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Eye fluke-induced cataracts in natural fish populations:
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SUMMARY

Manipulation of host phenotype (e.g. behaviour, appearance) is suggested to be a common strategy to enhance transmission
in trophically transmitted parasites. However, in many systems, evidence of manipulation comes exclusively from
laboratory studies and its occurrence in natural host populations is poorly understood. Here, we examined the potential for
host manipulation by Diplostomum eye flukes indirectly by quantifying the physiological effects of parasites on fish. Earlier
laboratory studies have shown that Diplostomum infection predisposes fish to predation by birds (definitive hosts of the
parasites) by reducing fish vision through cataract formation. However, occurrence of cataracts and the subsequent potential
for host manipulation in natural fish populations has remained poorly explored. We studied the occurrence of eye fluke-
induced cataracts from 7 common fish species (Gymnocephalus cernuus, Rutilus rutilus, Leuciscus leuciscus, Alburnus alburnus,
Osmerus eperlanus, Coregonus lavaretus and Gasterosteus aculeatus) from the Bothnian Bay in the Baltic Sea. We found that
the parasite-induced cataracts were common in fish and they also reached high levels which are likely to predispose fish to
predation. However, we observed such cataracts only in species with the highest parasite abundances, which suggests that
only certain hosts may be strongly affected by the infection.
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INTRODUCTION studies are important when investigating host manip-
ulation experimentally, they can not address the
extent of manipulation in natural host populations
where it can be affected, for example, by variation
in infection dynamics and use of alternative host
species. Therefore, more field studies are needed to
estimate how common host manipulation is in natural
host populations.

In this study, we examined the effect of parasitic
eye flukes of the genus Diplostomum ('Trematoda) on
their natural fish hosts. Diplostomum parasites infect
a wide variety of freshwater and brackish water
fish species (Valtonen and Gibson, 1997), and their
metacercarial stages induce cataract formation in
the eye lenses of fish, which reduces their vision
(Rushton, 1937, 1938; Karvonen et al. 2004a).
In earlier laboratory studies, Diplostomum infection
has been shown to alter fish behaviour (Crowden
and Broom, 1980; Seppild et al. 2004, 2008b) and
appearance (Seppild et al. 2005a) so that their
vulnerability to avian predators (definitive hosts of
the parasites) increases (Seppdld et al. 2004, 2005b).
The most likely mechanism leading to these effects is
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Several parasite species that are transmitted trophi-
cally from prey to predators alter the phenotype
(e.g. behaviour, appearance) of their intermediate
hosts (reviewed by Moore, 2002). These changes can
be beneficial for parasites if they make infected hosts
easier prey for target hosts (next hosts in the life cycle)
and this way increase parasite transmission efficiency
(Rothschild, 1962; Holmes and Bethel, 1972).
Indeed, parasite-induced modifications in host
phenotype have been shown to predispose hosts
to predation in several parasite—host interactions
(e.g. Bethel and Holmes, 1973, 1977; Moore, 1983;
Lafferty and Morris, 1996; Mouritsen and Poulin,
2003; Lagrue et al. 2007; Seppili et al. 2008a), which
is why the ability of parasites to induce such effects is
widely considered as adaptive host manipulation.
However, in many study systems, host manipulation
has been studied only under laboratory conditions
(but see e.g. Moore 1983; Mouritsen and Poulin,
2003; Lagrue et al. 2007). Although laboratory
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vulnerability is most intensive after parasites become
infective to birds (Seppild et al. 2005b). Therefore,
the ability of these parasites to alter host phenotype
through cataract formation is likely to be a parasite
adaptation to enhance transmission to bird hosts.

Most of the previous evidence, however, comes
from laboratory studies using farmed rainbow trout
(Oncorhynchus mykiss) as a model host species, which
is why the occurrence of manipulation in natural fish
populations is poorly understood. Based on the
laboratory evidence, however, the degree of manip-
ulation is linked directly to the coverage of parasite-
induced cataracts (Seppild et al. 2005b). Thus,
potential for manipulation in natural populations
could be approached indirectly by using cataract
coverage as a proxy for manipulation. In an earlier
study, parasite-induced cataracts have been observed
in natural populations of walleye (Stizostedion
vitreum) and white sucker (Catostomus commersont)
(Marcogliese et al. 2001) suggesting that these species
are potentially manipulated by the parasite. How-
ever, to our knowledge, such information is lack-
ing for most fish species infected by Diplostomum
parasites.

The aim of the present study was to quantify the
occurrence of parasite-induced cataracts in fish
populations across a natural host community and
subsequently assess potential for host manipulation
by Diplostomum eye flukes in the wild. It is important
to note that the taxonomy of these parasites is not
completely resolved (see Gibson, 1996; Galazzo et al.
2002), and fish are often infected with more than one
eye fluke species (e.g. Valtonen and Gibson, 1997;
Locke et al. 2010). Therefore we refer to Diplostomum
spp. in this work. By sampling populations of 7 fish
species from the Bothnian Bay in the Baltic Sea
we found that the parasite-induced cataracts were
common in fish and they also reached levels that are
likely to predispose fish to predation (see Seppéild
et al. 2005b). However, we observed intensive cata-
racts only in species with the highest parasite
abundances, which suggests that only certain hosts
may be strongly affected by the infection.

MATERIALS AND METHODS
Data collection

In May 2006, we sampled 7 fish species, ruffe
(Gymnocephalus cernuus), roach (Rutilus rutilus),
dace (Leuciscus leuciscus), bleak (Alburnus alburnus),
smelt (Osmerus eperlanus), whitefish (Coregonus
lavaretus) and three-spined stickleback (Gasterosteus
aculeatus), 100 individuals of each, from the N.E.
Bothnian Bay (65°06'N, 25°19'E) in the Baltic Sea.
Studied species are very common in the area and thus
potentially important hosts for the parasites. We
collected the samples in spring, before the beginning
of parasite transmission from snails (see Karvonen
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et al. 2004b). We did this to ensure that the fish were
not infected with any recently established parasites
since metacercariae generally induce cataracts after
they have reached infectivity to the avian hosts
(see Seppili et al. 2005b). We caught the fish using
fyke nets and brought them to the laboratory im-
mediately after catching for further examination.

We measured the coverage of parasite-induced
cataracts from the lenses of each fish with a Kowa
Portable Slit Lamp SL-14 microscope (see Wall
and Bjerkds, 1999; Karvonen et al. 2004a) using a
subjective scale: 0 =no cataracts, 1 = cataracts cover-
ing less than 25%, 2=cataracts covering 25-50%,
3 = cataracts covering 50-75%, 4 = cataracts covering
75-100%, 5=cataracts covering 100% of the lens
horizontal area. We did not estimate ‘thickness’ of the
cataracts. Based on our earlier study on predation
vulnerability of infected rainbow trout (Oncorhyn-
chus mykiss) (Seppild et al. 2005b), we considered
cataracts covering more than 50% of the lens area
(mean from both eyes) likely to increase the suscep-
tibility of fish to predation. For the purpose of this
study, we considered the effect of cataracts to be
similar across the fish species. However, we can not
completely rule out the possibility for slight differ-
ences in cataract development and degree of manip-
ulation between the fish species, as well as between
different Diplostomum species possibly occurring in
these fish (see Discussion section). Nevertheless, it is
important to note that in all studied fish species,
development of cataracts in relation to the number of
parasites followed the same general pattern. In low-
level infections, individual parasites were surrounded
by their metabolites, which accumulated with the
number of parasites leading to gradual loss of opacity
of the lens as the metabolites became overlapping.
Furthermore, our goal was not to estimate the exact
predation rates of fish, or the mechanisms underlying
possible variation in cataract coverage among the host
species, but instead to use cataract coverage as a proxy
of the potential of host manipulation.

Cataracts induced by factors other than parasites
(e.g. nutrition, temperature) can also occur in fish
(see Bjerkas and Sveier, 2004). However, we con-
sidered this unlikely in the present study because the
coverage of the cataracts depended on parasite abun-
dance (number of parasites in a fish; Bush et al. 1997)
in all studied fish species (Spearman’s rank corre-
lation: ruffe: »=0-833, P<0-001; roach: r=0-814,
P<0-001; dace: ¥=0-739, P<0-001; bleak: »=0-743,
P<0-001; smelt: »=0-768, P<0-001; whitefish: »=
0-892, P< 0-001; three-spined stickleback: »=0-779,
P<0-001), and we did not find any cataracts from the
uninfected fish individuals. After determining the
coverage of cataracts, we dissected the eye lenses to
count the Diplostomum metacercariae in them, and
measured the length of each fish (1 mm). Since we
were only interested in fish suitable in size for avian
predation (definitive hosts of the parasites), we did
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Table 1. Number of fish studied (INV), body length, prevalence of infection (%), mean and median
abundance of parasites, and estimate of the degree of aggregation of the frequency distribution of parasites
(k) in seven wild fish populations studied from the N.E. Bothnian Bay in the Baltic Sea

Body length (mm) Abundance

Fish species N Mean £ s.E. Prevalence Mean Median k

G. cernuus 98 106£1-9 100 20-0 19-0 2:90
R. rutilus 98 141£1-3 100 30-8 23-0 1-82
L. leuciscus 92 160£1-3 100 793 65-0 366
A. alburnus 99 130£1-2 90 4-4 4-0 2:20
O. eperlanus 98 151£1-5 91 56 4-0 1-47
C. lavaretus 86 140 3-6 70 56 2-5 0-51
G. aculeatus 99 64104 76 21 2:0 1-65

not consider fish longer than 200 mm (see Bugoni and
Vooren, 2004; Mauco and Favero, 2004). From a
total of 30 fish, we could not determine either cataract
coverage or parasite abundance and we excluded
them from the data.

Statistical analyses

We analysed the variation in the coverage of parasite-
induced cataracts between fish species using a
Kruskal-Wallis test. We used a non-parametric test
because we measured cataract coverage using an
ordinal scale (6 categories; see above). In the analysis,
we used the mid-value from both eyes as a response
variable. Furthermore, because frequency distri-
butions of most macroparasites are aggregated in
the host populations (i.e. most individuals have low
parasite abundances, and only few have very high
abundances; see Shaw et al. 1998), we estimated the
degree of aggregation in our study populations using
maximum-likelihood methods (see Wilson et al.
1996). Since our data showed aggregation in all
studied fish populations (Table 1; the distribution
converges to Poisson when k> 20 (Wilson et al. 1996),
we analysed the variation in parasite abundance
between the fish species using a generalized linear
model (GZLM) with negative binomial errors and
log-link function. We also analysed the relationship
between parasite abundance and cataract coverage
among the fish species using a Spearman’s rank
correlation. In the analysis, we used the medians of
parasite abundance and cataract coverage as variables.
We conducted all analyses and distribution fitting
using the R 2.8.0 statistical package.

RESULTS

We found parasite-induced cataracts from all
studied fish species (Fig. 1), and the cataract coverage
reached high levels (i.e. the mid-coverage of both
eyes being at least 50% which potentially predisposes
fish to predation (see Seppild et al. 2005b) in
13% of the studied fish individuals. However, the

coverage of cataracts varied between the fish species
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(Kruskal-Wallis test: X%=379'46, P<0-001; Fig. 1),
and we observed intensive cataracts (>50% coverage)
only in dace (66% of individuals), ruffe (14%
of individuals) and roach (11% of individuals).
Furthermore, the abundance of infection between
the fish species was highly variable (GZLM: estimate
=0-20, s.£.=0-03, Z=7-71, P<0-001), mean and
median abundances ranging from 2:1 and 2-0 in
three-spined stickleback to 79-3 and 65-0 in dace,
respectively (Table 1). The rank correlation between
parasite abundance and cataract coverage (medians)
was positive among the fish species (Spearman’s
rank correlation: »=0-898, P=0-006), which suggests
that the between-species variation in the coverage of
parasite-induced cataracts was at least partly deter-
mined by variation in parasite abundance.

DISCUSSION

Trophically transmitted parasites commonly increase
their transmission probability by manipulating their
intermediate hosts’ phenotype in ways which predis-
pose them to predation (reviewed by Moore, 2002).
Diplostomum eye flukes are also known to alter fish
behaviour (Crowden and Broom, 1980; Seppili et al.
2004, 2008b) and appearance (Seppaild et al. 2005a)
so that their vulnerability to predation increases
(Seppiéld et al. 2004, 2005b). The most likely
mechanism leading to host manipulation in this
system is cataract formation induced by the parasites
(Seppilid et al. 2005b). However, the formation of
parasite-induced cataracts and host manipulation
have been described in detail only under laboratory
conditions using farmed rainbow trout as a model
host species (Seppild et al. 2005b). Thus, the
occurrence of cataracts and the subsequent potential
for host manipulation in natural host populations
have remained largely unknown (but see Marcogliese
et al. 2001). In this study, we found that the parasite-
induced cataracts are common in natural fish popu-
lations, and they can reach levels which potentially
predispose fish to predation (>50% coverage; see
Seppiild et al. 2005b). This suggests that Diplostomum
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Fig. 1. Frequency distributions (proportions) of parasite-
induced cataracts observed in eye lenses of (a) G. cernuus,
(b) R. rutilus, (¢) L. leuciscus, (d) A. alburnus,

(e) O. eperlanus, (f) C. lavaretus and (g) G. aculeatus
studied from N.E. Bothnian Bay in the Baltic Sea.
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parasites are likely to manipulate their fish hosts in
nature.

Although parasite-induced cataracts were common
in the studied fish populations, the coverage of
cataracts varied greatly between the fish species. We
found intensive cataracts (>50% coverage) only in
dace (66% of individuals), ruffe (14% of individuals)
and roach (11% of individuals), which suggests that
only certain species may be strongly affected by the
infection. It is important to note, however, that we
did not measure the susceptibility of fish to predation
directly, but estimated the potential for host manip-
ulation in terms of cataract coverage. Thus, the effect
of the infection on actual predation rates can be
different if, for instance, the effect of cataracts in
different species is not similar. For example, species
preferring shallow waters, such as dace and roach,
are likely to be exposed to avian predation more
frequently than benthic fish such as ruffe. This is
because many bird species, such as gulls and terns,
are able to catch fish only from the water surface
whereas diving birds, such as loons and mergansers,
can reach also deeper water layers. Therefore, pos-
sible increase in the susceptibility to predation due to
cataracts is likely to depend also on host ecology.
Furthermore, because we sampled natural fish
populations, it is possible that individuals with the
highest coverage of cataracts were under-represented
in the samples if, in general, they are rapidly removed
from the populations by predators (see Seppili et al.
2005b). This could mean that the species with the
lowest observed cataract coverage (<25% of the lens
area; bleak, smelt, whitefish, three-spined stickle-
back) were actually the most strongly manipulated.
This, however, is unlikely because the intermediate
cataract intensities (i.e. 25—-50% coverage), below the
proposed ‘threshold’ of manipulation (50% coverage;
Seppili et al. 2005b), were mostly missing in those
species.

The coverage of cataracts also depended on parasite
abundance so that we found intensive cataracts (>50%
coverage) only from the species with the highest
parasite abundances (dace, roach and ruffe). This
suggests that the abundance of infection at least
partly explains the observed differences in the cover-
age of parasite-induced cataracts among the fish
species (see also Karvonen et al. 2004a). Thus,
factors underlying variation in parasite abundance
likely contribute also to variation in cataract forma-
tion. However, also other factors may be important.
For example, as we did not determine the parasite
species identity in the studied fish populations, the

The coverage of cataracts was measured using a subjective
scale: 0 =no cataracts, 1 = cataracts covering less than 25%,
2 = cataracts covering 25-50%, 3 = cataracts covering
50-75%, 4 = cataracts covering 75—-100%, 5= cataracts
covering 100% of the lens horizontal area. The mid-values
of both eyes are shown in the figure.
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fish may have been infected with different eye fluke
species (see Locke et al. 2010). This may have
brought some additional variation in cataract for-
mation among the fish species. However, Diplosto-
mum species infecting fish eye lenses are ecologically
(e.g. life cycle, transmission strategies) very similar.
Thus, their ability to induce cataracts can be expected
to be under similar selective pressures, and the
differences among species are likely to be small.
Furthermore, it is possible that fish species differ in
their susceptibility to cataract formation, i.e. a certain
abundance of infection may induce different coverage
of cataracts in different species. This is possible, for
example, because the size of the lens varies consider-
ably between fish species (Karvonen and Seppili,
2008), and the number of parasites required to impair
fish vision is likely to increase with lens size. This
suggests that the species with the smallest lenses
could be most vulnerable to reduction in vision due to
the infection. This question, however, could not
be addressed using these data and would require
controlled experimental infections of uninfected
individuals under laboratory conditions. However,
techniques for the production and maintenance of
several wild fish species under parasite-free labora-
tory conditions are currently not available.

To conclude, our results show that Diplostomum
parasites are able to induce high-level cataracts in the
wild populations of their natural fish hosts. This
supports the earlier conclusions from laboratory
experiments by suggesting that eye flukes are likely
to manipulate fish phenotype also under natural
conditions. Potential for manipulation, however, may
vary among host species because intensive cataracts
were observed only in certain fish species. Thus,
different host species may not be equally affected by
the infection and only some of them may be primarily
responsible for maintaining the parasite populations
(‘required hosts’; sensu Holmes, 1979). Furthermore,
such variation could be reflected in parasite popu-
lation dynamics and even energy flow in natural food
webs, which is why manipulation could also have
wider implications at the ecosystem level (see Lefevre
et al. 2009). These questions, however, remain to be
investigated.
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