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Summary

We conducted a laboratory experiment to test two major predictions from a game-theoretical
model for the evolution of � lial cannibalism in species with paternal care — that parental
males are more cannibalistic when their energy reserve is low and that � lial cannibalism
increases when mate availability is high. We used a freshwater goby, Rhinogobius sp. OR,
in which males care for eggs from multiple females in a nest. For each breeding male, we
manipulated food ration, sex ratio and nest space: the former to control its energy reserve and
the latter two to control its mate availability. The ANOVA showed that all three factors had
a signi� cant effect on � lial cannibalism, which was facilitated when male somatic condition
was poor, the sex ratio was female-biased and the nest space was small. Furthermore, � lial
cannibalism became more intense with increasing brood size and with decreasing female
body size. In conclusion, the parental energy reserve and the quality and availability of mates
are important factors affecting � lial cannibalism in Rhinogobius sp. OR.
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Introduction

Filial cannibalism is an interesting phenomenon from an evolutionary per-
spective because its occurrence is ubiquitous across a variety of taxa (Do-
miney & Blumer, 1984; Smith & Reay, 1991; FitzGerald & Whoriskey,
1992), in spite of the fact that parents necessarily decrease their current re-
productive success through killing and eating their own offspring. Since Ro-
hwer (1978) � rst gave an adaptive explanation of � lial cannibalism, theoreti-
cal studies have been developed with increasing empirical evidence (Sargent,
1992; Sargent et al., 1995; Lindström, 2000). Filial cannibalism can be gen-
erally viewed in terms of life history trade-offs between present and future
reproduction. It could evolve when cannibals compensate present reproduc-
tive loss by future � tness bene� t from eating the offspring. This hypothesis
leads to some major predictions. For instance, parents in poor condition will
be more cannibalistic because they can increase their chances of surviving to
the next reproduction by improving their somatic condition through offspring
consumption. This theoretical prediction accords well with results from � eld
observations (DeMartini, 1987; Marconato et al., 1993; Okuda & Yanagi-
sawa, 1996a; Okuda et al., 1997) and laboratory experiments (Belles-Isles &
FitzGerald, 1991; Kvarnemo et al., 1998; Lindström, 1998).

Based on their game-theoretical model for � lial cannibalism in species
with paternal care, Kondoh & Okuda (2002) proposed that two differ-
ent mechanisms underly � lial cannibalism; one is associated with intrinsic
parental status (i.e. life history traits) and the other with extrinsic breeding
system components. The latter has been hitherto neglected in studying � lial
cannibalism (Manica, 2002). The breeding system components, such as sex
ratio, mating pattern and parental investment by both sexes, determine mate
availability (Trivers, 1972; Emlen & Oring, 1977; Clutton-Brock & Parker,
1992; Parker & Simmons, 1996; Reynolds, 1996). When mate availability
is high for parental males, they will have opportunities to obtain additional
eggs which can be reallocated to future reproduction in the form of reserved
energy. Thus mate availability is expected to in� uence � lial cannibalism by
males in paternal care species. Kondoh & Okuda’s (2002) model predicts
that parental males will cannibalize more eggs when the following condi-
tions prevail: parental energy reserve is low; mate search ef� ciency is high;
the population density is high; the sex ratio is female-biased; the male care
period is long; and the female refractory period is short. These conditions,
except the � rst, act to increase mate availability for males.
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A series of studies by Okuda and his collaborator (Okuda & Yanagisawa,
1996a; Okuda, 1999, 2000) suggested the possibility that mate availability
would affect � lial cannibalism by male cardinal� shes in nature. However,
this was inferred from interspeci� c differences on the basis of comparative
methods, without controlling any factors other than mate availability. Here
we report on an experimental study to test some predictions from Kondoh &
Okuda’s (2002) model, using a freshwater goby, Rhinogobius sp. OR (sensu
Akihito et al., 2002), in which males care for multiple clutches in a nest.

Model assumption

Prior to empirical testing, it is necessary to modify the assumption under-
lying Kondoh & Okuda’s (2002) model. In its original version, the model
assumes that cannibalistic behaviour is genetically determined, without phe-
notypic plasticity, for each individual. It also assumes that its � tness is ex-
pressed by reproductive rate (i.e. reproductive gain per breeding cycle). The
reproductive rate depends on mate availability, which is an inverse function
of the time to search for mates. Cannibalistic males remain sexually recep-
tive but exploited females enter a refractory period to replenish their eggs.
Hence, the decision by individual males to perform cannibalism determines
mate availability at the population level. This should � nally lead to an ESS,
i.e., a population consisting of individuals with the same cannibalism inten-
sity under a given condition, not allowing invasion of individuals with dif-
ferent cannibalism intensity. In this paper, by contrast, we consider that each
male can adapt its cannibalism intensity in response to local environmental
conditions, resulting in a phenotype with optimal reaction norm which cor-
responds to a trajectory of the former ESS against environmental variables
(see Fig. 1 in Kondoh & Okuda, 2002). This assumption seems to be theoret-
ically plausible (Repka & Gross, 1995), as reported for a paternal brooding
� sh, in which � lial cannibalism is regarded as a conditional strategy (Okuda
et al., 1997; Takeyama et al., 2002).

In the present study, we manipulated three factors: parental somatic con-
dition, sex ratio and nest space. Reduced nest space results in increased mate
availability for males because their reproductive potential, the maximum
number of mates received in a breeding cycle, decreases and consequently
available mates are in excess. We predict that males will cannibalize more
eggs when their somatic condition lowers, the sex ratio is female-biased and
the nest capacity is small.
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Fig. 1. Pro� le of an experimental tank as used in trials with sex ratio 1 : 2. A compartment
housing a male was equipped with a nest and gravel. The nest is covered with a spinous mat
to control oviposition space (gray area). Male (300 £ 300 mm) and female (150 £ 150 mm)
compartments were separated by a transparentPVC wall, so that visual contacts were always
allowed between the sexes. This wall had a small gate through which females could enter
the male compartment only when the gate is opened. A black PVC wall partitioned the
female compartment, so that visual contacts were not allowed between females until the
onset of experiment. For behavioral observations, a video camera was set beside the male

compartment in a position where the inside of the nest could be viewed.

Methods

Subject species

The subject � sh, Rhinogobius sp. OR, is a freshwater goby. Since the pioneer research by
Mizuno (1960), the Rhinogobius brunneus species’ group is considered to consist of several
undescribedspecieswhich are morphologicallyand geneticallydistinct (Masuda et al., 1989).
Rhinogobius sp. OR originally inhabited the lacustrine environmentbut has recently extended
its distribution over many river systems in Japan, due mainly to human introduction from
Lake Biwa (Koshikawa, 1989). At present, this goby is commonly found in the study area,
Kamo River, Shikoku Island.

The breeding season is from May to July in this study population. Most individuals reach
maturity when they are one year old, and continue to breed for several years. Females deposit
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their all eggs together in a male nest and have iteroparous spawnings in a season. Males
also complete multiple breeding cycles in a season and increase their reproductive success as
much as � vefold, with increasing body size (Okuda et al., 2002b).

Breeding condition

We collected Rhinogobius sp. OR at Kamo River prior to and during the breeding season of
2001, using a dipnet and an electric shocker (Model 12 Backpack Electro� sher, Smith-Root
Inc. Vancouver, USA). We chose small adults, mainly one-year-old � sh, the predominating
cohort in this population. This was done to minimize effects of age or body size on the
experimental results, as it has been reported that � lial cannibalism is related to age in another
� sh species (Okuda et al., 1997; Takeyama et al., 2002). In the laboratory, the � sh were
sexed and assigned separately to stock tanks (see Okuda et al., 2002a for details of captive
condition).We fed females with frozen chironomid larvae ad libitum twice a day. Males were
assignedat random to two dietary treatments (hereafter,well-fed and poorly-fedmales).Well-
fed males had the same ration as females, while poorly-fed males were fed once every three
days (i.e. on one-sixth of the ration of well-fed males). The poorly-fed males were subjected
to this treatment for at least half a month prior to the experiment.

Experimental design

We designed a three-factor layout experiment, manipulating the following factors: male so-
matic condition, sex ratio and nest space. Male somatic condition was controlled by food
ration, as previously described. The sex ratio (male : female) was set to 1 : 1 or 1 : 2. We pre-
pared two sets of arti� cial nests (a 100 mm-gauge £ 110 mm-length PVC pipe longitudinally
cut into thirds), which did not differ from each other in overall nest size, only in nest space.
This manipulation enabled us to eliminate the effects of nest size on female mating prefer-
ence, as known from some nest brooders, in which females prefer males with a larger nest
(Bisazza et al., 1989; Takahashi & Kohda, 2002). To regulate nest space, we covered the en-
tire convex outer surface and some of the concave inner surface with a vinyl spinous mat,
on which females cannot deposit their eggs (Fig. 1). The small space nest (hereafter, small
nest) had 36.0 cm2 (6:0 £ 6:0 cm) of concave surface available for oviposition. This space
is nearly equal to the average area of a single clutch produced by wild females of similar
size to the subject females (Okuda et al., 2002b). For the large space nest (hereafter, large
nest), spawning space was 72.3 cm2 .8:5 £ 8:5 cm), which was about twice that of the small
nest. For each nest, a translucent sheet was attached to its oviposition space. Soon after the
last spawning, we detached this sheet with eggs from the nest to photograph it using a digi-
tal camera. From the digital image of attached egg batches, we counted the number of eggs
(Okuda et al., 2002b).

With this experimental design, we expect that males mating with two females in a small
nest cannot receive all their eggs, while males mating with one female in a large nest can
afford to receive additional eggs. Mate availability is therefore high in the former situation
and low in the latter. When a male mates with one female in a small nest or with two females
in a large nest, the nest capacity matches the egg supply. Mate availability is moderate in this
situation.
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Experimental procedure

We conducted experiments from 31 May to 17 July, 2001. In the evening before each experi-
ment, subject males selected randomly from stock tanks were introducedinto an experimental
tank (300 mm W £ 450 mm L £ 300 mm H; Fig. 1). At the same time, mature females were
introduced at random into one (sex ratio 1 :1 ) or both (sex ratio 1 : 2) female compartments.
Tanks were kept in darkness until the observationsstarted next morning. The experiment con-
sisted of two stages (1st and 2nd), starting from dawn (at 0400-0500 hours). In the 1st stage,
experimental males were allowed to mate with a � rst female for 6 h: this duration was long
enough for females to complete spawning (Okuda et al., 2002a). At the end of this stage, we
checked for the presence of eggs in the nest. If the female did not spawn, the trial was consid-
ered a failure and discarded. If the female spawned, she was removed from the experimental
tank. Subsequently, the focal male was allowed to mate with a second female for another 6h
(2nd stage) in the case where the sex ratio is 1 : 2. Where the sex ratio is 1 : 1, a focal male
was left with his eggs in the experimental tank for 6h after removal of his � rst mate. At the
end of the 2nd stage, the male and his second mate if any, were removed from the tank.

After measuring total length (TL) of experimental � sh to the nearest 0.01 mm, we carried
out dissections to separate liver, gonad and eviscerated body. For males, eggs were sorted
out from their stomach and gut contents. We dried and weighed these organs and eggs to
the nearest 0.1 mg. For each � sh, we calculated the hepatosomatic index (HSI D 102£
liver weight = total body weight) and the condition factor (K D 103 £ total body weight
(mg) = TL (mm)) as indicators of somatic condition, and gonadosomatic index (GSI D
102 £ gonad weight = total body weight) as an indicator of gamete depletion. As an indicator
of cannibalism intensity, we used the dry weight of eggs eaten by males rather than their
number because eggs had been often semi-digested and thus could not be counted accurately.

To approximately estimate the number of eggs eaten by the males, we examined the
assimilation rate for eggs. We fed a male on a known number of eggs and weighed the dry
mass of these eggs in his stomach and gut after 10 h, nearly equal to the time from acquisition
of eggs in the 1st stage to the male removal in the 2nd stage. We de� ned the assimilation
rate as the weight ratio of digested to non-digested eggs of the same number: the latter was
calculated by a regression of the dry weight against the number of eggs (3:245 £ 10¡2 mg
per egg). With 13.3% an estimated value of the assimilation rate, the number of eaten eggs
(y/ was calculated from the equation, y D .x=0:133/=3:245 £ 10¡2 ; x: the dry egg weight in
the stomach and gut.

In the treatment with sex ratio 1 : 2, we were unable to ascertain on the basis of � nal
brood characteristics whether the second females actually spawned, because males could
have cannibalized a large proportion of the brood. Thus, we judged the occurrence of second
spawning from the GSI of females. They were considered to be non-spawners when their
GSI was more than 20% (Okuda et al., 2002b). The number of cases in which the second
females did not spawn were two for poorly-fed males with a large nest, seven for poorly-
fed males with a small nest, eight for well-fed males with a large nest and one for well-fed
males with a small nest. The second spawning success was independent of nest space, male
somatic condition and male body size (Okuda et al., 2002b). Besides the cases (that were
not counted) where the second female did not spawn, 12 replications were carried out for
each experimental group of a given combination of treatments. In three cases where males
were found to have a small number of eggs at the end of the 1st stage, their � rst females
had nearly full, ripe ovaries (GSI D 22:2, 23.0 and 25.4%). We considered that these males
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failed to receive a large number of eggs from their mate. We excluded these three cases from
the analysis because such males might perform � lial cannibalism in a different context; i.e.
males may cannibalize an entire brood when its size is small (Sargent, 1992; Hoelzer, 1995).
In one of the successful cases, we missed data on brood characteristicsdue to failure to attach
a translucent sheet to the oviposition space.

The females did not interferewith each other in a bigamous situationsince the two matings
were sequential. In addition, the presence of a dominant female did not suppress spawning
by a subordinate female as they were separated by a transparent wall (Okuda et al., 2002b).

Marking eggs

In 41 bigamous matings we used a marking technique for live eggs to see whose eggs were
eaten by parental males. We abdominally injected either of the two females with 0.05 ml
of brilliant blue FCF or ¯-carotene salinity solution: the former stained eggs greenish blue
and the latter orangish yellow (see Okuda et al., 2002a for details of marking technique). In
26 cases in which marked eggs could be identi� ed by eye, we separately dried and weighed
marked and unmarked eggs eaten by males. This treatment was assigned randomly to either
case in which eggs were marked for the � rst (N D 14) or second (N D 12) females (Â2 test
for goodness of � t: Â2 D 0:15, p D 0:69).

The marking reagents had no harmful effects on female fecundity and egg mortality
(Okuda et al., 2002a).

Behavioural observation

In each of 34 replicates (four monogamous and 30 bigamous), we video-recorded male
behaviours for 12 h, i.e. from the beginning of the experiment to its end. The behaviours
were categorized as follows: courtship — courtship displays toward a mate, such as tail � ip,
mount and leading to the nest; extrapair courtship — courtship displays toward a second
female through the transparent wall while mating with a � rst female; fanning — aerating
eggs by fanning � ns in an upside-down position; and biting — orally scraping eggs off the
ceiling of the nest in a vertical position. We counted the number of observed behaviours for
these four categories every 30 min. For each of two stages, 12 sub-samples from the 30 min
observations were averaged. We regarded the frequency of courtship and extrapair courtship
as an index of male mating effort, fanning frequency as parental effort, and biting frequency
as cannibalism intensity.

In 17 cases, nesting males concealed their nest opening with sand in the course of video
recording and thereafter we had dif� culty in observing male behaviours inside the nest. In
such cases, we averaged the 30 min observations which were made before the nest con-
cealment by males. In three cases, the nest concealment occurred within 30 min of video
recording; these records were excluded from the analysis of male behaviours inside the nest.

Ethical note

Permission to collect Rhinogobius sp. OR with an electric shocker was obtained from Ehime
Prefecture (Inland Waters No. 4). The electric shocker was aimed at nesting males that were
prone to hide themselves under a stone and thus were hard to catch using only a dipnet.
Because of low water conductivity and low voltage (300 V), the electric shocker could
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pinpoint these males without harming other � sh species and they recovered from the electric
shock within a few minutes.

Food restrictionentailed by the dietary treatment did not produce any ill effects on poorly-
fed males (mortality rate D 3:95%), compared to well-fed males (4.76%; Fisher’s exact test,
p > 0:99). Prior to dissecting� sh, we euthanized them in 1% FA100 anaesthetic solution.All
individuals that were not used for this experiment were also killed with 1% FA100 anaesthetic
without releasing them at Kamo River because they are an alien species from Lake Biwa.

Data analysis

For data analysis, we used parametric tests when data � tted a normal distribution; otherwise
we used non-parametric tests. The dry weight of eggs eaten by males was log-transformed
to � t a normal distribution. We performed a three-factor ANOVA to examine the factors
affectingcannibalismintensity, incorporatingmale somatic condition,sex ratio and nest space
as independentvariables. Moreover, we incorporatedmale size (TL mm), average female size
(TL mm) and initial brood size as covariates, some of which might account for variance in
cannibalism intensity within a treatment. We regarded the initial brood size as the number of
eggs in the nest plus the estimated number of eggs eaten by males.

All behavioural data were subjected to non-parametric tests. Behavioural frequency is
presented as the counts of each behaviour per 30 min. For descriptive purposes, means
§ SE are given if parametric tests were performed and, if not, medians with 25% and 75%
percentiles are given. All p values are two tailed.

Results

Somatic condition

Among experimental groups, body size of males ( Nx § SE D 57:4 § 0:5 mm)
was not signi� cantly different (ANOVA: F7;85 D 0:62, p D 0:74), and
neither was that of females ( Nx § SE D 51:8 § 0:4 mm, F7;85 D 1:72,
p D 0:11). The dietary treatment was successful in differentiating somatic
condition between well-fed and poorly-fed males (three-way ANOVA: HSI:
condition, F1;85 D 144:81, p < 0:001, nest, F1;85 D 0:28, p D 0:60, sex
ratio, F1;85 D 0:01, p D 0:94; K: condition, F1;85 D 102:39, p < 0:001,
nest, F1;85 D 0:04, p D 0:85, sex ratio, F1;85 D 1:55, p D 0:22; Fig. 2). The
somatic condition of poorly-fed males was as low as that of wild males late
in the breeding season (Ito S, unpublished data).

Courtship and parental behaviours

All males started to vigorously court a � rst female as soon as the lights
were switched on in the experimental tanks to be videotaped. Following
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Fig. 2. The hepatosomatic index (HSI) and condition factor (K) of males in each experi-
mental group. Open and closed bars are poorly-fed and well-fed males, respectively.The sex
ratio is 1 : 1 or 1 : 2 and nest space large or small. Sample size is 12 for each group, except
for three groups (monogamous poorly-fed males with a large nest, monogamous poorly-fed
males with a small nest and bigamous well-fed males with a large nest), each of which misses

one sample (see methods). Vertical lines are SE.

the courting males, the � rst female usually entered the nest within 9 min
(median, 25% D 3 min, 75% D 15 min, N D 34) after the onset of the
experiment, subsequently displaying spawning actions, de� ned as rubbing
her abdomen against the ceiling of the nest. During the 1st stage, courtship
frequency was signi� cantly lower when the sex ratio was 1 : 2 (median D 0:6
per 30 min, 25% D 0.3, 75% D 2.5, N D 27) than 1 : 1 (median D 7:9, 25%
D 3.5, 75% D 11.8, N D 4; Mann-Whitney U test: z D ¡2:18, p < 0:03).
This was partly because bigamous males invested much time in extrapair
courtship toward a second female (median D 2:0 per 30 min, 25% D 0.0,
75% D 7.3, N D 27).

In the treatment with sex ratio 1 : 2, second females entered the nest 11 min
(median, 25% D 4 min, 75% D 16 min, N D 28) after the onset of the 2nd
stage. In four of six cases in which the second mating resulted in a failure,
the second females took more time to enter the nest (successful: median D 9
min, 25% D 3 min, 75% D 13 min, N D 24, unsuccessful: median D 18 min,
25% D 16 min, 75% D 19 min, N D 4; Mann-Whitney U test: z D ¡2:13,
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p < 0:04) and in the other two cases, second females did not enter the nest
until the end of the experiment though they sometimes passed through the
nest to inspect its inside. In the unsuccessful cases where females did enter
the nest, they often displayed spawning actions in the nest, like females that
actually spawned. The failure to spawn could not be ascribed to rejection by
the male because unsuccessful males displayed courtship more frequently
(median D 1:5 per 30 min, 25% D 1.4, 75% D 2.3, N D 5) than successful
males (median D 0:3, 25% D 0.0, 75% D 0.8, N D 22; Mann-Whitney U

test: z D ¡2:40, p < 0:02/.
Males usually displayed fanning without eggs before their � rst mate en-

tered the nest, suggesting that they used this behavior to attract mates as
well as to aerate eggs. Males that obtained a second clutch showed a higher
fanning frequency in the 2nd stage (median D 7:1 per 30 min, 25% D 5.3,
75% D 9.7) than in the 1st stage (median D 6:0, 25% D 3.9, 75% D 7.9;
Wilcoxon signed-ranks test: z D ¡2:18, N D 22, p < 0:03), while they
decreased their courtship frequency in the 2nd stage (median D 0:3, 25% D
0.0, 75% D 0.8) compared to the 1st stage (median D 6:6, 25% D 5.2, 75%
D 9.2; Wilcoxon signed-ranks test: z D ¡3:19, N D 22, p < 0:002/.

Cannibalism

The proportion of eaten eggs to the initial brood was estimated at 0.0-94.0%
( Nx §SE D 29:2§2:3%). Cannibalism intensity increased when male somatic
condition was poor, the sex ratio was female-biased and the nest space was
small (Fig. 3; Table 1). Somatic condition and sex ratio in� uenced � lial can-
nibalism more strongly than nest space. Males were also more cannibalistic
with the increasing number of eggs gained from females (Table 1). Although
a positive correlation was expected between female body size and fecundity,
the female size per se had a negative effect on � lial cannibalism (Table 1).

When males mated bigamously, they showed a tendency to cannibalize
more eggs from the � rst female than the second female (paired t test: t25 D
1:96, p D 0:06). In cases in which behavioural observations were made,
the frequency of biting was higher in the 2nd stage (median D 1:7, 25%
D 0.5, 75% D 3.2) than in the 1st stage (median D 0:2, 25% D 0.0, 75%
D 0.8; Wilcoxon signed-ranks test: z D ¡2:12, N D 22, p < 0:04). The
average frequency of biting positively correlated with the quantity of eggs
cannibalized (r D 0:40, F D 5:67, N D 31, p < 0:03).



FILIAL CANNIBALISM IN A GOBY 289

Fig. 3. The dry weight of eggs eaten by poorly-fed (open bars) and well-fed (closed bars)
males. Abbreviation for each group and its sample size are the same as in Fig. 2. Vertical lines

are SE.

TABLE 1. The effects of three factors and their interactions on � lial canni-
balism by males after adjustment for three covariates

Factor Mean Square df F p Power*

Somatic condition 0.94 1 11.55 0.001 0.92
Sex ratio 1.46 1 17.97 0.001 0.99
Nest space 0.38 1 4.68 0.03 0.57
Somatic condition £ Sex ratio 0.02 1 0.20 0.66 0.05
Somatic condition £ Nest space 0.26 1 3.22 0.08 0.43
Sex ratio £ Nest space 0.01 1 0.11 0.74 0.05
Somatic condition £ Sex ratio £ Nest space 0.01 1 0.12 0.73 0.05

Covariate ¯ t p Power*

Male size 0.12 1.45 0.15 0.30
Average female size ¡0:30 ¡3:42 0.001 0.92
Initial brood size 0.86 7.21 0.001 1.00

* Power of test at p D 0:05.

The quantity of eggs cannibalized was also compared between males that
did and did not succeed in mating with a second female, provided that every-
thing else was equal. For well-fed males with a large nest and poorly-fed
males with a small nest, there were enough unsuccessful cases for a compar-
ison with successful cases. These unsuccessful males cannibalized as many
eggs as successful bigamous males did (Student’s t test: well-fed males with
a large nest, t18 D 0:31, p D 0:76; poorly-fed males with a small nest,
t17 D ¡1:20, p D 0:25), showing a similar biting frequency to that of the
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latter males (Mann-Whitney U test: 1st, z D ¡0:78, N1 D 5, N2 D 22,
p D 0:44; 2nd, z D ¡0:91, N1 D 5, N2 D 22, p D 0:37).

Although we expected that bigamous males with a small nest would not
be able to receive all eggs from both females, in all but one case, second
females deposited all their eggs in the nest. As a result, such a mixed brood
showed an egg density twice as high as that from a single female in a small
nest (see Okuda et al., 2002b).

Discussion

Our experiment showed that male somatic condition, sex ratio and nest space
had signi� cant effects on � lial cannibalism by male Rhinogobius sp. OR,
supporting theoretical predictions by Kondoh & Okuda (2002). Among these
factors, the relative importance of somatic condition was high (Table 1). This
is often the case in paternal brooding � shes, in which parental males are more
cannibalistic when their somatic condition lowers (DeMartini, 1987; Belles-
Isles & FitzGerald, 1991; Marconato et al., 1993; Kvarnemo et al., 1998;
Lindström, 1998). In Rhinogobius males, somatic condition deteriorates due
to restricted feeding opportunities during the parental phase (Takahashi &
Yanagisawa, 1999; Ito, 2002). Although Rhinogobius males are perennial,
low energy reserve may decrease the probability of surviving a severe winter
in mountain streams. If one-year-old males, which were used for the present
study, survive to the following breeding season, it is expected that they will
enjoy disproportionately high mating success because mating success aug-
ments as much as � vefold with age and thus body size (Okuda et al., 2002b).
For young males, therefore, somatic condition will be one of the most critical
factors determining whether to cannibalize eggs or not.

As well as the somatic condition, the sex ratio accounted for a great part of
the variation in cannibalism intensity between experimental treatments (Ta-
ble 1). This study is the � rst to experimentally demonstrate that high mate
availability facilitates � lial cannibalism in paternal brooders. When given a
chance to mate bigamously, male Rhinogobius sp. OR showed a nonrandom
cannibalistic pattern: more eggs from the � rst female were cannibalized than
from the second female. The situation is similar to that of the mouthbrooding
cardinal� sh, Apogon doederleini, in which bigamous males have been found
to cannibalize an entire egg mass from a � rst mate to mouthbrood another
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egg mass from a second mate (Okuda & Yanagisawa, 1996b). In A. doeder-
leini, the selective cannibalism is associated with a spatial constraint where
males can mouthbrood only one egg mass at a time. We supposed that such a
spatial constraint would be simulated by our experimental condition in which
two females were available to a male with a small nest. Contrary to expec-
tations, the bigamous male could, however, receive eggs from both females.
Thus, the reason why male Rhinogobius sp. OR cannibalized more eggs from
the � rst female than the second is not merely due to spatial limitation.

One may expect that bigamous males adjusted their brood size through
� lial cannibalism to improve hatching success. Okuda et al. (2002b) reported
that for Rhinogobius sp. OR nest crowdedness increased egg mortality in the
absence of parental males. In nature, however, parental males are able to
care for very dense broods from more than two females and to keep the egg
mortality low (Okuda et al., 2002b). Our behavioral analysis showed that
bigamous males invested more in fanning eggs during their second than their
� rst mating. They may increase parental effort with increasing brood size
to meet the embryonic demand for parental resources such as aeration, as
reported for some nest brooders (Coleman et al., 1985; Sargent, 1988). It is
possible that bigamous males cannibalized eggs to compensate for the energy
cost of this increased fanning rather than to thin out their brood in the nest.

In Rhinogobius sp. OR, the bigamous situation altered male mating behav-
iours. During the � rst mating, the bigamous males devoted time to extrapair
courtship towards a second female at the cost of current mating effort to-
wards a � rst female. Such males would be able to assess the possibility of
mating with the second female during their � rst mating. They more often
took pieces of their brood during the second than during the � rst mating,
though they cannibalized more eggs from the � rst female. For Rhinogobius
sp. OR, the optimal timing of � lial cannibalism may lie between the � rst fe-
male leaving the nest and the second female depositing eggs. If they perform
cannibalism in this period, they can prevent the � rst female from discerning
this behaviour and prompt the second female to spawn at a low risk of can-
nibalism for her eggs. In our experiment, even when the bigamous males did
not receive eggs from the second female, they cannibalized as many eggs as
successful bigamous males. Since rejecting females usually acted as spawn-
ing females did in the nest, the unsuccessful bigamous males might have
committed cannibalism in the expectation of getting the second female.
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Bjelvenmark & Forsgren (2003) and Pampoulie et al. (in press) con-
ducted sex ratio manipulation with gobies, Gobiusculus � avescens and Po-
matoschistus minutus, respectively, in order to examine the effect of mate
availability on � lial cannibalism. Although their breeding ecology is simi-
lar to that of Rhinogobius sp. OR, the experimental results were negative:
males that were provided with additional mature females were not more can-
nibalistic than monogamous males (Bjelvenmark & Forsgren, 2003; Pam-
poulie et al., in press). Under these experimental conditions, focal males
were not allowed to contact their potential mates physically, only visually. In
the strict sense, mate availability is de� ned as the possibility of mate acqui-
sition but not as the presence and number of potential mates. For instance,
in the mouthbrooding cardinal� sh A. doederleini, it has been suggested that
� lial cannibalism is affected by mate availability, but yet it was found to be
independent of the number of females with which males made premarital
contact (Okuda & Yanagisawa, 1996b). In cases of G. � avescens and P. min-
utus, the visual stimuli of potential mates might not be enough to induce � lial
cannibalism.

The nest space also in� uenced � lial cannibalism signi� cantly but not as
strongly as the sex ratio did (Table 1). There is one possible reason for this.
Experimental males could afford to care for two clutches even in a small
nest. This is because the second female used the minute interspaces among
eggs preexisting in the small nest to deposit their eggs, resulting in a mixed
brood twice as dense as that from a single female (Okuda et al., 2002b). This
result means that the nest space reduction was not so effective in producing
a surplus of available mates. The logic will also be applicable to the sex ratio
manipulation that has the same effect on mate availability as the nest space
manipulation. There is a critical difference, however, between these two
factors in relation to their impact on male � tness. In our experiment in which
the mating system is controlled, male reproductive success was determined
by the sex ratio but not by nest space (Okuda et al., 2002b). In other words,
the nest space only represents the reproductive potential of subject males.
As assumed by Kondoh & Okuda’s (2002) model, the optimal decision by
parental males should be based on maximization of their reproductive rate
(i.e. reproductive gain per unit time). This may be the reason why the sex
ratio was more in� uential in causing � lial cannibalism, at least under our
experimental conditions.
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Our experiment furthermore revealed that � lial cannibalism became more
intense with increasing brood size and with decreasing female body size (Ta-
ble 1). The former result accords with the theoretical prediction from Sar-
gent’s (1992) model; i.e., parental males will increase the proportion of eggs
to be cannibalized as the brood size increases. Sargent (1992) and Hoelzer
(1995) also predict that parental males will cannibalize their brood entirely
when the brood size is reduced below the threshold where its reproductive
return will outweigh the cost of parental care. This prediction has been sup-
ported by many empirical studies on paternal brooding � shes (Sargent, 1988;
Petersen & Marchetti, 1989; Petersen, 1990; Forsgren et al., 1996; Lindström
& Sargent, 1997; Bjelvenmark & Forsgren, 2003; Pampoulie et al. in press).
Okuda & Yanagisawa (1996b) also reported that for the mouthbrooding car-
dinal� sh, A. doederleini, entire brood cannibalism frequently occurred when
males mated with small females expected to produce a small number of eggs.
In our study species, by contrast, there was no entire brood cannibalism even
if males mated with small females. This is ascribable to the short experimen-
tal duration: a brood was exposed to its parental male for only half a day.
Since some males ate most of the eggs during this time, entire brood can-
nibalism, rather than partial brood cannibalism, might take place during the
four-day brooding period.

In conclusion, our experimental results with a nest brooding goby, Rhino-
gobius sp. OR, supported several predictions from theoretical models by
Okuda & Yanagisawa (1996b) and others (Sargent, 1992; Hoelzer, 1995) to
explain the evolution of � lial cannibalism in � shes with paternal care. Sup-
ported by considerable empirical evidence from a variety of taxa, the present
study suggests the possibility that mechanisms underlying � lial cannibalism
are common and ubiquitous among paternal � sh.
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