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effect of parasitism. Although these alterations in host 
behavior can effect changes in vulnerability to preda- 
tors. they need not be the products of selection favoring 
enhanced transmission efficiency. Instead, they may 
simply reflect pathological responses to the presence of 
the parasite albeit responses of value to the parasite. -

Nevertheless, the hypothesis that parasites modify 
host phenotypes in a way that enhances transmission is 
a reasonable starting point when the shifts in phenotype 
increase the probability of predation by the next host in 
the life history sequence. The inference is especially 
promising when the changes in phenotype are clearly 
associated with abrupt transitions to infectivity in the 
parasite. If transitions to infectivity do not coincide 
with increases in parasite size or physiology likely to 
require suddenly enhanced resource acquisition from 
the host. manipulation by the parasite is likely. 

Host manipulation that increases vulnerability to 
predation by the next host in the parasite's life cycle 
may also enhance vulnerability to predators that are 
not suitable hosts (Brassard et al. 1982). As long as the 
probability of transmission to an appropriate host is 
greater than the mortality cost associated with trans- 
mission to a non-host species, the parasite can benefit 
from manipulation of host behavior. Enhanced vulner- 
ability to predators which cannot serve as hosts may be 
a necessary cost of elevated transmission to an appro- 
priate host when n~ultiple predators use similar sensory 
modalities to detect prey. We suspect. as did Brassard 
et al. (1982), that these costs are routinely incurred by 
parasites that infect fish which must be eaten by an 
avian definitive host to complete their life cycles. The 
fishes these parasites infect are likely to fall prey to 
visually hunting piscine predators (non-host species) as 
well as to birds (definitive hosts) which also rely pre- 
dominantly on vision to capture prey. 

Here we take advantage of a fascinating host-parasite 
relationship in which the host is apparently able to 
change both the behavior and coloration of the host in 
such a way that it enhances transmission to a definitive 
host but appears to do so in two general stages. The -

host is the threespine stickleback fish. Gastrrostrus ac- 
ulratus L.. and the parasite is the tapeworm Sclzisto-
c ~ j ~ h a l u ssolidus (Muller) (Cestoda: Pseudophyllidea). 
Over most of the range of this association. parasitism is 
associated only with a shift in host behavior (reviewed 
in Lobue and Bell 1993). In certain geographically 
restricted populations, however. late stages of para-
sitism are associated with a dramatic demelanization of 
the body and darkening of the eye (Lobue and Bell 
1993). We demonstrate that changes in behavior may 
be initiated prior to demelanization. but that they are 
far more dramatic once demelanization has occurred. 
Furthermore. we 
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there exists some evidence that hosts harboring uninfec- 
tive plerocercoids exhibit enhanced anti-predator be-
havior (Tierney et al. 1993). 

Oddly, none of these studies have attempted to relate 
the sizes of individual infective parasites. or the total 
parasite load, to the magnitude of the difference in 
behavior from that of uninfected fish. The potential 
importance of these variables in parasitized stickleback 
is indicated by the larger values of each in demelanized 
fish than in those with normal coloration. Demelaniza- 
tion is a remarkable color change that increases the 
visual conspicuousness of the host dramatically. The 
body is demelanized, becoming uniformly white. Coin- 
cidently, the eye darkens. becoming nearly black 
(Lobue and Bell 1993). The contrast between the eye 
and skin, in combination with the strong edge effect. 
should enhance the conspicuousness of the demelanized 
stickleback to vertebrate predators (reviewed in Lyth- 
goe 1979) and should cause it to stand out from nor- 
mally colored conspecifics. making it more easily 
tracked by a predator when moving in a group (Lan- 
deau and Terborgh 1986. Barber and Huntingford 
1995). 

Demelanized stickleback are present in populations 
only in very low frequencies. They appear to turn over 
rapidly, suggesting that they are more susceptible to 
predation than are fish with normal coloration (Lobue 
and Bell 1993). Demelanization is a phenomenon that 
apparently occurs only over the portion of the geo- 
graphic range of threespine stickleback that spans 
Japan (Mori pers. comm.). Alaska. and northern 
British Columbia (Lobue and Bell 1993). This range 
presumably includes the Pacific coast of Russia, but no 
data are available. 

The apparent, dramatic increase in conspicuousness. 
combined with evidence of the rapid disappearance of 
parasitized. demelanized stickleback. suggested to us 
that demelanization might signal a change in the degree 
to which the parasite manipulates the behavior of its 
host. We wished to test this hypothesis under natural 
conditions to control for effects of confinement in the 
laboratory and to evaluate the relationships among 
behavior. color, and parasite size and load. an endeavor 
that required observations of known individuals in the 
laboratory. We selected Bruce Pond (61.6 N latitude, 
149.6 W longitude), in the Cook Inlet region of Alaska. 
for in situ observations. and for all collections used in 
the laboratory research. This pond was chosen because 
demelanized stickleback are reasonably common, and 
the pond is clear enough to permit observations. 

Methods 

We evaluated the anti-predator responses of uninfected, 
normal coloration infected, and demelanized. infected 

fish in two ways. First. we observed the reaction to a 
bird silhouette under laboratory conditions, a technique 
that enabled us also to ascertain parasite loads in the 
focal hosts. Second. we observed responses to a pre-
served trout under field conditions. In this instance we 
were able to ascertain behavioral responses under natu- 
ral conditions and to examine position in the water 
column for each fish to address the issue of whether 
parasitized fish in either class were, under natural con- 
ditions. closer to the surface than were uninfected fish. 
All of these experiments were conducted in late June 
and early July 1994. when demelanized stickleback were 
more common than is the case earlier in the breeding 
season. 

Predatory bird experiment 

We hand-netted stickleback from Bruce Pond in July 
1994, and maintained all individuals in a single large 
indoor tank for 48 h before testing. During this time 
they were fed Tubifex worms ad libitum. At the begin- 
ning of each trial. a single fish was placed in a 1-m 
diameter circular pool, and allowed to acclimate for 10 
min. At the end of this time the fish had resumed 
normal exploratory movements. Water depth in the 
pools was 10 cm and no protective cover was provided. 
A uniform level of light was provided by a halogen 
bulb mounted 1.3 m above the pool. A curtain sepa- 
rated the pool from the experimenter and the surround- 
ing room. 

Following the acclimation period, the focal fish was 
observed until it swam into the center of the pool. At 
that time. a life-size model of a tern was allowed to 
glide down an inclined rope above the pool. As it 
passed under the light. the model produced a distinctive 
shadow that passed directly over the fish. We chose the 
shape of an Arctic tern, Steriza parudisueu. because the 
species is a known predator on stickleback (Lemmetyi- 
nen 1973). and was routinely observed feeding on stick- 
leback in the Bruce Pond area. 

In each trial. we recorded whether the stickleback 
changed behavior as the shadow passed over it. If the 
fish maintained a constant swimming speed aTd�(nen )T--u 



the parasite and H, that of the host (Anne and Owen 
1967). In the first instance the total weight of parasites 
was used, in the second only the weight of the heaviest 
parasite was used. These are termed combined PI and 
individual PI following Lobue and Bell (1993). A total 
of 59 fish were examined. Of these. 20 were deme-
lanized and 15 were parasitized, but of normal color. 

Predatory trout experiment 

We used a 30-cm rainbow trout. coated in resin, to 
elicit evasive maneuvers from unparasitized. parasitized 
normal coloration. and demelanized stickleback under 
field conditions. The trout was caught with hook and 
line, anesthetized with MS-222, preserved in formalin. 
and coated in resin following the methods of Helfman 
(1983) and Ridgway (1988). The trout was mounted on 
a grey wooden pole 60 cm in a 



Fig. 1 .  Mean weights of the largest Schistocephnl~rssolidus 
plerocercoid in demelanized and normally colored stickleback 
that responded to. or failed to respond to, a tern silhouette 
moving above N indicates non-responders. R those that did 
respond. Plotted values are means iSD. 

lowing the response (Kruskal-Wallis test, X' = 25.5, 
d.f. = 2. P = 0.000 1). Mean recovery time for unpara- 
sitized fish was 168 s (SD = 94), for parasitized fish with 
normal coloration, 42 s (SD = 48), and for demelanized 
stickleback, 4 s (SD = 4). When the parasitized stickle- 
back were grouped according to color and response 
(Fig. 1) we found that the groups differed in size of the 
largest parasite (Kruskall-Wallis test, X' = 10.8. d.f. = 

3, P = 0.013: Fig. 1). Post hoc comparisons among 
pairs of means (Mann-Whitney test, P < 0.0083 to ad- 
just for making n = 6 non-independent contrasts) indi- 
cated that the primary difference in the overall 
significance among the four classes stemmed from the 
comparison of responsive, normally colored fish with 
non-responsive, demelanized fish. 

Predatory trout experiment 

The three classes of stickleback responded differently to 
simulated attacks by trout (G= 35.85, d.f. = 2. P < 
0.001; Table 2). Demelanized fish responded less often 
than did those in the other two classes ( G >  8.609, 
d.f. = 1, k = 3, P < 0.05. STP test), which fell into one 
non-significant subset. Fish in the different classes also 
fled differing distances (G = 21.09, d.f. = 2, P <0.001; 
Table 3), such that demelanized fish fled shorter dis- 
tances (G > 8.609, d.f. = 1, k = 3, P < 0.05, STP test) 
than did those in the other two groups. which did not 
differ (Table 3). The three classes also differed in the 

Table 2. The number of stickleback in each color parasitism 
category that did or did not respond to simulated attack by a 
trout. 

Parasitism category Response No response 

Unparasitized 24 0 
Parasitized, normally colored 34 2 
Parasitized, demelanized 35 29 

Table 3. Distance fled by stickleback in the three parasitism! 
color categories following simulated attack by a trout. 

Distance fled (cm) 

1 3 3  1 6 6  1 9 9  2100 

Unparasitized 8 8 3 5 
Parasitized, normally- 19 10 0 5 

colored 
Parasitized. demelanized 3 1 3 0 1 

time between attack and resumption of normal swim- 
ming ( F =  20.58, d.f. = 2,84, P <0.001). Demelanized 
fish recovered most rapidly ( = I1 s, SD = 8.3, N = 34), 
parasitized, normally colored fish recovered with inter- 
mediate speed ( = 26 s, SD = 24.3, N = 31). and unpar- 
asitized fish recovered most slowly ( = 48 s, SD = 35.3. 
N = 22; Tukey's studentized range test. d.f. = 84, P < 
0.05). 

There were no differences in the depth of water in 
which the 0141lasso f  

n o r h  were rapfou

of = 








