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Abstract. The context-dependent nature of kin discrimination was examined in larvae of the marbled
salamander, Ambystoma opacum. In a graphical analysis, relationships between aggression and social
and ecological factors were explored. Increasing relatedness between individuals was predicted to reduce
aggressive encounters, except when correlates of fitness (e.g. body size) differed between individuals
and/or when environmental conditions increased the profitability of aggression. These predictions were
tested in a multifactorial experiment in which genetic relatedness, food quantity, relative body size and
the potential for physical encounters were manipulated. The effects of each factor and their interactions
on larval aggression and correlates of fitness (body size and timing of metamorphosis) were examined.
Frequency of aggression depended upon an interaction between kinship, food quantity and relative
larval size. Thus, in accordance with our graphical model, kinship-based aggression varied in a
context-dependent fashion. Low food level reduced body size and increased the time required to reach
metamorphosis. When larvae were not separated by a barrier, growth was inhibited in the smaller, but
not the larger, individual of a pair. Moreover, the larval period was significantly shortened in chambers
where barriers were absent. Neither kinship nor initial relative size, either alone or in combination with
the other factors, significantly affected larval performance. These results show that the frequency of
larval aggression in A. opacum depends upon prevailing social and environmental conditions; however,
the influence of aggression on larval growth and metamorphosis remains unclear. Previous inferences
regarding context-dependent kin discrimination in amphibians have been based on independent,
interspecific studies or concurrent, intraspecific comparisons between individuals of alternative mor-
phologies. The present results provide direct evidence that simultaneous variation in multiple socio-
ecological factors may alter aggression in a single amphibian species in which kin discrimination is
known to occur. ? 1996 The Association for the Study of Animal Behaviour

The ability to discriminate between kin and non-
kin (often called kin recognition) is especially
germane to kin selection theory and the concept of
inclusive fitness (Hamilton 1964a, b). Kin dis-
crimination can enhance aid-giving behaviours or
preferential treatment of kin and preclude its
misdirection toward unrelated individuals (dis-
cussed in Holmes & Sherman 1983). Moreover,
kin discrimination can influence key ecological

processes that may ultimately affect population
and community structure; for example, it may
enable individuals to direct competition and
intraspecific predation (cannibalism) away from
kin (Blaustein & O’Hara 1982).
Hamilton (1964a, b) predicted that, all else

being equal, an animal’s behaviour towards
another individual depends upon the relative costs
and benefits of expressing the behaviour, as well
as the genetic relatedness of the two individuals.
Since Hamilton’s prediction, numerous studies
have revealed a diverse array of taxa that appear
to distinguish kin from non-kin (e.g. Fletcher &
Michener 1987; Blaustein et al. 1988; Hepper
1991). Kin selection is often invoked as the
primary force driving the evolution of kin
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discrimination, even though other explanations
may be just as plausible (in Grafen 1990; Barnard
1991; Blaustein et al. 1991). For example, behav-
iour that is biased towards kin may be the result
of individuals identifying and interacting with
members of their own species (‘species recog-
nition’: O’Hara & Blaustein 1982; Grafen 1990).
Aggregations of kin may form without discrimi-
nation between individuals if relatives share a
preference for a particular habitat (e.g. Blaustein
et al. 1987; Pfennig 1990). Moreover, attempts to
elucidate the adaptive basis of kin discrimination
have been complicated by the variable nature of
this behaviour; i.e. whether discrimination occurs
often depends on prevailing ecological and social
conditions (Blaustein et al. 1987; Waldman 1988;
Reeve 1989; Beecher 1991).
We explored the context-dependent nature of

kin discrimination and its functional consequence.
First, we present a graphical examination of
context-dependent kin discrimination, using ag-
gression as a behavioural assay. Second, we use
this model, and the factors contained within, for
an empirical examination of context-dependent
kin discrimination and its possible fitness conse-
quences in the aquatic larvae of the marbled
salamander, Ambystoma opacum (Ambystomati-
dae). Like other ambystomatid salamanders,
A. opacum has a complex life cycle (Wilbur 1980)
in which there is an aquatic larval stage, followed
by terrestrial juvenile and adult stages. Female
A. opacum differ, though, from the predominantly
‘pond-breeding’ members of this family: in
autumn, females deposit their eggs underneath
objects covering the dry basins of ephemeral
woodland ponds. Following egg deposition,
females remain with their developing clutch until
winter rains flood the nests, which stimulates the
larvae to hatch (Noble & Brady 1933). Larvae
metamorphose in May–June as the temporary
ponds they inhabit begin to dry.
We selected A. opacum for our study because its

larvae, like those of some other amphibians, have
been useful subjects for examining aggression and
cannibalism among kin (Walls & Roudebush
1991; Pfennig & Collins 1993; Pfennig et al. 1993,
1994). Aggression is easily quantified and its pref-
erential direction toward non-kin is predicted:
aggressive biting and attempts at cannibalism
have been observed in larval A. opacum (Smith
1990), and kin discrimination reduces larval
aggression in this species (Walls & Roudebush

1991). For A. opacum, variation in body size and,
thus, the potential for cannibalism may result
from asynchronous hatching (Jackson et al. 1989;
Petranka 1990; Scott 1990) and variation in initial
egg size (Kaplan 1980a, b). If these size-related
disparities in growth rate continue throughout
the larval period (Kaplan 1980a), the potential
for size-dependent cannibalism may be greatly
increased.

A GRAPHICAL EXAMINATION

As a form of interference competition, aggressive
behaviour may benefit an individual’s direct fit-
ness by inhibiting a competitor’s foraging. More-
over, aggression that escalates to generate fatal
injuries eliminates competitors and may provide
nutrition for the aggressor if cannibalism follows
(Crump 1992). Aggression may also be costly
because of the energy expended in the pursuit and
capture of prey, the risk of retaliation, the costs of
maintaining a cannibalistic morphology, and the
potential risk of acquiring diseases by consuming
infected conspecifics (Crump 1992; Elgar & Crespi
1992; Pfennig et al. 1991; Walls & Semlitsch
1991).
In terms of inclusive fitness, we assume that

aggression becomes more costly as it escalates. In
contrast, the benefits of aggression presumably
cease to accrue beyond some point because fitness
cannot increase infinitely. Thus, to construct
simple cost–benefit curves, we envision the costs
of aggression to increase linearly and its benefits
to increase asymptotically. Fig. 1a depicts a cost
function (C) and four different benefit functions.
Our model includes an environment with variable
food resources. Competition for food is a signifi-
cant factor in many systems (e.g. Schoener 1982,
1983; Connell 1983) and food availability may
influence interactions among relatives (Porter et
al. 1980). The two highest benefit curves (LD and
LN) correspond to a low food environment, and
the lower benefit curves (HD and HN) correspond
to a high food environment. We assume that the
benefits of aggression are greater at low than at
high food levels; i.e. a satiated individual in a high
food environment will gain less in an aggressive
encounter compared to a starved individual in a
low food environment.
The difference between LD and LN and the

difference between HD and HN are attributable to
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the costs of aggression to indirect fitness. Aggres-
sion may incur many costs to indirect fitness (Fig.
2). For example, as a source of mortality for
relatives, aggressive cannibalism lowers an indi-
vidual’s indirect fitness. Injuries (e.g. aggressive
biting) may alter metamorphosis, decrease body
size, or render victims more vulnerable to subse-
quent predation attempts, thus reducing indirect
fitness via a decreased probability of survival (e.g.
Kumar et al. 1983; Morin 1985; Semlitsch &
Reichling 1989; Semlitsch 1990; Figiel & Semlitsch
1991; Parichy & Kaplan 1992). Survivors of
aggressive attacks may experience lowered fitness
if the injury is fatal or if disease-causing pathogens
invade bite wounds (Walls & Jaeger 1987;
Petranka 1989). Non-lethal aggression may influ-
ence long-term survival and reproduction as well,
however (Harris 1989) because of factors that
reduce larval growth (Petranka 1989; Smith 1990).
Even for amphibians that survive to metamor-
phosis, aggression experienced in the larval stage
may contribute to a reduced metamorphic size,
which in turn may delay the age at which they first
reproduce (Semlitsch et al. 1988; Scott 1994) as
well as influence their competitive ability in the
terrestrial environment.
Individuals may reduce or eliminate costs to

indirect fitness by preferentially directing aggres-
sive behaviours away from kin. In polymorphic

populations, some individuals may discriminate
kin from non-kin and display aggression towards
non-kin, but other individuals may be non-
discriminating (Blaustein et al. 1987). The latter
group will accrue more costs for a given number
of social encounters (the net benefits gained by
aggression will be reduced). Thus, the difference
between the LD and LN curves (Fig. 1a) depicts
two groups of individuals in the low food environ-
ment: one discriminates kin from non-kin, and the
other is non-discriminating. The same relationship
exists for the difference between the HD and HN
curves, only the two groups are in a high food
environment. The relationship between the LD
and the LN functions is identical to the relation-
ship between the HD and the HN functions. The
only difference between these two pairs of func-
tions is the relative gain in inclusive fitness for a
given amount of aggression due to differences in
food levels.
By subtracting the cost function (C) from each

of the benefit functions, we obtain a set of differ-
ence functions (Fig. 1b). If individuals behave
optimally, the apex of each function is the maxi-
mum gain in fitness, due to aggression, that an
individual can obtain in each of the four groups.
The scale of the ordinate is arbitrary and repre-
sents only the portion of total fitness due to
aggression. The individuals in the low food
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Figure 1. Cost–benefit curves for aggressive behaviour in different contexts (a) and the result of subtracting costs
from each benefit curve (b). Costs (C) are assumed to be linear, but benefit curves depend upon the food resource
level (L=low, H=high) and whether individuals discriminate kin (D=discriminating, N=non-discriminating). The
cost of not discriminating kin from non-kin in the low food environment (g) is greater than it is in the high food
environment (s).
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environment do not have higher fitness than the
individuals in the high food environment; rather,
they gain relatively more for each act of aggres-
sion. The difference between individuals in the low
food environment (the LD and LN maxima, g) is
much greater than the difference between indi-
viduals in the high food environment (the HD and
HN maxima, s), although the two pairs of func-
tions are identical. This disparity implies that the
relative costs of not discriminating kin from
non-kin is higher in the low food environment.
Moreover, the costs of not discriminating may be
so low in the high food environment that selec-
tion favouring discriminatory behaviour may be
trivial. Thus, kin discrimination (expressed as
differential aggression) may occur in one food
environment but not in another.
Our graphical model (Fig. 1) may be used to

consider additional factors, resulting in a land-
scape of aggressive behaviours, the surface of
which depends upon genetic relatedness and food
level. When interacting individuals are of the same

reproductive value (e.g. of similar body size and,
thus, similar survival and reproductive expect-
ancies), aggression should decrease with increas-
ing genetic relatedness and food level, resulting in
the landscape shown in Fig. 3a. If one individual
of a pair has significantly lower reproductive value
than the other, however, then the landscape
shown in Fig. 3b may result. In this case, the
entire plane is elevated above that in Fig. 3a and
the relationship between food, relatedness and
aggression is changed. The relationship between
relatedness and aggression is notably different
between Fig. 3a and 3b, because the indirect costs
of being aggressive to a relative with low repro-
ductive value are very small. In many cases, the
relative may die before becoming sexually mature.
Thus, the value of a close relative to the aggres-
sor’s inclusive fitness may be no higher than that
of non-kin if the relative’s reproductive value,
compared to that of the aggressor, is sufficiently
low (Eickwort 1973; Milinski 1978; Charlesworth
& Charnov 1980). The set of outcomes depicted

Cannibalism Death

Agression
directed towards

a relative
Increased

susceptibility
to canniblism

Bite wounds

Decreased growth rates

Prolonged larval period

Energy drain due to regeneration
of damaged tissue

No effect

Fatal injury

Pathogenic infections

Reduced feeding rates
due to trauma of injury

Increased risk of mortality
due to desiccation in
evaporating aquatic habitat

Smaller body size
at metamorphosis

Delayed age at
first reproduction

Reduced competitive ability
in terrestrial environment

Figure 2. Costs of aggression to indirect fitness. Aggressive behaviour received from a relative can have a number of
outcomes that may reduce the fitness of the victim and thus reduce the indirect fitness of the aggressor.
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in Figs 1 and 3 depend upon our initial assump-
tions and the relationships between the cost and
benefit functions. Variations in these initial rela-
tionships may produce different, even contrary,
results, which underscores our message that kin
discrimination may be highly context-dependent.

AN EMPIRICAL EXAMINATION

We examined whether kin discrimination varies in
different contexts in the marbled salamander.

Methods

Collection and rearing of test animals

From 7 to 9 November 1992, we collected three
clutches of embryos from brooding females found
beneath objects covering the dry basin of an
isolated, temporary woodland pond near Chicot
State Park (Evangeline Parish, Louisiana,
U.S.A.). Individuals from this population have
been examined in previous kinship studies (Walls
1991; Walls & Roudebush 1991; Walls &
Blaustein 1995). Females may occasionally nest
communally, thus mixing larvae from different
parents (Noble & Brady 1933; Petranka 1990). We
therefore collected clutches that were associated
with a single brooding female and that were
spatially isolated from other clutches. We main-

tained each sib-group individually on moistened
paper in covered dishes (9.2 cm diameter, 4.6 cm
deep), from the time that embryos were collected
until hatching. To enhance variation in relative
body sizes (see below), we manipulated the dates
on which larvae hatched: half of each sibling
group was hatched two weeks prior to its remain-
ing half. Once larvae within each clutch reached
the hatching stage (stage 45: Harrison 1969), we
hatched half of the larvae by submerging them in
dechlorinated tap water and then manually tear-
ing their egg membranes with dissecting probes.
The larvae in the remaining half of each clutch
remained in their egg membranes for two
additional weeks before being hatched in an
identical manner. This two-week postponement
of hatching had no detectable adverse effects.
Indeed, embryos that have reached the hatching
stage can remain quiescent within their egg cap-
sules for months, yet will hatch readily once they
are inundated with water (Petranka et al. 1982).
Moreover, delayed hatching due to postponed
filling of ponds has been reported in natural
populations of this species (Jackson et al. 1989;
Scott 1990).
Prior to the experiment, we reared the first

larvae hatched in 38-litre glass aquaria. We
divided these aquaria into width-wise halves with
fibreglass mesh screen partitions (mesh size=
2 mm) that we placed perpendicular to the
container’s length. Each aquarium contained
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Figure 3. Aggressive behaviour landscapes when interacting individuals have the same reproductive value (a) and
when reproductive values differ (b). The three-dimensional surface was generated following the procedures outlined
in Wilkinson (1986).
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19 litres of dechlorinated tap water and housed
10–15 larvae from one clutch on one side of the
partition and 10–15 larvae from another clutch on
the opposite side. This procedure is sufficient to
familiarize test larvae with the cues of individuals
of varying genetic relatedness (and, thus, to avoid
biasing their behaviour toward either siblings or
non-siblings: Walls & Roudebush 1991). We used
multiple aquaria such that the three possible pairs
of sib-groups (e.g. J and K, J and L, K and L)
were reared together in replicated groups. Before
the experiment, we fed the larvae brine shrimp
nauplii, Artemia salina, ad libitum, once per day.
At hatching of the remaining larvae in each
clutch, individuals within each treatment were
paired haphazardly, then pairs were immediately
placed in 28.5#17.7#12.0-cm opaque plastic
containers holding 3.0 litres of dechlorinated
tap water. We maintained larvae on a 12:12 h
light:dark photoperiod at 15)C and replenished
chambers with fresh dechlorinated tap water once
per week.

Experimental design

We simultaneously measured the effects of gen-
etic relatedness, initial relative body size, food
level, the presence of a partition and their inter-
actions on four response variables: (1) aggression,
(2) body size of metamorphosing individuals, (3)
the timing of metamorphosis and (4) body size of
non-metamorphosing larvae. These factors were
examined in a 2#2#2#2 factorial design (Fig.
4), with each of the resulting 16 treatments repli-

cated in seven randomized blocks (total=112
experimental chambers). Each block was a pos-
ition on two adjacent laboratory benches, with
two blocks for each of two of the sib-groups and
three blocks for the third. We randomized the
designation of sib-groups to each block, as well as
the arrangement of the experimental treatments
within each block.
Experimental pairs of larvae were either siblings

or non-siblings that were of similar or dissimilar
body size (i.e. hatched at the same time or 2 weeks
apart). At hatching, a sample (N=30) of the
delayed group of larvae averaged (&)
14.6&1.39 mm in total length (tip of snout to tip
of tail). At the same time, a sample of the earlier-
hatched larvae measured 20.5&1.66 mm (N=29).
On average, larvae hatched 2 weeks apart differed
in size by 5.9 mm when the experiment began, and
this difference was significant (Student’s t-test:
t=14.75, df=57, P<0.001). Food levels consisted
of a low- and a high-feeding regime that varied, as
follows, with time (i.e. as larvae grew). From
weeks 1 to 4 of the experiment, we provided each
larval pair with either a 4-ml (low food regime) or
an 8-ml (high food regime) aliquot of brine shrimp
nauplii once per day. We did not quantify the
number of nauplii per aliquot, but, we assumed
that each pair received a homogeneous sample
because the prey suspension was thoroughly
stirred prior to extracting each aliquot. From
weeks 5 to 8, we fed larvae live black worms
(Annelida: Lumbriculus); each larva received
either one-half (14 mm long, low food regime) or
one whole black worm (28 mm long, high food
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Figure 4. Experimental design employed to examine whether simultaneous manipulation of four factors influences
context-dependent kin discrimination in larval A. opacum.
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regime). From weeks 9 to 14 (the end of the
experiment), we fed each larva either one (low
food regime) or two (high food regime) live black
worms. These values were chosen based on pre-
vious observations of the amount of food neces-
sary for growth in larval A. opacum (S. Walls,
personal observation). All larvae were fed once
per day throughout the experiment.
Last, we manipulated the presence or absence

of a partition, constructed from perforated,
opaque Plexiglas (hole diameter=2 mm). Par-
titions divided chambers width-wise into two
halves and allowed us to separate each larva of a
pair (either siblings or non-siblings). We used
partitions to eliminate the potential negative
effects of physical encounters and/or ‘scramble’
competition on larval growth and survival; i.e.
aggressive interference (including visual displays)
and monopolization of the food source were
eliminated by the opaque barrier.

Experimental protocol and response variables

The experiment began on 22 December 1992,
when we hatched the remaining larvae in each
clutch and paired them with a conspecific accord-
ing to our experimental design. Every day we
noted whether cannibalism had been attempted
and/or achieved; i.e. whether a larva was missing
or killed. No mortality due to other factors was
detected in our experiment.
Metamorphosis of at least one member of each

pair occurred between 24 February (day 64) and
28 March (day 96) 1993. At this point, we calcu-
lated the time (days) required to reach metamor-
phosis. We additionally measured the wet mass
(to the nearest 0.001 g) of both the metamorph
and the remaining larva of each pair, after patting
each individual dry to remove excess moisture. At
the end of the experiment, all surviving individuals
were returned to their pond of origin.
Between 22 and 27 February 1993 (2 months

after the experiment began), we observed pairs of
larvae to assess the possible effects of genetic relat-
edness, initial relative body sizes and feeding his-
tory on aggressive interactions. To eliminate the
possible confounding influence of dominance es-
tablished during previous physical interactions, we
observed only pairs reared in partitioned chambers
(N=56), with each chamber observed only once.
Before observations began, we removed both lar-
vae of a pair from their respective sides of their

rearing chamber and isolated each in an opaque
habituation cup (7.3 cm diameter, 6.3 cm high, and
filled with 150 ml of dechlorinated water) that was
positioned in an unpartitioned chamber containing
3.0 litres of dechlorinated water. After a 30-min
acclimation period, we allowed the larvae to swim
out into the test chamber.
For the next 30 min, we recorded the frequency

of four aggressive behaviour patterns, operation-
ally defined as follows (Walls & Semlitsch 1991).
(1) Move towards: one larva approaches

another; continued movement in that
direction would result in physical contact
between the two individuals.

(2) Look towards: one larva rotates its head in
the direction of its opponent while remain-
ing otherwise motionless; an extension of
the individual’s line of sight would contact
the body of its opponent.

(3) Bite: one individual grasps its opponent
with an open mouth.

(4) Lunge: an unsuccessful bite attempt,
initiated as rapid and abrupt movement by
one larva toward its opponent.

Bite and Lunge are unambiguous acts of
aggression. Walls & Semlitsch (1991) demon-
strated that larval Ambystoma Moved and
Looked towards their opponents immediately
before and after delivering a Bite or Lunge. More-
over, these larvae Moved and Looked towards
their opponents significantly more often than did
larvae that did not show Bite and Lunge (Walls &
Semlitsch 1991). Thus, these movement and visual
displays are associated with overt aggression in
these larval salamanders.
We conducted our observations at air tempera-

tures of 15–16)C and at night using a 15 W
incandescent lamp, because larval Ambystoma are
known to be more active at this time (Branch &
Altig 1981). Observations were blind with respect
to experimental treatment (including genetic
relatedness of larvae), and we randomized the
order in which replicates of the experimental
treatments were observed. Larvae were returned
to their respective halves of their rearing chambers
at the end of each trial.

Statistical analyses

Preliminary analyses revealed that the four
aggressive behaviour patterns were highly corre-
lated (all bivariate correlations were §0.70).
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To avoid potential problems associated with
multicollinearity (Tabachnick & Fidell 1989,
pp. 87–88), we created one composite response
variable by combining the frequencies of the four
behaviours for each larval pair. After examining
the data for departures from normality (no trans-
formations were necessary), we used a Type III SS
univariate analysis of variance (ANOVA) to
evaluate the effects of kinship, initial size, feeding
history and their interactions on total larval
aggression.
There was no evidence of multicollinearity in

the larval performance data (all correlations
¦0.20), nor were there any departures from nor-
mality (no transformations were necessary). Thus,
we used ANOVA to test for spatial block effects
and multivariate analysis of variance (MANOVA)
to test simultaneously for treatment effects and
their interactions on (1) the size of the smaller
individual of each pair, (2) the size of the larger
individual of each pair and (3) the number of days
to reach metamorphosis. The smaller individual of
a pair was frequently the first to initiate meta-
morphosis. Because of the potential costs to
reproduction of metamorphosing at a smaller size
(Semlitsch et al. 1988; Scott 1994; Fig. 2), we
assumed that larger individuals may experience
higher fitness than smaller metamorphs. Thus, we
analysed the relative body sizes of the larger and
smaller individual in a pair, rather than the more
traditional response variables of metamorph size
versus the size of the remaining larva.
The MANOVA is a conservative test of a

treatment effect; i.e. it accounts for inflation of
the overall Type I error rate which may result
from correlated, multiple response variables
(Tabachnick & Fidell 1989). If the MANOVA
revealed a significant overall effect of our exper-
imental treatments, we then performed Type III

SS ANOVAs on each of the three response
variables to determine their potential contri-
butions to this effect. Univariate ANOVAs for
each variable (with Bonferroni adjustments of
significance levels for the number of variables
examined) may serve as a tool in interpreting the
results of MANOVA; i.e. they aid in the assess-
ment of which variable(s) may have contributed to
a significant multivariate response (Tabachnick &
Fidell 1989). Our overall statements concerning
statistical significance rely upon the MANOVA,
however. All analyses were conducted using
Systat 5.1 (Wilkinson 1986).

Results

Aggressive behaviour

None of the main factors or their pair-wise
interactions had a significant effect on the total
number of aggressive behaviours observed (Table
I). Aggression was significantly affected, however,
by an interaction between kinship, food level and
initial size difference. The three factors combined
to create a complex behavioural pattern (Fig 5). In
general, aggression was more frequent in the low
food environment, unless the opponent was a
sibling of the same initial size.

Larval performance

In the absence of a partition between individ-
uals, cannibalism occurred in 14 of 56 chambers.
We performed a multifactorial chi-squared test
(Zar 1984) to assess whether the experimental
factors influenced the number of individuals can-
nibalized. The null hypothesis of no significant
difference was not rejected (÷2=13.323, df=7,
0.05<P<0.1). Although not statistically signifi-
cant, 11 of the 14 cannibalism events occurred in

Table I. ANOVA of the number of aggressive behaviours in all treatments

Source df MS F P

Kinship 1 912.07 0.55 0.46
Food 1 3877.79 2.32 0.13
Kinship#food 1 1263.50 0.76 0.39
Initial size 1 292.57 0.18 0.68
Kinship#initial size 1 3090.29 1.85 0.18
Food#initial size 1 1522.57 0.91 0.34
Kinship#food#initial size 1 7873.14 4.72 0.04
Error 48 1668.21
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the low-food environments, and 10 of the 14
events occurred in non-sibling pairs. These acts
of cannibalism produced unequal sample sizes
between our experimental treatments.
ANOVA revealed no significant spatial block

effect or interaction between blocks and treat-
ments. We therefore pooled the block and error
terms for the remaining tests (Zar 1984) and
treated blocks as replicates. MANOVA indicated
that food level and the presence of a partition
had significant effects on larval performance
(MANOVA, Table II). Subsequent ANOVAs
indicated that food level significantly affected all
three response variables (Table II, Fig. 6). The
mean mass of the larger and the smaller individual
of each pair was significantly lower in the low
food treatment than in the high food treatment
(Fig. 6a, b) and larvae took significantly longer to
metamorphose in the low food treatment (Fig.
6c). The presence of a partition significantly
increased the mass of the smaller individual and
the number of days to reach metamorphosis, but
had no effect on the mass of the larger individual
(ANOVAs, Table II, Fig. 7).
Larval performance was not significantly

affected by initial size variation, kinship or any of
the two- or three-way interactions between the
factors (MANOVA, Table II). There was a signifi-
cant interaction between all four factors, however
(MANOVA, Table II). This interaction is prob-
ably due to an effect on the mass of the smaller
individual of each pair (ANOVAs, Table II, Fig.

8). The mean mass of the smaller individual was
lowest for sibling pairs with an initial size differ-
ence, reared on low food levels and with a par-
tition absent, but was highest for non-sibling pairs
with an initial size difference, fed high food levels
and with a partition present. None of the response
variables showed a significant interaction effect
between all four factors when the Bonferroni
adjustment was taken into consideration, however
(ANOVAs, Table II). Furthermore, because of
cannibalism, our low sample size for some treat-
ments weakened any inferences regarding the
importance of this interaction effect.

DISCUSSION

This study demonstrates that the expression of kin
discrimination in A. opacum, as assayed by aggres-
sion, is dependent upon the social and environ-
mental context in which it is expressed. Food
level, initial size variation and kinship all interact
to produce a complex pattern of aggressive be-
haviour that may ultimately affect fitness. Behav-
ioural effects on correlates of fitness were most
evident in chambers without partitions. The
smaller individuals of each pair were, on average,
significantly smaller in chambers without par-
titions where behavioural interactions and/or
scramble (exploitative) competition were possible.
Furthermore, larvae took less time to metamor-
phose when partitions were absent. Low food
level also reduced larval body size and increased
the time required to reach metamorphosis.

Context-dependent Kin Discrimination

Although the cues and perceptive ability neces-
sary for recognition of kin may be present, the
actions taken by an individual define kin discrimi-
nation. These actions may vary, for the same
individual, with the context in which discrimi-
nation occurs (e.g. Reeve 1989; Beecher 1991).
Thus, kinship is not the only factor important for
kin discrimination.
Context-dependent kin discrimination has been

reported in tadpoles of S. bombifrons (Pfennig et
al. 1993). Tadpoles preferentially associated with
kin or non-kin, depending on whether they had
cannibalistic tendencies. Cannibals (carnivores)
preferred to associate with non-kin and avoided
cannibalizing relatives, although kin cannibalism
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occurred more frequently at low food levels. Thus,
Pfennig et al. (1993) demonstrated that kin dis-
crimination may vary with alternative morphol-
ogies and hunger levels. By simultaneously
manipulating multiple ecological factors, how-
ever, we extend current knowledge of the context-
dependent nature of kin discrimination in larval
amphibians. Moreover, our factorial design per-
mitted the detection of an interaction (indirect)
effect of kinship on aggressive behaviour: the
effect of relatedness on aggression depended upon

food level and initial size of interacting individ-
uals. The use of such designs to test for indirect
effects in social behaviour are rare (cf. Sherratt &
Church 1994), even though behavioural pheno-
types are well known to be ‘condition-sensitive’
(e.g. West-Eberhard 1987, 1989; Pfennig & Reeve
1989).
In addition to our present observations,

context-dependent discrimination in A. opacum
has been observed in several other studies. Walls
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& Roudebush (1991) found that same-sized larvae
of A. opacum were generally less aggressive
towards siblings than non-siblings when tested
under identical conditions. When larval A.
opacum were housed with much smaller con-
specifics, however, larvae cannibalized siblings
significantly more often than non-siblings (Walls
& Blaustein 1995). Thus, relative body size
appears to be one context in which kin discrimi-
nation may vary in this species. In many animals,
including amphibians, kin discrimination appears
to depend strongly upon ontogeny (Pfennig et al.
1983; Blaustein et al. 1984, 1993; Breed et al. 1988;
Waldman 1989; Walls 1991). Indeed, the primary
basis for discrimination in A. opacum shifts from
genetic relatedness in the larval stage to that of
familiarity in metamorphs (Walls 1991). This
switch in behaviour may reflect a change in selec-
tive pressures between the aquatic and terrestrial
environments (Walls 1991).
Changes in kin discrimination have also been

associated with changes in environmental and

social contexts. Sibling aggression in birds may be
mediated by food levels or food type (O’Connor
1978; Mock 1985; Mock et al. 1987; Drummond
& Garcia Chavelas 1989; Parker et al. 1989).
Maternal care in colonies of the prairie dog,
Cynomys ludovicianus, shifts from infanticide to
communal nursing once litters become mixed a
few weeks after parturition (Hoogland 1985;
Hoogland et al. 1989). Female acorn wood-
peckers,Melanerpes formicivorus, may cannibalize
a sister’s eggs or incubate them in a communal
nest, depending upon the intensity of intraspecific
competition (Stanback & Koenig 1992). Similarly,
sibling cannibalism is density-dependent in the
catfish, Clarias gariepinus (Hecht & Appelbaum
1988).

Fitness Consequences

Larval aggression, as a form of interference
competition, may have important consequences
for components of fitness, such as body size
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and the timing of metamorphosis. Furthermore,
plasticity in kin discrimination may be select-
ively favoured if such behaviour increases an
individual’s fitness in some contexts but not in
others. Thus, aggression that is kin-biased may
ultimately affect components of fitness in a man-
ner that reflects the context. Our results of larval
performance revealed an interaction between all
four main factors, which corresponds with the
interaction effect (between three variables)
observed in our behavioural analysis. We regard
the former result with caution, however, because
of the low sample size in some treatments. Fur-
thermore, although the MANOVA indicated
a significant interaction effect, none of the
ANOVAs were statistically significant. Thus it is
unclear whether correlates of fitness in A. opacum
may be influenced by kin discrimination.
In contrast to another experimental investi-

gation with larval A. opacum (Smith 1990), we
found no effect of variation in initial size on larval
performance. Similar to Smith (1990), however,
we found that food level had a significant effect on
all of our response variables. Therefore, resource
competition appeared to occur in at least the low
food treatments. Moreover, in chambers without
partitions, exploitative and/or interference com-
petition significantly reduced the size of the
smaller individual of each pair. This result is
confounded with the timing of metamorphosis,
however, because larvae in chambers without par-
titions metamorphosed sooner than did larvae in
partitioned chambers. Thus, the smaller size may
be partly due to early metamorphosis.
Such early metamorphosis at a small body size

suggests a possible switch in strategies. Timing of
amphibian metamorphosis may have important
fitness consequences (Wilbur 1980; Werner 1986).
Early metamorphosis in A. opacum may minimize
interference behaviour in the aquatic environ-
ment. Early metamorphosis may not allow full
exploitation of the aquatic environment, however,
resulting in lower mass at metamorphosis and
ultimately a reduction in reproductive output
(Berven & Gill 1983; Smith 1987; Semlitsch et al.
1988; Scott 1994). Thus, A. opacum may spend
more time in the larval stage in the absence of
interference competition.
Our study demonstrates that kinship influences

aggressive interactions, although its significance to
measures of fitness remains unclear. Furthermore,
the effect of kinship on aggression depends upon

the social and environmental context, demonstrat-
ing that test conditions may influence the detec-
tion of kin discrimination abilities. Animals that
discriminate kin may not do so in all contexts, but
animals not known to discriminate may do so if
test conditions are altered. Manipulating test con-
ditions may produce more examples of context-
dependent kin discrimination and, in turn, may
illuminate the functional basis of kin biased
behaviour.

ACKNOWLEDGMENTS

We thank B. Buchanan for help in collecting eggs,
D. Lancaster for returning metamorphosed indi-
viduals to their natal pond at the end of the study,
and D. Kaze for help in behavioural observations
and animal maintenance. We are grateful to R.
Jaeger and D. Mock for providing constructive
comments on an earlier draft of the manuscript.
We also thank J. Guiler, C. LaCombe and R.
Neary for technical assistance. This research was
funded by National Science Foundation Grant
BNS-9107172 to ARB and SCW.

REFERENCES

Barnard, C. 1991. Kinship and social behavior: the
trouble with relatives. Trends Ecol. Evol., 6, 310–312.

Beecher, M. D. 1991. Successes and failures of parent–
offspring recognition in animals. In: Kin Recognition
(Ed. by P. G. Hepper), pp. 94–124. Cambridge:
Cambridge University Press.

Berven, K. A. & Gill, D. E. 1983. Interpreting geo-
graphic variation in life history traits. Am. Zool., 23,
85–97.

Blaustein, A. R. & O’Hara, R. K. 1982. Kin recognition
in Rana cascadae tadpoles: maternal and paternal
effects. Anim. Behav., 30, 1151–1157.

Blaustein, A. R., O’Hara, R. K. & Olson, D. H. 1984.
Kin preference behaviour is present after meta-
morphosis in Rana cascadae frogs. Anim. Behav., 32,
445–450.

Blaustein, A. R., Bekoff, M. & Daniels, T. J. 1987. Kin
recognition in vertebrates (excluding primates):
mechanisms, functions, and future research. In: Kin
Recognition in Animals (Ed. by D. J. C. Fletcher &
C. D. Michener), pp. 333–357. New York: John Wiley
& Sons.

Blaustein, A. R., Porter, R. H. & Breed, M. D. (Eds).
1988. Special issue: kin recognition in animals: empiri-
cal evidence and conceptual issues. Behav. Genet., 18,
405–564.

Blaustein, A. R., Bekoff, M., Byers, J. A. & Daniels,
T. J. 1991. Kin recognition in vertebrates: what do we

Hokit et al.: Context-dependent kin discrimination 29



really know about adaptive value? Anim. Behav., 41,
1079–1083.

Blaustein, A. R., Yoshikawa, T., Asoh, K. & Walls,
S. C. 1993. Ontogenetic shifts in tadpole kin recog-
nition: loss of signal and perception. Anim. Behav., 46,
525–538.

Branch, L. C. & Altig, R. 1981. Nocturnal stratification
of three species of Ambystoma larvae. Copeia, 1981,
870–873.

Breed, M. D., Stiller, T. M. & Moor, M. J. 1988. The
ontogeny of kin discrimination cues in the honey bee,
Apis mellifera. Behav. Genet., 18, 439–448.

Charlesworth, B. & Charnov, E. L. 1981. Kin selection
in age-structured populations. J. theor. Biol., 88, 103–
119.

Connell, J. H. 1983. On the prevalence and relative
importance of interspecific competition: evidence
from field experiments. Am. Nat., 122, 661–696.

Crump, M. L. 1992. Cannibalism in amphibians. In:
Cannibalism: Ecology and Evolution Among Diverse
Taxa (Ed. by M. A. Elgar & B. J. Crespi), pp.
256–276. Oxford: Oxford University Press.

Drummond, H. & Garcia Chavelas, C. 1989. Food
shortage influences sibling aggression in the blue-
footed booby. Anim. Behav., 37, 806–819.

Elgar, M. A. & Crespi, B. J. 1992. Ecology and evolu-
tion of cannibalism. In: Cannibalism: Ecology and
Evolution Among Diverse Taxa (Ed. by M. A. Elgar &
B. J. Crespi), pp. 1–12. Oxford: Oxford University
Press.

Eickwort, K. R. 1973. Cannibalism and kin selection in
Labidomera clivicollis (Coleoptera: Chrysomelidae).
Am. Nat., 107, 452–453.

Figiel, C. R., Jr. & Semlitsch, R. D. 1991. Effects of
nonlethal injury and habitat complexity on pred-
ation in tadpole populations. Can. J. Zool., 69, 830–
834.

Fletcher, D. J. C. & Michener, C. D. 1987. Kin Recog-
nition in Animals. New York: John Wiley.

Grafen, A. 1990. Do animals really recognize kin? Anim.
Behav., 39, 42–54.

Hamilton, W. D. 1964a. The genetical evolution of
social behaviour. I. J. theor. Biol., 7, 1–16.

Hamilton, W. D. 1964b. The genetical evolution of
social behaviour. II. J. theor. Biol., 7, 17–52.

Harris, R. N. 1989. Nonlethal injury to organisms as a
mechanism of population regulation. Am. Nat., 134,
835–847.

Harrison, R. G. 1969. Harrison stages and description of
the normal development of the spotted salamander,
Amblystoma punctatum (Linn.). In: Organization and
Development of the Embryo (Ed. by R. G. Harrison),
pp. 44–46. New Haven, Connecticutt: Yale University
Press.

Hecht, T. & Appelbaum, S. 1988. Observations on
intraspecific aggression and coeval sibling cannibalism
by larval and juvenile Clarias gariepinus (Claridae:
Pisces) under controlled conditions. J. Zool., Lond.,
214, 21–44.

Hepper, P. G. 1991. Kin Recognition. Cambridge:
Cambridge University Press.

Holmes, W. G. & Sherman, P. W. 1983. Kin recognition
in animals. Am. Scient., 71, 46–55.

Hoogland, J. L. 1985. Infanticide in prairie dogs: lactat-
ing females kill offspring of close kin. Science, 230,
1037–1040.

Hoogland, J. L., Tamarin, R. H. & Levy, C. K. 1989.
Communal nursing in prairie dogs. Behav. Ecol.
Sociobiol., 24, 91–95.

Jackson, M. E., Scott, D. E. & Estes, R. A. 1989.
Determinants of nest success in the marbled salaman-
der (Ambystoma opacum). Can. J. Zool., 67, 2277–
2281.

Kaplan, R. H. 1980a. The implications of ovum size
variability for offspring fitness and clutch size within
several populations of salamanders (Ambystoma).
Evolution, 34, 51–64.

Kaplan, R. H. 1980b. Ontogenetic energetics in
Ambystoma. Physiol. Zool., 53, 43–56.

Kumar, T. R., Krishnaprasadan, T. N. & Kotak, V. C.
1983. Effect of complete tail amputation on the rate of
metamorphosis in anuran tadpoles. J. exp. Zool., 228,
79–82.

Milinski, M. 1978. Kin selection and reproductive value.
Z. Tierpsychol., 46, 328–329.

Mock, D. W. 1985. Siblicidal brood reduction: the
prey-size hypothesis. Am. Nat., 125, 327–343.

Mock, D. W., Lamey, T. C. & Ploger, B. J. 1987.
Proximate and ultimate roles of food amount in
regulating egret sibling aggression. Ecology, 68, 1760–
1772.

Morin, P. J. 1985. Predation intensity, prey survival and
injury frequency in an amphibian predator-prey inter-
action. Copeia, 1985, 638–644.

Noble, G. K. & Brady, M. K. 1933. Observations on the
life history of the marbled salamander, Ambystoma
opacum Gravenhorst. Zoologica, 11, 89–132.

O’Connor, R. J. 1978. Brood reduction in birds: selec-
tion for fratricide, infanticide and suicide? Anim.
Behav., 26, 79–96.

O’Hara, R. K. & Blaustein, A. R. 1982. Kin preference
behavior in Bufo boreas tadpoles. Behav. Ecol. Socio-
biol., 11, 43–49.

Parichy, D. M. & Kaplan, R. H. 1992. Developmental
consequences of tail injury on larvae of the oriental
fire-bellied toad, Bombina orientalis. Copeia, 1992,
129–137.

Parker, G. A., Mock, D. W. & Lamey, T. C. 1989. How
selfish should stronger sibs be? Am. Nat., 133, 846–
868.

Petranka, J. W. 1989. Density-dependent growth and
survival of larval Ambystoma: evidence from whole-
pond manipulations. Ecology, 70, 1752–1767.

Petranka, J. W. 1990. Observations on nest site selec-
tion, nest desertion, and embryonic survival in
marbled salamanders. J. Herpetol., 24, 229–234.

Petranka, J. W., Just, J. J. & Crawford, E. C. 1982.
Hatching of amphibian embryos: the physiological
trigger. Science, 217, 257–259.

Pfennig, D. W. 1990. ‘Kin recognition’ among spadefoot
toad tadpoles: a side-effect of habitat selection?
Evolution, 44, 785–798.

Pfennig, D. W. & Collins, J. P. 1993. Kinship affects
morphogenesis in cannibalistic salamanders. Nature,
Lond., 362, 836–838.

Animal Behaviour, 52, 130



Pfennig, D. W. & Reeve, H. K. 1989. Neighbor recog-
nition and context-dependent aggression in a solitary
wasp, Sphecius speciosus (Hymenoptera: Sphecidae).
Ethology, 80, 1–18.

Pfennig, D. W., Gamboa, G. J., Reeve, H. K., Reeve,
J. S. & Ferguson, I. D. 1983. The mechanism of
nestmate discrimination in social wasps (Polistes,
Hymenoptera: Vespidae). Behav. Ecol. Sociobiol., 13,
299–305.

Pfennig, D. W., Loeb, M. L. G. & Collins, J. P. 1991.
Pathogens as a factor limiting the spread of cannibalism
in tiger salamanders. Oecologia (Berl.), 88, 161–166.

Pfennig, D. W., Reeve, H. K. & Sherman, P. W. 1993.
Kin recognition and cannibalism in spadefoot toad
tadpoles. Anim. Behav., 46, 87–94.

Pfennig, D. W., Sherman, P. W. & Collins, J. P. 1994.
Kin recognition and cannibalism in polyphenic sala-
manders. Behav. Ecol., 5, 225–232.

Porter, R. H., Moore, J. D. & White, D. M. 1980. Food
sharing by sibling vs nonsibling spiny mice (Acomys
cahirinus). Behav. Ecol. Sociobiol., 8, 207–212.

Reeve, H. K. 1989. The evolution of conspecific accept-
ance thresholds. Am. Nat., 133, 407–435.

Schoener, T. W. 1982. The controversy over interspecific
competition. Am. Scient., 70, 586–595.

Schoener, T. W. 1983. Field experiments on interspecific
competition. Am. Nat., 122, 240–285.

Scott, D. E. 1990. Effects of larval density in Ambystoma
opacum: an experiment in large-scale field enclosures.
Ecology, 71, 296–306.

Scott, D. E. 1994. The effect of larval density on adult
demographic traits in Ambystoma opacum. Ecology,
75, 1383–1396.

Semlitsch, R. D. 1990. Effects of body size, sibship, and
tail injury on the susceptibility of tadpoles to dragon-
fly predation. Can. J. Zool., 68, 1027–1030.

Semlitsch, R. D., Scott, D. E. & Pechmann, J. H. K. 1988.
Time and size at metamorphosis related to adult fitness
in Ambystoma talpoideum. Ecology, 69, 184–192.

Semlitsch, R. D. & Reichling, S. B. 1989. Density-
dependent injury in larval salamanders. Oecologia
(Berl.), 81, 100–103.

Sherratt, T. N. & Church, S. C. 1994. Ovipositional
preferences and larval cannibalism in the Neotropical
mosquito Trichoprosopon digitatum (Diptera: Culici-
dae). Anim. Behav., 48, 645–652.

Smith, C. K. 1990. Effects of variation in body size on
intraspecific competition among larval salamanders.
Ecology, 71, 1777–1788.

Smith, D. C. 1987. Adult recruitment in chorus frogs:
effects of size and date at metamorphosis. Ecology, 68,
344–350.

Stanback, M. T. & Koenig, W. D. 1992. Cannibalism in
birds. In: Cannibalism: Ecology and Evolution among
Diverse Taxa (Ed. by M. A. Elgar & B. J. Crespi),
pp. 277–298. Oxford: Oxford University Press.

Tabachnick, B. G. & Fidell, L. S. 1989. Using Multi-
variate Statistics. 2nd edn. New York: Harper Collins
Publishers.

Waldman, B. 1988. The ecology of kin recognition.
A. Rev. Ecol. Syst., 19, 543–571.

Waldman, B. 1989. Do anuran larvae retain kin recog-
nition abilities following metamorphosis? Anim.
Behav., 37, 1055–1058.

Walls, S. C. 1991. Ontogenetic shifts in the recognition
of siblings and neighbours by juvenile salamanders.
Anim. Behav., 42, 423–434.

Walls, S. C. & Blaustein, A. R. 1995. Larval marbled
salamanders, Ambystoma opacum, eat their kin. Anim.
Behav., 50, 537–545.

Walls, S. C. & Jaeger, R. G. 1987. Aggression and
exploitation as mechanisms of competition in larval
salamanders. Can. J. Zool., 65, 2938–2944.

Walls, S. C. & Roudebush, R. E. 1991. Reduced aggres-
sion toward siblings as evidence of kin recognition
in cannibalistic salamanders. Am. Nat., 138, 1027–
1038.

Walls, S. C. & Semlitsch, R. D. 1991. Visual and
movement displays function as agonistic behavior in
larval salamanders. Copeia, 1991, 936–942.

Werner, E. E. 1986. Amphibian metamorphosis: growth
rate, predation risk, and the optimal size at trans-
formation. Am. Nat., 128, 319–341.

West-Eberhard, M. J. 1987. Flexible strategy and social
evolution. In: Animal Societies: Theories and Facts
(Ed. by Y. Ito, J. L. Brown & J. Kikkawa), pp. 35–51.
Tokyo: Japanese Scientific Society Press.

West-Eberhard, M. J. 1989. Phenotypic plasticity and
the origins of diversity. A. Rev. Ecol. Syst., 20, 249–
278.

Wilbur, H. M. 1980. Complex life cycles. A. Rev. Ecol.
Syst., 11, 67–93.

Wilkinson, L. 1986. SYSTAT: The System for Statistics.
Evanston, Illinois: Systat, Inc.

Zar, J. H. 1984. Biostatistical Analysis. 2nd edn.
Englewood Cliffs, New Jersey: Prentice-Hall.

Hokit et al.: Context-dependent kin discrimination 31




