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Abstract

Development changes in phototaxis were investigated in
three species of estuarine amphipods: Gammarus lawrencia-
nus, G. tigrinus, and G. mucronatus. In water of salinity
16%o S, juveniles of G. tigrinus and G. mucronatus were
initially photoneutral and became photonegative within
two days after hatching. Juveniles of G. lawrencianus were
photopositive on hatching and became photoneutral ap-
proximately 11d later. In all three species, the change in
phototactic behaviour coincided with the age at which
juveniles became less vulnerable to cannibalism by adults.
Evidence is presented showing genetic variation for
phototactic behaviour in G. lawrencianus. Our data are
consistent with the hypothesis that juvenile phototaxis is
an evolutionary adaptation to minimise cannibalism by
adults.

Introduction

Intraspecific predation, or cannibalism, is a widespread
phenomenon reported in about 1300 species (Fox, 1975;
Polis, 1981). Despite this, its possible demographic and
evolutionary consequences have received little attention
(for reviews see Polis, 1981; Pearre, 1982). In particular no
studies have investigated mechanisms that reduce the
chance of being cannibalised, whilst enquiring whether
such mechanisms are heritable and consequently subject
to evolutionary change.

Newborn animals are particularly vulnerable to can-
nibalism (Polis, 1981), and it is therefore among these that
adaptations to minimise it should be most evident. Behav-
ioural mechanisms which cause separation of adults and
young would achieve this, and typically in benthic in-
vertebrates, such separation is accomplished by a positively
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phototactic dispersing larval stage (Thorson, 1964). Such
behaviour would reduce cannibalism, but there are other
selective mechanisms that could be responsible for dis-
persal (e.g. Vance, 1973; Crisp, 1978).

In Peracarid crustaceans, there is no planktonic larval
stage and eggs hatch as juveniles, which consequently
occur near or within the parental habitat. Among such
organisms the possibility of cannibalism on juveniles is
great. We therefore used three species of omnivorous
Gammaridean amphipods, Gammarus lawrencianus,
G. tigrinus, and G. mucronatus, to investigate behavioural
mechanisms that might reduce cannibalism. Specifically
we considered whether juvenile phototaxis might be an
adaptation to reduce cannibalism by investigating (i) the
age-specificity of cannibalism on juveniles, (ii) the devel-
opmental changes in juvenile phototaxis with age and size,
and (iii) the heritability of phototaxis in G. lawrencianus.

Material and methods

The amphipods studied are typical of estuaries on the
Atlantic coast of Nova Scotia (see Bousfield 1973). They
are markedily euryhaline and are usually the numerically
dominant animals in their preferred habitats.

Gammarus lawrencianus often inhabits more saline
portions of estuaries than G. tigrinus or G. mucronatus. It
was collected at a salinity of 15% S near the outlet of
Lawrencetown Lake, Nova Scotia, Canada (Lat.44°38'52”N,
Long. 63°21'29”W). G. mucronatus occurs near the middle
of estuaries in a similar range as G. lawrencianus, but
prefers mud bottoms rather than the gravel favoured by
G. lawrencianus. Collections of G. mucronatus were made
at the outlet of Porter’s Lake (Lat. 44°38'45”N; Long.
63°19'30"W), where the salinity was 10%o S. G. rigrinus
occurs upstream of G. lawrencianus and G. mucronatus,
and was collected in water of salinity 2%o S at the junction
of Petpswick Inlet with Little River (Lat. 44°46'45'N;
Long. 63°09'30”W).



76

After collection, the adults were maintained in the
laboratory in 2-1 plastic containers in brackish water
(16%o S) at about 21°C/and were exposed to a 12 hL:12 hD
cycle. They were fed Tetramarin fish food and dried
squash (Cucurbita maxima) to excess (see Doyle and
Hunte, 1981). Juveniles hatched were reared and tested for
phototaxis and susceptibility to cannibalism at a salinity of
16%o S unless otherwise stated.

Two methods were used to investigate phototaxis. The
first method (Assayl) used groups of ten juveniles,
hatched on the same day and reared in clear elongated
plastic containers (6 X6X 15 cm). Each day, for 12d fol-
lowing hatching, the container was placed in a dark room
and illuminated horizontally with tungsten filament light.
The illumination was 300 x4 Ein m™ s at the lighted end.
The position of each juvenile was recorded after 5 min of
this illumination. A juvenile was scored positively photo-
tactic if it were within one centimeter of the illuminated
end, negatively phototactic if it were within one centimeter
of the dark end, and neutrally phototactic if it were
elsewhere. This procedure was repeated five times at
5-min intervals. Between each repetition, the light was
turned off, moved to the opposite end of the container,
and the container was tapped to redistribute the juveniles.

The effect of extreme salinity differences on phototaxis
was investigated by repeating the above procedure using
water of salinities 0.2%0 S and 32% S. Animals were
allowed 10 min to adjust to the new salinities prior to
testing for phototaxis.

The second method (Assay II) was designed to in-
vestigate individual variation in phototaxis and conse-
quently, after hatching, juveniles were reared individually
in 10-ml test tubes. Following Doyle (1974), phototaxis
was measured using a plastic translucent spot-plate con-
taining ninety 2-ml hemispherical depressions. One half of
each depression was painted black so that when the
spotplate was illuminated from below, a juvenile in a
depression would have a light-dark choice. Illumination
was 354 Einm™s™ in the lighted area. Juveniles were
placed individually in each depression containing water of
16%o S. The position of each juvenile (i.c. either in the
dark or in the light) was then recorded twenty times at
2-min intervals. Between recordings, the apparatus was
shaken so that the juvenile had to make another light-dark
choice. The phototaxis score of each juvenile is the
proportion of observations during which the juvenile was
in the light region. The above procedure was repeated
daily for 12 d following hatching, In this second method,
phototaxis and photokinesis are confounded, whereas in
the first they are not. The similarity in results suggests that
the patterns of phototaxis observed are not laboratory
artifacts.

Based on data obtained by Assay II, the heritability of
phototaxis in Gammarus lawrencianus was studied using a
full-sib experimental design. The covariance between full-
sibs is given by:

2VaA+ Y% Vp+ Vg,
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where V, is the additive genetic variance, Vp is the
dominance genetic variance, and Vg, is the common en-
vironmental variance between full-sibs (Falconer, 1981).

The ability of a trait to respond to selection (i.e. the
heritability, h?) is measured by the ratio of the additive
genetic variance, Va, for the trait divided by the pheno-
typic variance for the trait, Vp. Thus an upper estimate for
the heritability of phototaxis can be made, if Vp and Vg,
are assumed to be small (Falconer, 1981). Since loss of
positive phototaxis proved to be correlated with growth
rate in Gammarus lawrencianus and growth rate is sig-
nificantly heritable in this species (Doyle and Hunte,
1981), we used a maximum likelihood analysis of covari-
ance to remove the effect of growth rate on phototaxis.
Growth in weight was estimated as the wet weight 13d
after hatching, which assumes that juveniles hatched at
identical weights. Day 13 was the first day that juveniles
were large enough for consistent weights to be obtained.
Growth in length was measured at the distance from the
distal end of the first coxal plate to the distal end of the
first urosome on Days 1, 3, 7 and 10 following hatching.
The analysis used 98 individuals in 14 full-sib families and
was carried out using the BMDP-3V computer program
(Dixon and Brown, 1979).

Cannibalism was investigated by repeatedly placing
ten juveniles of known age in a 50-ml container with five
randomly chosen adult females of the same species. Can-
nibalism was easily observed and was scored as the
mortality of the juveniles after five hours in the container
with the females. In other experiments, cannibalism was
scored as the mortality after 20 h. The amphipods were not
fed during the cannibalism experiments.

Results

The results of AssayI showed that, in water of 16%o S,
Gammarus mucronatus and G. tigrinus were neutrally
phototactic on hatching, and became negatively photo-
tactic two days later (Fig. 1). G. lawrencianus was photo-
positive on hatching, and did not become photoneutral
until 11 d later. There were some effects of salinity on
phototaxis (Fig. 1). At low salinity (0.2%o S), both G. rigri-
nus and G. mucronatus were photonegative from hatching.
Moreover, at high salinity (32%o S), G. tigrinus did not
become photonegative until 3d after hatching. Photo-
taxis in G. lawrencianus was apparently not affected by
changes in salinity (Fig. 1).

Cannibalism of juveniles decreased with age for all
three species (Fig. 2). Gammarus mucronatus and G. tigri-
nus suffered a median mortality (after five hours) of more
than 50% for approximately two days after hatching;
whereas G. lawrencianus suffered more than 50% mortality
for the first 10 d. The cannibalism experiments which used
a 20-h rather than a 5-h running time produced similar
patterns of survivorship.

There were no statistically significant differences in
body length between species at any age measured (Stu-
dent’s t-test; P <0.05). Furthermore, juveniles’ weights
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Fig. 3. Gammarus lawrencianus. The relationship between loss of
positive phototaxis and growth rate (as measured by the weight of
juveniles 13 d after hatching). The correlation coefficient is —0.56
(P<0.05)

contains both dominance and common environment com-
ponents (Falconer, 1981). However, common environ-
mental variance was probably minimised by our rearing
each individual in a separate container.

The presence of additive genetic variance for photo-
taxis suggests that the trait is subject to natural selection,
and many factors may be involved in its evolution. How-
ever, our observed correlation between change in photo-
taxis (Fig. 1) and adult cannibalism of juveniles (Fig.2)
strongly suggests that the phototaxis may be primarily an
adaptation to reduce the cannibalism, since the former
should cause partial separation of juveniles and adults
until the age at which susceptibility to cannibalism de-
clines. Being positively phototactic, juveniles of Gammarus
lawrencianus may maintain themselves in the water col-
umn to a greater extent than the photoneutral and
primarily benthic adults. Such separation is readily ob-
servable in laboratory populations. Similarily, being
neutrally phototactic may separate the very young juve-
niles of G. mucronatus and G. tigrinus from the strongly
photonegative adults. Baylor and Smith (1957) and Pearre
(1974) have previously suggested that reverse migration of
adult and juvenile zooplankton predators might be an
adaptive mechanism to separate adults and juveniles,
thereby reducing cannibalism on juveniles. The similarity
in size at age of the three species supports this cannibalism
hypothesis, since, were the phototaxis a mechanism to
reduce mortality from a common predator, it should
change at the same size/age in all three species.
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Phototaxis in Gammarus lawrencianus was not ap-
parently affected by changes in salinity. However, juve-
niles of both G. tigrinus and G. mucronatus were photo-
negative from hatching if placed in water of low salinity.
Given the salinity stratification characteristic of estuaries,
this behaviour my simply be a means of avoiding very low
salinities. Alternatively, it may be a mechanism tending to
transport juveniles upstream (Carriker, 1951). If at very
low salinities (outgoing tides) juveniles are photonegative
and cling to the bottom, and at high salinities (incoming
tides) they are photoneutral and therefore suspended in
the water column, they will tend to be transported up-
stream. Note that such movement would again cause
separation of juveniles and adults, thereby lowering the
probability of cannibalism.

Other evolutionary explanations for phototaxis in juve-
nile animals include selection for dispersal (Hamilton and
May, 1977) and selection for placing juveniles in areas of
better food supply (Johannes, 1978). We could not test, in
the present study, whether such factors may have con-
tributed to the evolution of juvenile phototaxis in our
species. However, the fact that extensive adult migrations
occur in gammarids (Fincham, 1970; Williams and Bynum,
1972; Dennert and van Maren, 1974) may lower the value
of juvenile dispersal.

Our results suggest that cannibalism may be important
in the evolution of phototactic behaviour in juvenile
amphipods, but cannibalism may have wider evolutionary
implications. For example, within each species, cannibalism
of juveniles is size dependent, and could therefore influence
the evolution of size at hatching and of growth rate.
Growth rate is negatively correlated with other fitness
traits in Gammarus lawrencianus (Doyle and Hunte, 1981,
Doyle and Myers, 1982), and hence the evolution of a
number of life-history traits may be directly or indirectly
affected by cannibalism. We suggest that in cannibalistic
species, life-history studies should pay more attention to
the demographic and evolutionary consequences of can-
nibalism.
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