
FISH PARASITOLOGY - ORIGINAL PAPER

Eye fluke (Tylodelphys clavata) infection impairs visual ability
and hampers foraging success in European perch

Jenny Carolina Vivas Muñoz1,2 & David Bierbach1
& Klaus Knopf1,2

Received: 19 December 2018 /Accepted: 27 June 2019 /Published online: 8 July 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Visual performance and environmental conditions can influence both behavioral patterns and predator-prey interactions of fish.
Eye parasites can impair their host’s sensory performance with important consequences for the detection of prey, predators, and
conspecifics. We used European perch (Perca fluviatilis) experimentally infected with the eye fluke Tylodelphys clavata and
evaluated their feeding behavior and competitive ability under competition with non-infected conspecifics, in groups of four
individuals, for two different prey species (Asellus aquaticus and Daphnia magna). To test whether the effect of T. clavata
infection differs at different light conditions, we performed the experiments at two light intensities (600 and 6 lx). Foraging
efficiency of perch was significantly affected by infection but not by light intensity. The distance at which infected fish attacked
both prey species was significantly shorter in comparison to non-infected conspecifics. Additionally, infected fish more often
unsuccessfully attacked A. aquaticus. Although the outcome of competition depended on prey species, there was a general
tendency that non-infected fish consumed more of the available prey under both light intensities. Even though individual prey
preferences for eitherA. aquaticus orD. magnawere observed, we could not detect that infected fish change their prey preference
to compensate for a reduced competitive foraging ability. As infection of T. clavata impairs foraging efficiency and competitive
ability, infected fish would need to spend more time foraging to attain similar food intake as non-infected conspecifics; this
presumably increases predation risk and potentially enhances transmission success to the final host.
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Introduction

Parasites can have profound effects on host physiology, be-
havior, and survival (Moore 2002; Poulin 2007). Especially,
trophically transmitted parasites can alter the intermediate

hosts’ behavior or other phenotypic traits to increase suscep-
tibility to predation by the final host. This strategy to increase
transmission success can severely influence host ecology
(Moore 2002; Lafferty and Kuris 2012). Several studies have
associated parasitic infection with changes in a wide range of
fish behavior (Barber et al. 2000; Barber and Wright 2005).
However, hitherto, there are only a limited number of exper-
imental studies that can prove the causal relationship between
parasite infection and behavioral changes (Barber 2007). The
trematode Tylodelphys clavata (Nordmann, 1832) has a typi-
cal three-host life cycle including aquatic snails and fish as
intermediate hosts, and grebes (Podiceps spp.) as final hosts.
In the fish, T. clavata infect the vitreous humor and transmis-
sion to the final host is via trophic transmission. By infecting
the eyes, T. clavata and other diplostomatid trematodes can
potentially impair the visual performance (Shariff et al. 1980;
Stumbo and Poulin 2016). Consequently, eye flukes provide a
suitable model to study host manipulation and behavioral
changes.
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Various parts of the fish eye, such as the lens, vitreous
humor, and retina are target of Diplostomum spp. and
Tylodelphys spp. In some cases, damage to the sensitive opti-
cal tissues as well as cataract formation has been observed in
infections with these genera and associated with impaired vi-
sual function (Shariff et al. 1980; Padros et al. 2018; Ubels
et al. 2018). Behavioral studies have shown thatDiplostomum
spp., invading the eye lenses and causing cataract formation,
have important consequences on, among others, foraging ef-
ficiency, habitat selection, shoaling, and anti-predator behav-
ior (Crowden and Broom 1980; Owen et al. 1993; Seppälä
et al. 2004, 2005a, b, 2008, 2012; Gopko et al. 2017; Flink
et al. 2017). These alterations may increase the vulnerability
of infected fish to predators, and consequently enhance para-
site transmission. Less is known about vitreous humor dwell-
ing eye flukes as they have been considered less pathogenic
due to their location and the lack of histopathological infor-
mation related with these infections (Buchmann et al. 1997).
However, a recent study with common bully (Gobiomorphus
cotidianus (McDowall, 1975)) indicates that Tylodelphys sp.
metacercariae move in front of the visual field causing retinal
obstruction which can potentially reduce visual ability as
moving flukes may shift the light transmission over the retina
(Stumbo and Poulin 2016). This ocular obstruction seems to
be an adaptive manipulation by the parasites since it was sig-
nificantly higher during day time, when the final host is ac-
tively hunting for fish, than at night (Stumbo and Poulin
2016).

Our previous study (Vivas Muñoz et al. 2017) with natu-
rally infected European perch (Perca fluviatilis (Linnaeus,
1758)) showed that foraging efficiency declined with increas-
ing infection intensity of T. clavata (Nordmann, 1832).
Moreover, when two individuals competed for a limited food
resource, the more heavily infected fish consumed significant-
ly less of the available food. This indicates that eye fluke
infections may have a strong negative effect on the competi-
tive abilities of a visual predatory fish such as perch (Bergman
1988; Diehl 1988) in a foraging context. As a consequence,
infected fish would need to spend more time foraging in order
to attain similar food intake as less infected conspecifics. This
change in time budgets may increase predation risk (Crowden
and Broom 1980). Furthermore, infected fish may modify
their food preferences to compensate for reduced foraging
efficiency and lower competitive ability. Changes in food
preferences have been reported in three-spined sticklebacks
(Gasterosteus aculeatus (Linnaeus, 1758)) infected with ple-
rocercoids of the cestode Schistocephalus solidus (Müller,
1776) which also decrease foraging competitive ability of
the host (Milinski 1984; Barber and Huntingford 1995).
When competing with non-infected conspecifics for different-
ly sized Daphnia magna (Straus, 1820), infected sticklebacks
mostly fed on the smaller-sized prey for which the non-
infected fish had no preference (Milinski 1984). In the wild,

S. solidus infected female sticklebacks fed mostly on benthic
invertebrates while non-infected females of the same popula-
tion fed on planktonic cladocerans (Jakobsen et al. 1988). This
might be due to the need to compensate for higher nutritional
demands of infected compared to non-infected fish (Pascoe
and Mattey 1977) and catching pelagic prey would energeti-
cally be more demanding for infected fish as high swimming
activity is required (Jakobsen et al. 1988). European perch is
one of the most common fish species in northern-temperate
lakes (Craig 2000) and considered to be the primary host of
T. clavata (Kozicka & Niewiadomska 1960). Thus, knowl-
edge about parasite-induced changes in the feeding behavior
of perch could significantly contribute to the comprehensive
understanding of the role of this parasite in lake food webs.
Juvenile perch undergo an ontogenetic dietary shift from zoo-
plankton to benthic invertebrates a couple of months post-
hatching (Craig 1978; Guma’a 1978; Persson 1986).
However, individual feeding specialization has been observed
among juvenile perch which is assumed to reduce intraspecific
competition (Svanbäck and Persson 2004; Frankiewicz and
Wojtal-Frankiewicz 2012). For instance, some individuals
feed primarily on benthic macroinvertebrates, whereas others
feed mostly on zooplankton.

Considering the negative impact of T. clavata infection on
perch foraging ability in naturally infected fish (Vivas Muñoz
et al. 2017), we used for the first time experimentally infected
perch to prove the causal relationship between infection and
foraging behavior. Furthermore, we tested whether prey pref-
erences might be influenced by the infection status under in-
traspecific competition. We used laboratory-reared and exper-
imentally infected juvenile European perch and evaluated
their feeding behavior and competitive ability in small groups
of four individuals under competition for two different prey
species (Asellus aquaticus (Linnaeus, 1758) and D. magna).
Since light intensity can also affect visual performance of fish
and influence predator-prey interactions (Sandström 1999),
we observed the feeding behavior of perch under competition
at two light intensities. We hypothesized that decreasing light
intensity should intensify the impact of T. clavata on perch’s
visual ability and predicted that this should lead to an even
stronger negative effect of eye fluke infection on foraging
efficiency; prey preference; and ultimately, competitive ability
of perch under low light conditions.

Materials and methods

Experimental animals and maintenance

In order to obtain parasite-free fish, juvenile perch were raised
from fertilized egg ribbons collected during the first half of
April 2016 from Lake Müggelsee (Berlin, Germany). Egg
ribbons were hung in two 45-L glass aquaria (50 × 30 ×
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30 cm), and water was supplied by a drip system to the surface
in a flow-through system at 15 ± 1 °C. Perch fry hatched with-
in 5 days and were fed ad libitum with live Artemia salina
(Linnaeus, 1758) nauplii (Micro Artemia Cysts, Ocean
Nutrition, Essen, Belgium) once their yolk sack reserve was
exhausted.

Approximately 1 month post-hatching fish were trans-
ferred into a recirculating system with nine 200 L aquaria
(100 × 40 × 50 cm). Each of the holding tanks was aerated
and illuminated with a 1-m LED strip (eco + LED-strip DAY
5500 K, LEDaquaristik, Hövelhof, Germany) with a 12-h
dark-light photoperiod. Water temperature was maintained at
room temperature (20–22 °C). Fish were habituated to dry
food within 2 weeks. Food size was then progressively in-
creased up to 3 mm (Aller silver 3 mm, Aller aqua,
Christiansfeld, Denmark). Additionally, 1 month before the
behavioral experiments started, parasite-free live
A. aquaticus (Sciento, Manchester, UK) and D. magna (labo-
ratory bred) were offered together with dry food twice a week
to accustom perch to the prey used later in the experiments.

Experimental infection and tagging

Snails of the genus Radix, which are potential hosts for
T. clavata, were collected from Lake Grimnitzsee
(Brandenburg, Germany). In the laboratory, snails were
inspected for trematode infections by placing each individual
into a plastic test tube with tap water under a light source to
induce cercariae shedding. Live, freshly emerged cercariae
were observed under a light microscope (× 100–× 1000 mag-
nification), and morphological identification of T. clavata cer-
cariae was based on the description by Faltýnková et al.
(2007) and Mikeš (2001).

Snails with a patent infection of T. clavata were kept in the
laboratory in a 15-L glass aquarium with aerated copper-free
tap water at water temperature of 21 ± 1 °C with a natural
photoperiod. Snails were fed ad libitum with fresh lettuce.

Experimental infection was carried out 8 months post-
hatching. Twelve hours before the procedure, a snail was re-
moved from the holding tank, placed into a 0.5-L beaker, and
cercariae shedding was stimulated with light. The cercariae
concentration was estimated from the mean number of cercar-
iae in ten 0.05-ml aliquots. Then, 25 fish were randomly se-
lected from the holding tanks and placed individually in a 5-L
bucket with 2 L water and gentle aeration. Each fish was
exposed to 300 cercariae for 2 h. After the experimental in-
fection, fish were transferred back to the holding tanks. An
additional 20 control fish experienced the same treatment
without the exposure to cercariae. Fish were kept in groups
of ten individuals depending on their infection status until the
behavioral experiments. Four days post-infection, five fish
were killed by an overdose of MS-222 (0.5 g/L) (Sigma-
Aldrich, Taufkirchen, Germany) and inspected for the number

of establishedmetacercariae using a stereomicroscope (× 8–×
20 magnification). Identification of T. clavata metacercariae
was confirmed based on the morphological characteristics de-
scribed by Kozicka and Niewiadomska (1960). Infection in-
tensity of these five fish varied between 131 and 228
metacercariae per fish (average intensity ± SD 167 ± 41),
which was within the range of previous records in naturally
infected juvenile perch (Kennedy 2001; Vivas Muñoz et al.
2017).

Nine months post-infection, infected and non-infected fish
were tagged for identification. Fish were anesthetized with
MS222 (0.15 g/L) and tagged between the rays of the caudal
fin with visible implant elastomer (VIE, Northwest Marine
technology, Inc., Shaw Island, WA, USA) following the man-
ufacturer’s instructions. Afterwards, fish were returned to the
holding tanks.

Behavioral experiments

Ten months post-infection, the behavioral experiment started.
Both infected and non-infected fish used in the experiment
appeared healthy to the human eye and alteration in the be-
havior, such as decreased feeding rates or activity, was not
observed during the holding period.

The experiments were carried out in a glass aquarium
(100 × 40 × 50 cm; water depth 45 cm), illuminated with a
rectangular system composed of two 116-cm and two 50-cm
LED strips (eco + LED-strip DAY 5500 K, LEDaquaristik,
Hövelhof, Germany) placed 65 cm above the aquarium. The
experimental set upwas covered with a dark curtain in order to
exclude extraneous light. The photoperiod was programmed
using an automatic light control system (SIMU-LUX,
LEDaquaristik, Hövelhof, Germany). During acclimation
and the high light intensity experiment, the photoperiod was
set on a 12-h day/night cycle with 30 min dim sunrise and
sunset simulation; surface light intensity was 600 lx at day-
time. For the low light intensity experiment, sunrise simula-
tion stopped at a surface light intensity of 6 lx and was main-
tained until the end of the experiment. This was the lowest
light intensity at which we could clearly identify the small
prey (D. magna) and the colored tags of the fish on our video
recordings. Additionally, a green background containing 1 ×
1 cm grid was placed behind the back and under the base of
the aquarium.

Fish were tested in ten groups of four, size-matched indi-
viduals (two infected and two non-infected) with well distin-
guishable VIE tags. Even though we size-matched individuals
within groups (size difference within one group max. 2 mm),
average total length among groups varied between 13 and
16 cm. Fish were observed in groups to create a competitive
context and mimic natural conditions as juvenile perch usually
live in shoals and the presence of conspecifics seems to reduce
stress levels (Strand et al. 2007). Fish were allowed to
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acclimatize to the experimental conditions for 1 week and
were fed once a day with dry food and live A. aquaticus and
D. magna until 24 h before the experiment began. The accli-
matization time was extended long enough in order that all
fish show normal feeding behavior.

The experiments at the two light intensities were car-
ried out on two consecutive days, always in the morn-
ing, 30 min after simulated sunrise. On the day of the
experiment, an opaque plastic screen was carefully
placed in the aquarium and used to confine the fish in
the lateral 15 cm of the aquarium. Subsequently, 20 g
of black gravel (2–4 mm diameter), 30 live A. aquaticus
(5–8 mm length, measured from the top of the head to
the end of the pleotelson), and 40 live D. magna were
introduced into the aquarium. The gravel was evenly
distributed across the bottom of the tank providing ad-
equate hiding places for the A. aquaticus to prevent
their accumulation along the aquarium’s black silicone
seams. After 5 min, when A. aquaticus had settled and
distributed on the bottom of the tank, the opaque screen
was lifted and the feeding behavior of the fish was
recorded simultaneously using two cameras (Sony α
7S, Sony, Tokyo, Japan and objective ZEISS Batis
2/25, Carl Zeiss AG, Oberkochen, Germany) for
45 min, obtaining videos from the front and top of the
aquarium. Each camera was connected to a monitor-
recorder (Shogun inferno, Atomos Global Pty Ltd.,
Port Melbourne, Australia), which enables control of
the camera and the monitoring of the fish from outside
the experimental set up. After the experiment, fish were
again confined with the opaque plastic screen for 5 min
in order to remove the gravel and uneaten prey. After
the observations of each group had been completed at
both light intensities, the two infected fish were killed
by an overdose of MS222 (0.5 g/L). The eyes were
dissected, and the number of T. clavata metacercariae
was determined as described above.

Video and data analysis

Feeding behavior of perch

Reaction distance was used as a parameter of the visual ability
of the fish according to Vinyard and O’Brien (1976). It was
measured, as the distance between the fish snout and the prey
at the moment it first orientated, or accelerated towards the
prey. The two videos (front and top views) per experiment
were analyzed simultaneously allowing the calculation of the
reaction distance using Pythagoras’ theorem and correcting
for the perspective distortion. The first 20 attacks a fish made
to each prey species were used to calculate the mean reaction
distances per individual, which were subsequently used in the
analysis.

To compare the reaction distances between infected and
non-infected individuals at both light intensities, a linear
mixed model (LMM) with Gaussian error distribution and
linear link function was used. Mean reaction distance to
A. aquaticus and, separately, toD. magna were the dependent
variables. As fixed effect of interest, we include light intensity
(high vs. low) and infection status (infected vs. non-infected),
as well as their interaction term “light by infection.”However,
this interaction term had no significant effect in either model
(A. aquaticus: F1, 27.9 = 2.33; P = 0.14; D. magna: F1, 16.8 =
0.001; P = 0.98) and was thus removed from the final models.
Although body size of fish within each tested group was
matched, the ten groups differed slightly in average body size.
Therefore, each individual’s body size (TL) was included as a
covariate in the model. To account for the repeated testing of
the same individuals (in high and low light intensity) and the
group-wise test design, “group ID” as well as “individual ID
(nested within group)” were included as random factors.

To evaluate how successful attacks were, the fraction of
attacks when the fish successfully captured the prey was cal-
culated. This success rate (arcsin-sqrt transformed to match a
Gaussian distribution of data points) per prey species was then
used in an LMM with the above-described fixed and random
factors. In the final model for A. aquaticus, the interaction
term between light intensity and infection status was removed
as it was not significant (F1, 29.6 = 0.43, P = 0.51).

To test for differences in the number of consumed prey
between infection status and light intensity, two separate gen-
eral LMMs (Poisson error distribution, Log link function)
were run with the same fixed/random effects structure as de-
scribed above. For A. aquaticus consumption, the interaction
(light by infection) termwas retained, but it was removed from
the model analyzing D. magna consumption (F1, 75 = 2.64;
P = 0.11).

In order to assess if fish had a preference for one of the two
prey species, the fraction of consumed A. aquaticus towards
the total number of consumed items (A. aquaticus and
D. magna) was calculated per fish at each light intensity and
compared using a Kruskal–Wallis test.

Considering that some fish did not feed during the obser-
vation period, we evaluated the influence of infection status
(infected vs non-infected) on the tendency to feed by catego-
rizing the fish that fed and the ones that did not (yes vs. no)
using Pearson’s chi-square test per each light intensity.

Activity level of prey organisms

To observe if the light intensity had an influence on the activ-
ity level of A. aquaticus, we used the top view video to enu-
merate the number of gridlines that a prey individual crossed
within 1 min. Activity levels of 50 A. aquaticus (5 per video)
at each light intensity were compared using a Mann–Whitney
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U test. We did not succeed in achieving a comparable method
of determining the activity of D. magna.

For all analyses, significance was accepted when P ≤ 0.05.
All statistical analyses were performed in SPSS 25 (IBM,
New York, USA).

Results

The infection intensity of experimentally infected fish ranged
from 114 to 236 metacercariae per fish (mean ± SD 168 ± 31).
During the feeding experiments, a total of eight individuals
(20% of all fish tested) did not feed under both light intensi-
ties, six of which were infected (infection intensity ranged
from 148 to 225 metacercariae per fish). An additional non-
infected fish did not consume any prey item during the low
light intensity observation. Even though the majority of fish
that did not feed where infected, infection status did not sig-
nificantly affect the tendency to feed at both light intensities
(Pearson’s chi-square test: high light intensity: χ21 = 1.41; P =
0.235; low light intensity: χ21 = 0.57; P = 0.449).

Infected fish attacked both A. aquaticus and D. magna at
shorter distances compared to non-infected fish (LMM:
A. aquaticus: F1, 23.6 = 32.24; P < 0.001; D. magna: F1,

12.66 = 23.77; P < 0.001; Fig. 1). This difference between in-
fected and non-infected fish was independent of light intensity
(LMM: A. aquaticus: F1, 28.8 = 0.42; P = 0.523;D. magna: F1,

17.61 = 1.00; P= 0.33).
Attacks towards D. magna were almost always successful,

regardless of whether the fish were infected or not (99% ± 2%
SD). Attacks on A. aquaticus showed a differentiated picture:
infected fish had significantly lower success rates compared to
non-infected fish (LMM: F1, 30.9 = 5.90; P = 0.021), and this
was independent of light intensity (LMM: F1,30.3 = 1.68; P =
0.21; Fig. 2). Infected fish failed more frequently to make

contact with the prey by snapping at it before the prey was
within range or getting a stone of gravel instead of an
A. aquaticus which was next to it.

In general, infected fish consumed less of the avail-
able prey than the non-infected fish (Fig. 3). Regarding
the consumption of A. aquaticus, we found non-infected
fish to consume similar amounts of prey items at both
light intensities while infected fish increased the con-
sumption of A. aquaticus at low light intensity (Fig. 3;
LMM: sig. effect of interaction term between light in-
tensity and infection status: F1, 75 = 9.99; P = 0.002;
main factors: light intensity: F1, 75 = 7.43; P = 0.008;
infection status: F1, 75 = 1.70; P = 0.197). The consump-
tion of D. magna by perch showed a similar trend, but
there was no significant effect of the light intensity
(LMM: F1, 76 = 0.29; P = 0.59) or infection status

Fig. 1 Reaction distance of non-
infected and Tylodelphys clavata-
infected juvenile European perch
(Perca fluviatilis) under
competition attacking a Asellus
aquaticus and b Daphnia magna
at two light treatments: high light
intensity (600 lx) and low light
intensity (6 lx). Box plots show
medians (horizontal thicker lines),
means (black circles), first and
third quartiles (box limits), ranges
(whiskers), and extreme values
(open circles)

Fig. 2 Percentage of successful attacks by non-infected and Tylodelphys
clavata-infected juvenile European perch (Perca fluviatilis) under
competition when attacking Asellus aquaticus under two light
treatments: high light intensity (600 lx) and low light intensity (6 lx).
Box plots show medians (horizontal thicker lines), means (black
circles), first and third quartiles (box limits), ranges (whiskers), and
extreme values (open circles)
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(LMM: F1, 76 = 0.90; P = 0.35). In all analyses, body
size of the experimental fish had no significant effect
(results not shown).

Individual feeding preference of perch for either D. magna
or A. aquaticus was observed. Considering only the individ-
uals which fed, at low light intensity, one third of the fish
consumed predominantly A. aquaticus (> 80% of all con-
sumed prey items) and another third of the individuals con-
sumed predominantlyD. magna (> 80% of all consumed prey
items). A similar pattern was observed at high light intensity
whereby 70% of fish showed the same prey preference as in
the experiment at low light intensity. However, prey prefer-
ence of the fish was not influenced by infection status. The
mean fraction of A. aquaticus from the total consumed prey
items was similar between infected and non-infected individ-
uals at both light intensities (Kruskal–Wallis test: χ2 = 0.228,
df = 3, P = 0.97; Fig. 4).

The activity of A. aquaticus was significantly affected by
the light intensity. The animals were more than twice as active
at the low light intensity as at the high light intensity (Mann–
Whitney U test: W = 1; n1 = n2 = 10; P < 0.001; Fig. 5).

Discussion

It is widely accepted that parasites can have strong effects on
fish behavior (Barber et al. 2000; Barber and Wright 2005;
Barber et al. 2017). Infection of sensory organs may impair
their performance and consequently affect the fish’ perception
of the environment, which in turn may result in a modified
behavior. A previous study with naturally infected perch has
already shown a correlation between T. clavata intensity and
reaction distance as well as impaired competitive ability of
their host (Vivas Muñoz et al. 2017). However, in the latter

Fig. 4 Proportion of Asellus
aquaticus and Daphnia magna
ingested by non-infected and
Tylodelphys clavata-infected
juvenile European perch (Perca
fluviatilis) under competition at
two light treatments: high light
intensity (600 lx) and low light
intensity (6 lx)

Fig. 3 Consumption of a Asellus
aquaticus and b Daphnia magna
by non-infected and Tylodelphys
clavata-infected juvenile
European perch (Perca fluviatilis)
under competition at two light
treatments: high light intensity
(600 lx) and low light intensity
(6 lx). Bars indicate mean value ±
standard error
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study, it remained unclear whether the observed behavioral
alterations are cause or consequence of infection (Poulin
1995). For instance, weaker competitors might be intrinsically
prone to infection, rather than infection being responsible for
reduced competitive ability. The present experiments, with
parasite-free laboratory-reared and experimentally infected
perch, now provide evidence for the causal relationship be-
tween the infection of T. clavata and the negative effects de-
rived therefrom on the foraging efficiency and competitive
ability of their host.

Tylodelphys clavata metacercariae inhabit the vitreous hu-
mor preferring the suspensory ligaments, which are important
for focus adjustment (Kennedy 2001; Khorramshahi et al.
2008). Moreover, there is evidence that Tylodelphys sp.
metacercariae cause retinal obstruction in common bully
(G. cotidianus). As flukes move in the visual field, they may
shift the light intensity over the retina, thus impairing visual
ability (Stumbo and Poulin 2016). These alterations can im-
pose vital constrains in a visual predator such as European
perch (Bergman 1988; Diehl 1988). The reaction distance is
a common behavioral measure of visual ability (Vinyard and
O’Brien 1976). In addition to the impact of Tylodelphys spp.
on the visual performance of the fish host as suggested by
Stumbo and Poulin (2016) and Vivas Muñoz et al. (2017),
eye flukes also affect the host’s energy budget (Voutilainen
et al. 2008). However, the energy requirement for the mainte-
nance of the small, full-grown metacercariae is presumably
low and the effects of infection on the reaction distance can
hardly be explained by the energy debt caused by the parasite.
Additionally, histological sections of common bully’s eyes did
not reveal damage to the optical tissues caused by the presence
of Tylodelphys sp. metacercariae (Stumbo and Poulin 2016).
Thus, the effect on visual ability is considered as the main
impact of T. clavata. In this study, we found that the distances
at which infected perch attack both A. aquaticus and

D. magnawere shorter in comparison to non-infected conspe-
cifics. The reaction distances of the experimentally infected
perch are comparable to those of naturally infected perch
(Vivas Muñoz et al. 2017).

We observed that non-infected fish had higher success rates
when preying onA. aquaticus than infected ones. This was not
only due to successful escapes of the prey, but also due to
attacks when infected fish failed tomake contact with the prey.
Crowden and Broom (1980) reported similar results for dace
(Leuciscus leuciscus (Linnaeus, 1758)), where the reaction
distances decreased as the infection intensity of the eye fluke
Diplostomum spathaceum (Rudolphi, 1819) increased.
Simultaneously, the number of unsuccessful attacks and at-
tacks towards inedible objects increased. Furthermore, heavily
infected dace spent more time feeding. The present study
shows that impaired sensory performance is not only caused
by eye flukes invading the lens such as Diplostomum spp. but
also by vitreous humor-dwelling eye flukes.

Since foraging efficiency is affected by T. clavata, as a
compensatory mechanism fish would have to increase the
amount of time spent foraging. This would presumably come
at the expense of other activities, such as anti-predator behav-
ior. Risk-taking behavior during foraging of fish infected with
eye flukes has not yet been analyzed. However, it is known
that dace infected with D. spathaceum spend more time near
the water surface while foraging, which may increase their
vulnerability to predators (Crowden and Broom 1980).
Furthermore, several studies withDiplostomum spp. invading
the eye lenses have shown that infection can impact various
behavioral patterns (e.g., impaired crypsis, reduced escape
response, and activity latency after a simulated avian predator
attack) which may increase predation risk and consequently
transmission success to the final host (Seppälä et al. 2005a, b;
Gopko et al. 2017; Flink et al. 2017). Despite the lack of
information on the influence of vitreous humor-dwelling eye
flukes on their hosts’ anti-predatory behavior, the detrimental
effect caused by Tylodelphys sp. seems to be an adaptive ma-
nipulation, as retinal obstruction significantly increases during
day time, when the final host is active (Stumbo and Poulin
2016).

Perch is visually adapted to day light conditions and forag-
ing is nearly totally absent during the night (Ali et al. 1977;
Bergman 1988; Diehl 1988; Guma’a 1978). Besides being
diurnally active, high foraging activity also occurs during
dusk and dawn (Craig 1977; Persson 1983; Huusko et al.
1996). We initially hypothesized that decreasing light intensi-
ty would intensify the impact of T. clavata on the visual abil-
ity. However, in our experiments, light intensity did not sig-
nificantly affect the reaction distance or success rate of perch.
Commonly, the reaction distance of visual predators decreases
when light intensity falls below a certain threshold level
(Vinyard and O’Brien 1976). It has been shown that the attack
success of European perch decreases to 60% at 0.02 lx

Fig. 5 Activity level of Asellus aquaticus, measured as lines crossed per
minute, at high light intensity (600 lx; n = 50) and low light intensity (6 lx;
n = 50). Box plots show medians (horizontal thicker lines), first and third
quartiles (box limits), ranges (whiskers), and extreme values (open
circles)
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(Bergman 1988), and the reaction distance of the closely re-
lated yellow perch (Perca flavescens (Mitchill, 1814)) greatly
decreases when light intensity falls below 2 lx (Richmond
et al. 2004). Consequently, our low illumination level of 6 lx
may not have been low enough to detect a significant extra
effect of the eye flukes on the reaction distance or success rate
of perch. Another variable that can negatively affect the feed-
ing efficiency of visual predators by reducing their reaction
distance is turbidity (Vinyard and O’Brien 1976; Utne 1997).
Accordingly, feeding rate of European perch decreases with
increasing turbidity levels (Nurminen et al. 2010; Pekcan-
Hekim et al. 2013). Thus, both light intensity and turbidity
should be considered in further studies evaluating the impact
of eye fluke infection under different environmental
conditions.

The outcome of competition for limited resources is strong-
ly influenced by the competitor’s abilities, the environmental
conditions, and social dominance (e.g. Eiane et al. 1997;
Winfield 1986; Metcalfe 1986; Westerberg et al. 2004). A
previous study showed that infection with T. clavata correlates
significantly with the host foraging success in competition
between two individuals (Vivas Muñoz et al. 2017).
Similarly, in the present study with groups of four individuals,
infected fish consumed less of the available A. aquaticus than
the non-infected conspecifics under high light intensity.
However, when light intensity decreased, infected fish in-
creased the consumption of A. aquaticus and no difference
was detected between infected and non-infected individuals.
The obvious compensation of the impaired competitive ability
caused by the infection with T. clavata can be explained with
light-dependent behavioral changes of the prey. From a field
study, Andrikovics (1981) described an approximate threefold
increase of A. aquaticus nocturnal activity compared to the
day time, and during the experiments, A. aquaticuswere twice
as active at low light intensity as at high light intensity. The
increased activity of A. aquaticus may result in an increase in
the prey encounter rate. This should equally benefit infected
and non-infected fish. However, the easier detectability of the
crawling prey may reduce the restriction caused by impaired
vision ability closing the competitiveness gap between infect-
ed and non-infected fish. The diurnal behavior of the
metacercariae, as shown for a Tylodelphys species in New
Zealand, where retinal obstruction caused by the presence of
the parasites decreased at night time (Stumbo and Poulin
2016), might also affect the competitivity of infected fish at
different light conditions. However, this does not seem to
apply to T. clavata at the light intensities used in our experi-
ment, since light intensity had no effect on the reaction dis-
tance or visual performance of infected fish.

Furthermore, infected fish may to some extent compensate
their reduced visual ability by social information from non-
infected conspecifics. One of the benefits of being part of a
group is an increase in detection of food sources, even when

subject to competition by members of the group (Pitcher and
Parrish 1993). European perch have a higher capture and
growth rate in groups than solitary individuals (Eklöv 1992).
Thus, it is possible that visually impaired infected fish use
information from other members of the group for prey loca-
tion. This strategy would be most profitable when prey is
clustered together as more prey would enter the reduced visual
range of infected fish. In our experiment, this was the case
withD. magna, which was patchily distributed in comparison
to A. aquaticus, and this might be a reason why consumption
of D. magna did not significantly differ between infected and
uninfected fish.

In our experiments, a total of eight individuals did not feed
at both light intensities, six of which were infected. This might
be related to the social position of these fish within the group.
For rainbow trout (Oncorhynchus mykiss (Walbaum, 1792)), it
has been shown that some individuals can directly suppress
the foraging rate of others through aggressive behavior
(Metcalfe 1986; Brännäas et al. 2001). On the other hand,
within groups of young perch, overt aggressive behavior as
interference competition for food resources is still unclear.
Westerberg et al. (2004) observed that in some cases, individ-
uals with the highest prey attack rate performed aggressive
acts against other members of the group. Contrarily, no ag-
gressive behavior was observed during feeding experiments
by Staffan et al. (2002). Although we did not observe aggres-
sive interactions between the experimental fish, and did not
find significant evidence that the absence of foraging was
related to the infection status, it cannot be ruled out that social
dominance or interaction may have influenced the foraging
behavior of these individuals.

Parasite-induced impaired visual ability can also affect the
performance of a fish within a shoal, as it depends on an
adequate response to various sensory stimuli, especially visual
stimuli from shoal mates (Partridge and Pitcher 1980).
Observations on the shoaling behavior of rainbow trout
showed that individuals infected with D. spathaceum formed
smaller shoals, more often divided into separate groups, and
after a simulated avian predator attack, shoal cohesiveness did
not increase in comparison to non-infected shoals. These al-
terations may increase predation risk and consequently en-
hance transmission success to the final bird host (Seppälä
et al. 2008). It has also been detected that non-infected three-
spined sticklebacks prefer to join mixed shoals with both
Diplostomum pseudospathaceum (Niewiadomska, 1984) in-
fected and non-infected members over non-infected shoals,
while infected individuals did not show any preference
(Rahn et al. 2018). In this case, non-infected fish could benefit
when competing for food resources with weak competitors.
However, increased predation risk might be the price of that
benefit as infected fish may be less alert or behave differently
making the group more vulnerable to predators. The influence
of T. clavata on shoaling behavior of its fish hosts has yet not
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been studied, but considering its impact on visual ability, it is
feasible that similar effects as described for Diplostomum spp.
could be observed.

There is evidence of individual feeding specializations
among perch juveniles, which has been considered to be a
strategy to reduce intraspecific competition (Svanbäck and
Persson 2004; Frankiewicz and Wojtal-Frankiewicz 2012).
In a long time study, individual feeding specialization fluctu-
ated with population density in response to resources levels
(Svanbäck and Persson 2004). Considering the impact of
T. clavata infection on visual ability, we initially hypothesized
that infected fish may change their food preferences as a com-
pensatory mechanism for reduced foraging competitive abili-
ty. For instance, infected fish would prefer to feed on a prey
for which there is less competition as it has been observed in
three-spined sticklebacks infected with S. solidus (Milinski
1984). Even though we observed a clear individual prey pref-
erence among the experimental individuals, which was con-
sistent in the two consecutive observations under the two dif-
ferent light intensities, we found no evidence that the infection
status affected the prey preference.

The fact that fish infected with T. clavata would need to
spend more time foraging to attain similar food intake as non-
infected conspecifics presumably increases their predation
risk. Furthermore, our results showed that prey species and
behavior can also influence the outcome of competition.
Within a small group, infected fish performed better compet-
ing for a prey clustered together in an area (D. magna) than for
a prey spatially more dispersed (A. aquaticus). However, an
interesting question for further studies is whether infected fish
may modify their risk-taking behavior as a compensatory
mechanism for reduced foraging competitive ability; for in-
stance, by being more willing to feed in areas with higher
predation risk or being less alert and resume feeding faster
after an unsuccessful predatory attack. A modification on the
risk-taking behavior during foraging may increase predation
risk and potentially enhance transmission success of T. clavata
to the final bird host.
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