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Abstract.
Parasites that are transmitted from prey to predator are often associated with
altered prey behavior. Although many concur that behavior modification is a parasite strategy
that facilitates transmission by making parasitized prey easier for predators to capture, there
is little evidence from field experiments. We observed that conspicuous behaviors exhibited
by killifish (Fundulus parvipinnis) were associated with parasitism by larval trematodes.
A field experiment indicated that parasitized fish were substantially more susceptible to
predation by final host birds. These results support the behavior-modification hypothesis
and emphasize the importance of parasites for predator-prey interactions.
Key words: behavior-modification hypothesis; bird predation; differential predation; effects of
parasites on host behavior; Euhaplorchis californiensis; field experiment; Fundulus; killifish; metacercariae; parasites; trematode.

tive and spent more time in dry areas, on contrasting
backgrounds, and away from shelter than did unparasitized isopods. In aviary predation trials, 59% of isopods eaten by Starlings were parasitized, compared
with an initial 47% prevalence of infection among the
isopods available in the cage (Margolis et al. [1982]
define "prevalence" as the proportion of hosts in a
sample that are parasitized). There was indirect evidence that transmission was not random in nature because the prevalence of adult acanthocephalans in wild
Starling nestlings (13%) was higher than expected, given the rates at which parents fed isopods to their young
multiplied over the age of nestlings and the very low
prevalence of parasitized isopods nearby (0.2%).
Although the link between conspicuous behaviors
induced by parasites and increased parasite transmission is logical and well supported, Moore and Gotelli
(1990) discuss alternative explanations. Pathology can
affect host behavior in ways that do not necessarily
increase transmission. For example, hosts may alter
their behaviors to help rid themselves of parasites (Hart
1990) or compensate for metabolic drains of parasitism
(Milinski 1985). Thus, it is important to also assess
how predation risk varies with parasitism. From studies
of predator gut contents, it might appear that parasites
make prey more susceptible to predation if predators
prefer larger, older prey that have had a longer time to
accumulate parasites. Also, if the dispersal of hosts and
parasites is limited, areas where predators abound will
have higher rates of parasite transmission to nearby
prey, leading to more parasitized prey in the predator's
diet compared with the prevalence of parasitism seen
in the prey population on a broader spatial scale. Another potential limitation of gut-content studies is the
' Manuscriptreceived 8 May 1995; revised 23 August
of accurately determining the prevalence of
difficulty
1995; accepted 19 October 1995.
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the
in the prey population. As an example, the
parasite
Present address: Department of Entomology, Oregon
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relatively high proportion of Sarcocystis-infected voles
INTRODUCTION

Parasites are frequently associated with odd host behaviors such as unusual levels of activity, increased
conspicuousness, disorientation, and altered responses
to stimuli (Holmes and Bethel 1972). For the many life
cycles where transmission depends on predation, it is
often suggested that parasites alter host behavior and
increase the susceptibility of intermediate hosts to predation by final hosts (e.g., Rothschild 1962, Holmes
and Bethel 1972). Three main lines of evidence currently support the hypothesis that behavior modification is a parasite strategy evolved to increase transmission: hosts infected by transmissible stages of parasites often behave differently (Holmes and Bethel
1972, Dobson 1988, Curio 1988, Moore and Gotelli
1990 and Poulin 1994a discuss several examples); are
eaten more readily by predators in the laboratory than
are unparasitized hosts (Holmes and Bethel 1972, Kennedy et al. 1978, Camp and Huizinga 1979, Brassard
et al. 1982, Moore 1983, Helluy 1984, Webber et al.
1987, Poulin et al. 1992); and are taken more frequently
by predators than expected in the wild (VanDobben
1952, Feare 1971, Rau and Caron 1979, Moore 1983,
Hoogenboom and Dijkstra 1987). As a whole, this evidence is quite convincing and, because the ingestion
of larval parasites during predation is a frequent occurrence, helps us to better understand foraging dynamics and food webs.
Several studies have used a combination of approaches, helping to expand the base of evidence used
to support the behavior modification hypothesis. For
example, Moore (1983) found that terrestrial isopods
infected with a larval acanthocephalan were more ac-
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in the diet of Kestrels could reflect either increased
predation or decreased trapping success for parasitized
voles (Hoogenboom and Dijkstra 1987).
In combination with evaluations of host behavior,
predation experiments can best test the link between
behavior and increased transmission (Bethel and
Holmes 1977). Unfortunately, results from laboratory
predation experiments may only allow limited inference about events in nature. Although field experiments
with natural final hosts can effectively determine
whether behavior modification increases parasite transmission in the wild, few have been conducted. A notable exception is the work by Aeby (1991, 1992). Aeby
found coral polyps (Porites spp.) become distended
following infection with metacercariae (Plagioporous
sp.), causing colonies to suffer reduced growth. The
metacercariae appear as bright pink nodules and hinder
the ability of parasitized polyps to retract into the calyx.
Using manipulative field and laboratory experiments,
Aeby demonstrated that butterfly fish, the appropriate
definitive host, forage more frequently on parasitized
coral polyps. Ironically, due to the regenerative capabilities of the colony, parasitized corals did better in
treatments that allowed butterfly fish to feed on them,
suggesting that the parasite-induced alteration of the
parasitized polyp is beneficial to the coral, the trematode, and, perhaps, the fish.
To test whether a parasite can alter the behavior of
its intermediate host and increase transmission to its
final host, we studied Euhaplorchis californiensis, the
most common trematode in many southern California
salt marshes (Martin 1955, Kuris 1990, Lafferty 1993,
Lafferty et al. 1994). E. californiensis, like most digenetic trematodes, has a three-host life cycle. Worms
mature sexually in a number of bird species (Martin
[1971] notes experimental infections in chicks, gulls,
cats, monkeys, etc.), mate, and lay eggs that pass with
the birds' feces. The horn snail, Cerithidea californica,
then ingests these eggs while foraging on mudflats. The
trematode castrates the snail and produces cercariae
that leave to infect the second intermediate host, the
killifish Fundulus parvipinnis (Plate 1), where they encyst in the brain case in high intensities (Margolis et
al. [1982] define "intensity" as the number of parasites
per parasitized host) (Martin 1950, Yoshino 1971). Predation on a parasitized fish by a bird completes the life
cycle. Although parasitizing the fish's brain could simply reflect an attempt to escape the host immune system
(Szidat 1969), this site of infection should allow a parasite to manipulate its host with little effort (Poulin
1994b). Relatively few studies have looked at the effect
of trematode metacercariae on host behavior (Poulin
1994a).
We compared parasitized and unparasitized fish
with respect to their behaviors in the laboratory and
susceptibility to predation in the field. We suspected
that the trematode could best increase its rate of transmission to visually oriented piscivorous birds by mak-
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PLATE 1. The Pacific killifish, Fundulus parvipinnis,
which acts as second intermediatehost for the trematodeEu-

haplorchis californiensis. Photo: T. C. Huspeni.

ing killifish more conspicuous. Consistent with this
prediction, parasitized fish frequently swam to the surface and were eaten strikingly more than unparasitized
fish.
METHODS

Altered behavior

To assess whether the trematode altered host behavior, we observed killifish in the laboratory (summer
1993). Although our attempts at experimentally infecting fish were unsuccessful, we were able to compare killifish from parasitized and unparasitized populations because they occur in habitats with and without
the first intermediate host snail. We trapped 12 killifish
from Devereux Slough (Coal Oil Point Natural Reserve
[near Santa Barbara, California, USA]), an area without
the snail or parasite. We also collected 30 parasitized
fish from Carpinteria Salt Marsh Reserve. Here, the
snail is abundant and trematodes infect all except the
smallest killifish (Martin 1950, Yoshino 1971). These
sites are '30 km apart (both are in Santa Barbara County, California, USA), and are similar hydrogeomorphic
habitats. We combined the fish from both populations
into a 150-L glass aquarium (lined on three sides with
black plastic) with flow-through sea water and left them
to acclimate for several days.
By observing fish over a few days, we identified and
defined several discrete behaviors that made fish more
conspicuous to us. Admittedly, our evaluation of behaviors may have been different from the perception
of a foraging bird. Because this imperfection seemed
more likely to obscure than enhance the pattern predicted by the behavior-modification hypothesis, we
considered that our estimation of conspicuousness to
birds was conservative (i.e., we were more likely to
commit Type II than Type I error). The behaviors that
we characterized as conspicuous were surfacing, flashing, contorting, shimmying, and jerking. We did not
assess escape behavior in the lab. Surfacing fish made
abrupt dashes up to the tank's surface, flashing fish
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turned laterally so that one side of the body faced upward (often associated with chafing on the tank's bottom), contorting fish performed a slow, acute, dorsalventral bending, usually bending the head and tail in
opposite directions, shimmying fish vibrated for a few
seconds, and jerking fish moved suddenly forward 35 cm. We noticed many of these behaviors in the field
as well.
Having unparasitized and parasitized fish together in
the same observational aquarium allowed for a blind
assessment of behavior (we did not know if, or to what
extent, a fish was parasitized when we scored its behavior). After the fish had acclimated, we recorded conspicuous behaviors (during daylight hours) over a 30min period for each fish. Once we scored a fish's behavior, we captured (with a hand net), euthanized, and
dissected it to determine the intensity of larval trematodes (metacercarial cysts) in the brain case. Because
we had previously observed that fish behaved differently
at low densities, we halted our observations before the
number of fish remaining in the aquarium was too low
for "natural" schooling behavior. In total, we observed
and dissected 18 parasitized and 6 unparasitized fish over
a period of 2 wk. In the process of dissecting the fish,
we found a second species of trematode, Renicola buchanani, in the liver of all the fish parasitized with Euhaplorchis californiensis. Because it also completes its
life cycle in piscivorous birds (where it lives in the bird's
kidneys, Martin 1971) and would also benefit from increased predation, we included it in our analyses. We
quantified the intensity of this species by squashing the
fish's liver under a glass slide and counting the large
metacercariae. In our investigation of the association
between conspicuous behaviors and parasitism, we analyzed each behavior separately and pooled (conspicuousness could be a composite of several behaviors), and
considered the effect of each parasite species individually and combined (parasites could have an additive
effect on behavior).
Differential predation
To test for differential predation on parasitized fish,
on 8 November 1994 we stocked a mixture of parasitized and unparasitized fish into two fish pens placed
in the University of California, Santa Barbara, Campus
Lagoon (Santa Barbara County). We collected parasitized fish from Carpinteria Salt Marsh Reserve and unparasitized fish from the Ventura River Estuary (Ventura County, California, USA). To keep track of the
two different populations throughout the experiment,
we clipped the distal 25% of the left pectoral fin (parasitized fish from Carpinteria) or right pectoral fin (unparasitized fish from Ventura). We apportioned the fish
by length into two groups, each with 95 parasitized fish
and 53 unparasitized fish (total length ranged from 5
cm to 7 cm, with an average of 6 cm for each group).
We then combined each unparasitized group with a
parasitized group, resulting in two identical mixed
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groups. We made a substantial effort to build pens large
enough to allow the fish to behave normally, constructing each fish pen out of a 15 m long, 3-mm mesh
seine. To reduce escape, we folded the leaded end of
each net and sewed it together to form a purse. We
positioned the top edge of the net into a 20-iM2 U-shape
with the open end made flush against the shore. The
resulting density (7.4 fish/M2) was well within the natural variation exhibited by local killifish populations.
We propped the top edges of the seines 25 cm above
the water's surface with stakes driven into the soft sediment. The depth of the pens sloped from the shore to
1.3 m in depth (there was no halocline between this
depth and the surface). We left the surface of the experimental pen accessible to piscivorous birds in hopes
that they would forage in it. To estimate escape and
mortality not associated with predation, we covered the
surface of a second, otherwise-identical pen, with bird
netting (made of black plastic 5-cm mesh that was wide
enough for killifish to easily jump through, but prevented birds from effectively foraging) and installed it
next to the experimental pen. To eliminate the possibility that differences in cage placement or construction
might affect the results, we switched the fish populations and the bird netting between cages midway
through the experiment (so that fish remained in the
same treatment as before).
During the experiment, we observed Great Egrets
(Casmerodius albus), Great Blue Herons- (Ardea herodias), and Snowy Egrets (Egretta thula) foraging in
the pens. Other potential predatory birds common at
the lagoon during the experiment included: Greater
Yellowlegs (Tringa melanoleuca), Lesser Scaup (Aythya affinis), Red-breasted Merganser (Mergus serrator), Bonaparte's Gull (Larus philadelphia), Ringbilled Gull (Larus delawarensis), Western Gull (Larus
occidentalis), Forster's Tern (Sterna forsteri), Eared
Grebe (Podiceps nigricollis), Pied-billed Grebe (Podilymbus podiceps), Horned Grebe (Podiceps auritius),
Brown Pelican (Pelecanus occidentalis), Double crested Cormorant (Phalocrocorax auritus), Belted Kingfisher (Ceryle alcyon), Black-crowned Night Heron
(Nycticorax nycticorax), and Green-backed Heron (Butorides striatus). In these small estuaries, there are typically no predatory fish large enough to eat killifish of
the size we used in the experiment.
We recaptured fish from both pens after 20 d and
brought them back to the laboratory. Here, we euthanized and dissected a subsample of the parasitized fish
(N = 99) from which we removed and counted all E.
californiensis cysts from the brain case and R. buchanani from the liver. We used this subsample to compare parasite intensities between the two treatments.
Because the relative abundance of parasitized and
unparasitized fish changed over 20 d (the birds were,
in effect, sampling without replacement), we could not
directly quantify the relative susceptibility of parasitized and unparasitized fish. To derive a value for the
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1. Means (and range) of conspicuous behaviors observed over a 30-min period for parasitized and unparasitized
killifish.

TABLE

Behavior
Parasitized
Unparasitized
Mann-Whitney U
P (two-tailed)

Nt

Flashing

Surfacing

Contorting

Shimmying

Jerking

Sumt

18
16

3.8 (0-14)
0.8 (0-3)
85
0.033

11.2 (2-22)
4.5 (2-6)
96
0.005

0.9 (0-4)
0 (0)
78
0.056

2.2 (0-7)
0 (0)
93
0.006

2.9 (0-11)
0 (0)
90
0.010

21.0 (11-29)
5.3 (2-9)
108
<0.001

t Number of fish observed.
TTotal number of odd behaviors observed.

difference in susceptibility to predation between parasitized and unparasitized fish, we created a simple
computer simulation that iterated sequential predation
events for the estimated number of fish eaten. For each
simulation, we used a different value for the parameter
representing differential susceptibility. We solved for
the value that produced a simulated number of parasitized and unparasitized fish eaten identical to that
observed in the predation experiment.
RESULTS

Altered behavior

Consistent with our prediction, parasitized fish exhibited conspicuous behaviors more frequently than did
the unparasitized fish (parasitized fish had a mean of
21 conspicuous behaviors per 30 min, while unparasitized fish had a mean of 5.3 conspicuous behaviors
per 30 min, P < 0.001, Table 1). Only parasitized fish
contorted, shimmied, or jerked. We found all behaviors
to be more frequent in parasitized fish than unparasitized fish with the conditional exception that the difference in contortions was not statistically significant
based on a two-tailed hypothesis (P = 0.056, Table 1).
A multiple regression of the intensity of both parasite
species and the sum of conspicuous behaviors indicated
,,,
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0.553, df = 15, P < 0.05).

Differential predation
In support of the hypothesis that behavior modification results in increased parasite transmission, predation rates on parasitized fish were substantially higher than predation rates on unparasitized fish. This was
not confounded with size-selective foraging by birds
(fish from all treatments started and ended with a mean
total length of 6 cm). In the exclosure pen, unparasitized fish declined in number from 53 to 50, while parasitized fish declined from 95 to 91-a negligible rate
of escape and non-predation mortality. In the experimental (open) pen, the number of unparasitized fish
declined from 53 to 49 while parasitized fish declined
TABLE

o

0

that parasites explained a substantial proportion of the
variation in the behavior of parasitized fish (multiple
R2 = 0.795). This analysis detected a significant effect
of Euhaplorchis californiensis (Fig. 1, P = 0.002) but
not of Renicola buchanani (P = 0.137, Table 2).
There was a positive relationship between conspicuous behavior and parasite intensity so that heavily
parasitized fish were more conspicuous than lightly
parasitized fish (Table 3). The strongest association
seen was between the sum of behaviors and the weighted sum of the intensities of the two parasite species
(see Table 3 for a description of how we calculated the
weighted sum). Surfacing was the behavior most
strongly associated with E. californiensis, yet surfacing
was not associated with R. buchanani intensity. In comparison, jerking and shimmying were the behaviors
most associated with R. buchanani. The two parasite
species were positively correlated with one another (R

2.

Multiple-regression statistics for an examination

of the intensityof EuhaplorchiscaliforniensisandRenicola
500

1000
1500
2000
Intensity of infection

2500

buchanani on the number of conspicuous behaviors of killifish. N = 24 killifish.
Coefficient

FIG. 1. The frequencyof conspicuousbehaviorseach fish
displayedin a 30-min observationalperiod in relationto the

intensity of parasitism of Euhaplorchis californiensis (number

of metacercarialcysts per fish brain).In the parasitizedpopulation (squares),the numberof conspicuous behaviors increasedwith parasiteintensity.All unparasitizedfish (circles)
had a smaller numberof conspicuous behaviors than parasitized fish. The square directly left of the "2" represents
two fish.

Constant
Euhaplorchis
Renicola

Std.

Mean

1 SE

Coef.

t

Pt

6.386
0.007
0.028

1.429
0.002
0.018

0.000
0.637
0.286

4.468
3.446
1.547

<0.001
0.002
0.137

Notes:R = 0.892, R2 = 0.795, adjustedR2 = 0.775; standard
error estimate = 3.89 1.
t P values reflect a two-tailed test.
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3. Coefficients of Pearson correlations between parasite intensity and the number of conspicuous behaviors of fish.
The weighted sumt of parasite intensities was derived to give equal weight to each species of parasite because the smaller
Euhapchloris californiensis occurs at intensities 7 times higher than does Renicola buchanani. For 16 df, the critical value
of R at P = 0.05 is 0.468.

TABLE

Behavior
Euhaplorchis
Renicola
Weighted sumt

Flashing

Surfacing

Contorting

Shimmying

Jerking

Sumt

-0.020
0.180
0.108

0.428
0.004
0.208

-0.232
0.086
-0.055

0.134
0.331
0.281

0.208
0.342
0.323

0.576
0.516
0.613

t For a single fish, the weighted sum was equal to R/(>ZRIN) + E/(>ZE/N), where E = no. of E. californiensis, N = no.
of fish, and, for example, R equals the number of R. buchanani cysts in a fish, and X RIN equals the mean number of R.
buchanani cysts in the sample of fish.
TThe total no. of odd behaviors.

from 95 to 44 (Fig. 2). Subtracting the incidental loss
observed in the control from the total loss in the experimental pen yielded an estimate that birds ate a much
higher proportion of parasitized fish (47/91) than unparasitized fish (1/50) (Fig. 3, x2 = 35.4, 1 df, P <
0.001). Our computer simulation found that parasitized
fish were, on average, 31 times more susceptible to
predation than unparasitized fish (we estimated a more
conservative 10-fold increase in susceptibility of parasitized fish if we assumed no background mortality).
There was an effect of parasite intensity on predation. The mean intensity of cysts of each parasite species was lower in fish from the experimental pen than
in fish from the bird-exclosure pen (Fig. 2, Table 4).
Heavily parasitized fish (those with more parasites than
the median intensity) were more susceptible to predation than lightly parasitized fish; these results were
the same whether we assessed the intensity of each
parasite species separately or pooled (Fig. 3).
DISCUSSION

Our study supports the hypothesis that parasites
modify the behavior of their intermediate hosts and
make them more susceptible to predation. A recent
meta-analysis found that the degree of alteration of host

behavior by parasites was moderate (Poulin 1994a). In
contrast, our results suggest a 30-fold effect of parasitism on predation that stems from a four-fold effect
of parasitism on behavior. For this reason, we would
have underestimated the effects of parasites on predation risk if we had simply quantified behavior. The
magnitude of the effect surprised us. For example, a
previous mathematical model of behavior modification
set the upper limit of differential predation as only 10fold (Lafferty 1992). The lesson here is that a parasite
can parlay a small behavioral modification into a large
increase in predation. An association between parasite
intensity and behavior modification is expected in systems like ours where intensities are high because one
parasite is unlikely to need to modify the host's behavior by itself; it can rely on the actions of the group
(Poulin 1994b).
It is difficult to separate the effects of the two parasite
species without making use of experimental infections.
Their effects on behavior could be additive or complementary. Alternatively, one of the parasites might
be disproportionately responsible for modifying the behavior of the killifish. If so, our observations are most
consistent with the hypothesis that Renicola buchanani
is the less potent modifier and it may benefit from its

50
protectedfrom birds C:D

Mean intensity

40

open to birds *

30
0

1011
10

Uninfected

0

'IC

ci

oc 0

c

Intensity of cysts in infected fish
FIG. 2. The effect of bird predation on parasitized fish. The histogram shows the estimated frequency of infection intensities
of the control (protected) and treatment (open) pens at the end of 20 d, indicating that parasitized fish were more likely to
be eaten than unparasitized fish and that highly parasitized fish were more likely to be eaten than lightly parasitized fish.
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4. Comparison of intensities of each parasite species
between parasitized killifish from the netted and open pens.
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TABLE

"0.8

Intensity of parasitism
E. californiiensis
Nt Mean

Range

Netted pen
60 1454 550-2650
Open pen
39 1102 550-3000
Mann-Whitney U
1759
>0.001
PT

0.6

R. buchanani
Mean Range

&

208.5 20-510
163.6 32-400
1449
0.046

0
0

0.4

0.2

0
CL

0

t N = no. of parasitized fish.
T P values reflect a two-tailed test.

< 1400 cysts

Uninfected

> 1400 cysts

Infected

A comparisonof the proportionof fish estimated
to have been eaten by birds after20 d (total numbermissing
in the open pen minus the numberthatescapedor died in the
nettedpen) showing thatheavily parasitizedfish were preyed
on more frequentlythan lightly parasitizedfish, which were
preyedon more frequentlythan unparasitizedfish. Fromleft
to right, percentages= 1/50, 10/45, and 37/46, respectively.
Errorbars are 95% confidence intervals indicating that all
three groups were significantlydifferent.
FIG. 3.

association

with Euhaplorchis

californiensis.

We plan

experiments to address these issues.
We have considered other explanations for our results
but, as we argue below, they do not appear to be better
alternatives to the behavior-modification hypothesis.
First, it is possible that, independent of parasitism, fish
from Carpinteria behave more oddly and are more susceptible to predation than fish from Devereux and Ventura. This explanation, however, does not explain the
associations of parasite intensity with behavior and predation seen with the fish from Carpinteriaonly. Second,
it could be that odd behavior in hosts leads to increased
susceptibility to infection by parasites (Moore and Gotelli 1990), not the reverse as we have assumed. If this
was the case, all else being equal, each population (parasitized and unparasitized) should have had individuals
with highly conspicuous behaviors-but only fish from
the parasitized population did. Third, increased time at
the surface might be a host adaptation if the host is
attempting to produce a behavioral fever to kill the parasite (Horton and Moore 1993). In our study, surfacing
was not the only behavior associated with parasitism.
Also, although surface temperatureswere slightly warmer in our field experiment (16?C at the surface vs. 14?C
at the bottom), surface waters were not warmer in the
flow-through aquariawhere we conducted our laboratory
observations on behavior. Fourth, parasitized fish might
be going to the surface to feed more, to help meet increased metabolic demands caused by parasitism (Milinski [1985] observed this effect with larval tapeworms
that place a high metabolic demand on their hosts).
Again, surfacing was not the only behavior associated
with parasitism. Also, the metacercariae in our study
probably do not extract much, if any, energy from the
killifish and we fed fish ad libitum in the laboratory and
mixed their food into the water column. Still, in spite
of our arguments against these four alternatives, it is
always possible that there are other factors associated
with parasitism and behavior that we have not considered.
Other studies have shown that larval trematodes affect the feeding behavior and time at the surface (Crowden and Broom 1980), schooling behavior (Radabaugh
1980), swimming performance (Coleman 1993), predator avoidance (Poulin 1993), vulnerability to non-host

predators (Brassard et al. 1982), vision (Dubois 1970,
Owen et al. 1993), survival over winter (Lemly and
Esch 1984), and mate choice (Rosenqvist and Johansson 1995) of their fish hosts. Some of these effects
likely also act to increase transmission to final hosts.
We know little about the mechanisms parasites use
to alter host behavior, but some evidence exists for
sophisticated manipulation of hormones and neurochemicals (Kavaliers and Podesta 1988, Helluy and
Holmes 1990). For larval tapeworms, increased oxygen
demand partially explains why parasitized fish frequently surface (Smith and Kramer 1987). In our study,
the physical presence of hundreds of metacercarial
cysts in the brain case might be sufficient to alter killifish behavior. Alternatively, the odd behaviors we observed are consistent with an interference with glutamate or dopamine (V. L. Trudeau, personal communication).
The behavior-modification hypothesis, in conjunction with the ubiquity of trophically transmitted parasites, greatly alters how we understand both hostparasite and predator-prey interactions. Clearly, larval
parasites are not simply inert cysts waiting for transmission (see reviews by Holmes and Bethel 1972, Curio 1988, Dobson 1988, Moore and Gotelli 1990, and
Poulin 1994a). Instead, parasites may, without extracting any significant host energy, greatly increase predation rates on intermediate hosts (e.g., Cram 1931,
VanDobben 1952, Rothschild, 1962, Szidat 1969,
Holmes and Bethel 1972). Intermediate hosts suffer the
brunt of this parasite strategy. If parasitism is common,
as it is for killifish, behavior modification might substantially reduce intermediate host densities. The implications for predators are also interesting. Because
adult E. californiensis worms are small (Martin 1950)
and probably short lived, it is unlikely that they impart
a significant energy cost upon the bird host. Renicola
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buchanani might be more pathogenic but is less abundant. If the cost of parasitism is less than the energy
gained from capturing more fish, parasites might benefit birds by acting as a delivery service that enables
birds to eat fish that are otherwise difficult to capture
(Lafferty 1992). In some cases, parasites might allow
the persistence of a predator in areas where one could
not previously exist (Freedman et al. 1987). If so,
trophically transmitted parasites could be more important for food web dynamics than has been acknowledged by most ecologists.
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