selection, honest advertisement and the handicap
principle: reviewing the evidence. Biol Rev Camb Philos Soc 1995;70
(1):1–65.
[40] Barlow GW, Rogers W, Fraley N. Do Midas cichlids win through prowess
or daring? It depends. Behav Ecol Sociobiol 1986;19:1–8.
[41] Borg B. Androgens in teleost fishes. Comp Biochem Physiol C Toxicol
Pharmacol 1994;109:219–45.
[42] Beaugrand JP, Payette D, Goulet C. Conflict outcome in male green
swordtail fish dyads (Xiphophorus helleri): interaction of body size, prior
dominance/subordination experience, and prior residency. Behaviour
1996;133:303–19.

7

[43] Goncalves DM, Oliveira RF, Korner K, Poschadel JR, Schlupp II. Using
video playbacks to study visual communication in a marine fish, Salaria
pavo. Anim Behav 2000;60(3):351–7.
[44] Beaugrand JP. Relative importance of initial individual differences, victory
and defeat experiences, and assessment accuracy during hierarchy
formation: a simulation study. Behav Processes 1997;41:177–92.
[45] Neat FC, Huntingford FA, Beveridge MMC. Fighting and assessment in
male cichlid fish: the effects of asymmetries in gonadal state and body size.
Anim Behav 1998;55(4):883–91.

