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1  | INTRODUC TION

The manipulation of a host organism by its parasites is a widespread 
phenomenon that varies in its expression across taxa and interac‐
tions, from helminths that cause corals to swell and turn pink to fungi 
that move their hosts to vantage points ideal for spore dispersal 
(Aeby, 2002; Andersen et al., 2009; Holmes & Bethel, 1972; Moore, 
2002, 2013; Poulin, 2010). However, classifying a behavioural 
change as a parasite “manipulation” has not been the easiest of tasks. 
Poulin (2010) defines manipulation as any interaction that alters the 

host phenotype (behavioural, physical or otherwise) in ways that in‐
creases the fitness of the parasite. Within this definition, four gen‐
eral types of manipulation were identified, and of these, the most 
dramatic occurs when a parasite requires its current host to be in‐
gested by another to complete its life cycle (Poulin, 2010). Termed 
parasite‐increased trophic transmission, this form of manipulation 
has been a hot topic in recent years (Lafferty, 1999; Moore, 2002, 
2013; Poulin, 2010).

In trematodes, manipulation often occurs in one of the interme‐
diate hosts (Aeby, 2002; Carney, 1969; Poulin, 2010; Wesolowska & 
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Abstract
Parasites manipulating their host to facilitate trophic transmission is a widespread 
and diverse phenomenon. Trematode eye‐flukes in the family Diplostomidae infect 
a variety of fish species as metacercariae, many residing in the eyes. A recently de‐
scribed diplostomid, Tylodelphys darbyi, from the South Island of New Zealand has 
been found to infect common bully Gobiomorphus cotidianus, an endemic freshwater 
fish. Within the fish, the metacercariae move about freely in the liquid parts of the eye 
and are quite large. We hypothesized that increasing intensity of T. darbyi infection 
will result in increasing visual impairment, thus reducing the ability of G. cotidianus to 
identify and react to a predatory threat. To test this hypothesis, we performed ex‐
periments to (a) examine the fish's reaction to a purely visual predator cue and (b) test 
their ability to avoid simulated predation under natural levels of infection. Among the 
64 fish used in our experiments, T. darbyi	had	a	prevalence	of	98.7%	with	an	aver‐
age of 17.6 worms per fish. However, there was no relationship between T. darbyi 
intensity and either the fish's reaction to a visual predator stimulus or their ability to 
escape a simulated predator. Our findings indicate that despite being present in large 
numbers in the eyes of its fish host, the parasite appears incapable of improving its 
chances of trophic transmission to its avian definitive host. The results also suggest 
that the fish G. cotidianus could be using other senses (e.g., olfaction and lateral line) 
to compensate for visual impairment, and detect and respond to predators.
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Wesolowski, 2014). A generalized three‐host life cycle starts with a 
miracidium entering a snail, 1st intermediate host, developing into a 
colony of sporocysts, and asexually producing cercariae (Galaktionov 
& Dobrovolskij, 2003). Cercariae are then released into the environ‐
ment to seek out the 2nd intermediate host in or on which they en‐
cyst as metacercariae to await ingestion by the definitive host where 
the parasite matures and reproduces (Galaktionov & Dobrovolskij, 
2003). In many cases, it is this step from 2nd intermediate host to 
definitive host that is considered an unlikely event without the par‐
asite changing the odds in its favour (Moore, 2002; Poulin, 2010). A 
variety of trematode parasites utilize fish as 2nd intermediate host, 
and as such, they are prime targets for manipulation (Barber, 2007; 
Barber, Hoare, & Krause, 2000; Barber & Wright, 2006). A classic 
example of manipulation in fishes is seen in North American killifish 
Fundulus spp. infected with Euhaplorchis trematodes (Fredensborg 
& Longoria, 2012; Lafferty & Morris, 1996). Metacercariae of 
Euhaplorchis encyst in the brains of killifish which serve as the 2nd 
intermediate host for the parasite (Lafferty & Morris, 1996; Martin, 
1950). Infected individuals showed conspicuous behaviours (e.g., 
contorting, surfacing and flashing) that increased in frequency with 
higher intensities of infection and, as a result, were captured at 
much higher rates by birds, the definitive host, than uninfected fish 
(Fredensborg & Longoria, 2012; Lafferty & Morris, 1996). Encysting 
in the brain is not uncommon for trematodes, and the damage 
caused can affect how the host moves, as in the killifish, or alter 
the efficacy of sensory organs (Barber & Crompton, 1997a, 1997b). 
However, some trematode taxa forego this indirect approach and 
invade the sensory organs themselves.

Trematodes in the family Diplostomidae infect a variety of fish 
species as metacercariae and can be found, among other areas, in 
the eyes (Karvonen, Paukku, & Seppälä, 2005; Seppälä, Karvonen, 
&	 Valtonen,	 2004,	 2005,	 2008;	 Stumbo	 &	 Poulin,	 2016).	 Some	
diplostomids, such as Diplostomum spp., are found in the lens of 
the fish eye, wherein metacercariae release waste products that 
result in cataracts (Karvonen, Seppälä, & Valtonen, 2004; Shariff, 
Richards,	&	Sommerville,	1980).	These	cataracts	have	been	shown	
to negatively impact predator avoidance behaviours of rainbow 
trout Oncorhynchus mykiss, making infected fish easier prey (Seppälä, 
Karvonen,	&	Valtonen,	2004,	2005,	2008).	Closely	 related	 taxa	 in	
the genus Tylodelphys also inhabit the eyes of fishes but are more 
often found in the humours (i.e., the fluid) when present in the eye, 
and since this is more spacious compared to the lens, the parasites 
are able to move about freely (Blasco‐Costa, Poulin, & Presswell, 
2017;	Burrough,	1978;	Chibwana,	Nkwengulila,	Locke,	McLaughlin,	
&	Marcogliese,	2015;	Drago	&	Lunaschi,	2008;	Flores	&	Semenas,	
2002; Garcia‐Valera, Sereno‐Uribe, Pinacho‐Pinacho, Hernandez‐
Cruz,	 &	 Perez‐Ponce	 de	 Leon,	 2016;	 Kennedy,	 1987).	 Unlike	
Diplostomum spp., however, Tylodelphys is relatively understudied 
for its ability to impact fish behaviour (Munoz, Staaks, & Knopf, 2017 
is a notable exception), in particular the effect these parasites might 
have on their hosts' ability to avoid predators.

Recently, a new species of Tylodelphys was described in New 
Zealand from lakes on the South Island (Blasco‐Costa et al., 2017). 

As with many diplostomid trematodes, Tylodelphys darbyi has a 
three‐host life cycle, first utilizing an unknown snail, likely a lym‐
naeid, then the common bully Gobiomorphus cotidianus and finally 
the Australasian great crested grebe Podiceps cristatus australis as the 
definitive host (Blasco‐Costa et al., 2017; Presswell & Blasco‐Costa, 
2019; Stumbo & Poulin, 2016). Within the fish, G. cotidianus, T. darbyi 
metacercariae inhabit the vitreous and aqueous humours of the eye, 
moving freely between the two; they can reach lengths greater than 
1mm and may occur in high intensities, for example often >10 me‐
tacercariae per eye (Blasco‐Costa et al., 2017; Presswell & Blasco‐
Costa, 2019). Recently, Stumbo and Poulin (2016) demonstrated that 
T. darbyi shows a diel behaviour pattern in which individuals moved 
farther up in the eye during the day, potentially increasing obstruc‐
tion, and retreated to the bottom of the eye at night. The authors 
hypothesized that this diel movement could increase the likelihood 
of transmission during the day when grebes are active by impairing 
the vision, and consequently the evasiveness, of the bullies (Stumbo 
& Poulin, 2016).

Gobiomorphus cotidianus is the most widespread bully species in 
New Zealand, occurring across freshwater streams, lakes and estu‐
aries	(McDowall,	1990;	Michel	et	al.,	2008;	Vanderpham,	Nakagawa,	
& Closs, 2013). At present, only G. cotidianus from a single lake, Lake 
Hayes, in the Otago region of the South Island have been identi‐
fied as infected with T. darbyi (Blasco‐Costa et al., 2017; Presswell 
& Blasco‐Costa, 2019; Stumbo & Poulin, 2016). As for the only iden‐
tified definitive host, in New Zealand, P. cristatus australis is only 
found on lakes of the South Island and, like many native birds, is 
considered nationally vulnerable (Presswell & Blasco‐Costa, 2019; 
New Zealand's Department of Conservation). Considering the ubiq‐
uity of the 2nd intermediate host and limited range of the definitive 
host, understanding how, if at all, T. darbyi impacts the behaviour of 
G. cotidianus could have intriguing implications for aquatic ecology in 
New Zealand. In the present study, we hypothesize that increasing 
intensity of T. darbyi infection will result in increasing visual impair‐
ment, thus reducing the ability of G. cotidianus to identify and react 
to a predatory threat. To test this hypothesis, we performed exper‐
iments to (a) examine the fish's reaction to a purely visual predator 
cue and (b) test their ability to avoid simulated predation under nat‐
ural levels ofinfection.

2  | METHODS

2.1 | Collection, housing and tagging

Common bullies Gobiomorphus cotidianus (n = 64; Animal Ethics 
Committee approval # 70/17001) were collected from Lake Hayes, 
Otago on the South Island of New Zealand in the Summer and Spring 
of	2018.	Hayes	is	a	small	lake	(~2.76	km2; Otago Regional Council) lo‐
cated in the Southern Alps approximately 272 km from the University 
of Otago. Minnow traps were deployed over night and collected the 
following morning. Fish were transported in ice chests provided 
with air stones back to the university and immediately transferred 
to holding tanks (see dimensions below). All holding tanks were 
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filled with 1/3 saltwater and 2/3 freshwater (isotonic solution) to 
prevent fungal growth on bullies and provided with filtration and 
aeration. The bullies were fed ad libitum daily on commercial fish 
pellets, and excess food was removed via suction tube. Fish were al‐
lowed 72 hr to acclimate to holding conditions (20°C room tempera‐
ture water; 12‐hr photoperiod) before receiving, under anaesthesia 
(5 min in a MS‐222 solution, 1 mg/L), a unique 2mm visible implant 
elastomer (VIE) tag for identification purposes (Northwest Marine 
Technologies Inc.). These implants were inserted at least 2 weeks 
before any behavioural experiment.

2.2 | Predator stimulus

Two aquaria (14 L; 31.5 cm × 19 cm × 14.5 cm) were utilized 
as testing arenas, both covered on three sides with black plas‐
tic to reduce outside stimuli during trials. For this experiment, 
a simulated predator in the form of a shadow passing through 
the tank was generated by a computer and presented to the fish 
using a mobile tablet (Galaxy S). First, the tablet was wirelessly 
connected to a laptop PC (Dell Intel Core i5‐72000U) using 
the Spacedesk ×10 app (datronicsoft Inc.) to be used as an ex‐
tended monitor and then placed over the top of the arena. The 
PowerPoint shown on the tablet was split into black and white 
halves to create light and dark sides of the arena; the white half 
being where the rectangular shadow passed through. By split‐
ting the tank in half, we were able to simulate open space (i.e., 
the lit area) and cover (e.g., large rock and sunken log) using the 
dark side. To decrease light penetration into the dark half of the 
tank, and further simulate cover, a vertical black divider was 
placed	 at	 the	 boundary	 between	 halves,	 stopping	 8	 cm	 above	
the tank bottom to allow the fish to move from one half to the 
other. As only one tablet was available, it was moved from arena 
to arena as needed.

Fish from the Summer collection (n = 33) were used for this 
experiment and were held in groups of 3 in separate 14 L aquaria 
(31.5 cm × 19 cm × 14.5 cm). Each fish was used twice with a mini‐
mum	of	48	hr	in	between	trials	and	testing	occurred	over	a	2‐week	
period. A coin was flipped twice for each trial, once to determine 
which arena was used and again to decide the side of the tank to be 
lit. Following this, the test fish was introduced to the arena in a glass 
jar, that was then gently inverted and lifted to release the fish, and a 
glass cover supporting the tablet was set directly over the opening. 
All lights in the room were off and a black plastic sheet separated the 
test arenas from the observer operating the laptop. A 15‐min accli‐
mation period was followed by 15 min of filming, 10 min pre‐stimulus 
and 5 min post‐stimulus (Sony Handycam FDR‐AX33). The shadow 
was timed to pass through the tank at the 10‐min mark during the 
trial. In total, the fish were in the arena for 30 min and promptly 
placed back into their holding tanks afterwards. From the videos, 
a fish's reaction was scored (0 = no reaction, 1 = paused, 2 = imme‐
diate use of cover) and the duration (s) of the pause if it occurred, 
was recorded. A “pause” was defined as the fish ceasing movement 
and sitting motionless on the bottom. During data analysis, the two 

types of reactions were pooled such that the response of the fish 
was treated as a binomial (0 = no reaction, 1 = reaction). A further 
analysis comparing the two reaction types (i.e., pause vs. escape 
to cover) was not included due to the small number of “escape” re‐
sponses (n = 4).

2.3 | Predator avoidance

Bullies (originally n = 34, for data analysis n = 31) for this experi‐
ment	 were	 collected	 in	 Spring	 2018	 and	 held	 in	 sized	 matched	
groups (n = 6 individuals per group) in separate holding tanks (36 L; 
44 cm × 27.5 cm × 29.5 cm). Each group started with six fish except for 
one which had 5, due to collection numbers. One fish died before the 
completion of the experiment, so its group was also treated as having 
five individuals. Further, mortality after the experiment, but before 
dissection for parasites, resulted in the final number of fish (n = 31) 
used	for	data	analysis.	Two	 large	 (54	cm	×	80	cm	×	28	cm)	plastic	
tanks were used as testing arenas, each provided with three pieces 
of 10‐cm‐long PVC pipe for cover. Each group of fish was used in six 
trials, with the first set of three trials taking place at 2‐day intervals, 
and the second set of three trials starting after a 7‐day rest period 
and also taking place at 2‐day intervals. In any given trial, a single 
group	was	placed	in	a	given	arena	48	hr	before	the	trial	began	to	ac‐
climate	and	then	allowed	an	additional	48	hr	between	each	trial	in	a	
set. Each trial consisted of a volunteer using a net (7.5 cm × 10 cm) to 
capture fish in a simulated predation event; volunteers were chosen 
randomly, not allowed to participate more than twice in a row, and 
never used in more than three trials. The volunteers were allowed 
to freely pursue fish for 5‐s intervals with 10s of rest (i.e., the net 
is out of the water) in between for a maximum of 20 attempts, until 
all fish were captured, or all fish were inside the cover. Bullies were 
scored following each trial from 6 to 0 corresponding to the order of 
capture (e.g., 6 = first, 1 = last and 0 = not caught; with the excep‐
tion of groups with 5 in which 5 = first); the number of times each 
fish was captured over the course of the 6 trials was also recorded. 
The score for each fish was standardized using the following formula 
to produce a single value for each individual and account for vari‐
able group size (5–6 fish): 10 (Mean score over 6 observations)

Number of fish in the groupduring the observations
. This 

formula generates values from 0 to 10 such that a fish caught first 
every time would have a score of 10, regardless of the number of 
fish in that group, and those never caught would have a 0. Individuals 
that died prior to dissection for parasite counts were excluded from 
data analysis but the scores assigned to other fish within their group 
during the experiment remained the same (i.e., if the group had 6 
fish during testing but one died “6” would still represent first capture 
for analysis).

2.4 | Parasite counts

Following the experiments, all fish were euthanized by overdose of 
MS‐222 (10 mg/L), measured for standard length (SL) and weighed 
(TM), then immediately decapitated. The eyes were removed and ex‐
amined separately to obtain numbers of Tylodelphys darbyi for both 
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the left and right eyes. We focused on the humours in the eyes, as 
this is where T. darbyi is found, but the lens and other tissues were 
also examined. After dissecting the eyes, the rest of the fish was ex‐
amined for total parasite burden. Several trematodes, Apatemon sp., 
Telogaster opisthorchis and Stegodexamene anguillae, are commonly 
found encysted as metacercariae in muscle tissues (e.g., body and 
head), connective tissues in the body cavity and various organs (e.g., 
gonads and liver). The nematode Eustrongylides sp. is also known to 
be found in the body cavity of G. cotidianus so their presence was 
recorded as well. For all parasite taxa, in addition to the infection 
intensity of individual fish, we also calculated prevalence (propor‐
tion of individual fish infected) and mean intensity of infection (mean 
number of parasite individuals per infected fish) (Bush, Lafferty, 
Motz, & Shostak, 1997).

2.5 | Statistical analysis

Statistical tests were performed, and figures generated, using the 
lme4, lmerTest and ggplot2 packages in the program R (version 3.5.2; 
R	Core	Development	Team,	2018).	All	models	 include	 the	number	
of T. darbyi (i.e., the intensity of infection per individual fish) as main 
predictor, as it is the taxon under scrutiny. We also tested for the 
effect of Apatemon sp.; however, other parasites were excluded as 
they were rare or too few by comparison (see results; Table 1). We 
used a generalized linear mixed‐effects model (GLMM; glmer func‐
tion) and a linear mixed‐effects model (LMM; lmer function) both 
with fish ID as a random factor, to account for using the same in‐
dividual more than once, and intensities of T. darbyi, Apatemon sp. 
and fish SL as predictors for the predator stimulus experiment. The 
GLMM, run with the binomial distribution, had the fish's reaction 
(i.e., no reaction vs. reaction) as the response variable, and for the 

LMM, we used the duration of the pause as the response variable. 
Further, LMMs were used for the predator avoidance experiment, 
using group ID as a random factor. For these models, standardized 
score and number of captures were used as response variables with 
T. darbyi intensity, Apatemon intensity and SL as predictors. Beyond 
the models addressing the main experiments, we also ran Pearson 
correlations to test for a relationship between left and right eye 
T. darbyi intensities (i.e., to determine whether infection was evenly 
distributed between the eyes), for a relationship between SL and ei‐
ther T. darbyi or Apatemon intensities, and for a relationship between 
the number of captures and standardized scores, using the cor.test 
function.

2.6 | Ethical note

We used naturally infected fish for our experiments, because the 
complete life cycle of Tylodelphys darbyi is not known. For this rea‐
son, we aimed to minimize our sample sizes while keeping them 
large enough to achieve statistical requirements. Gobiomorphus 
cotidianus is the most abundant and widespread endemic, freshwa‐
ter fish in New Zealand (McDowall, 1990) and >100 can be recov‐
ered in a single trap night, so the numbers we used per experiment 
(<40) are not likely to impact the population. In addition, the Lake 
Hayes population has a T. darbyi	prevalence	of	near	100%	(Stumbo	
& Poulin, 2016; current study), allowing us to collect smaller num‐
bers of fish and still guarantee infection. Fish were kept in holding 
tanks at stocking densities of <2 L/fish and provided with enough 
shelter (i.e., 10‐cm PVC pipes) that each individual had a territory 
to itself. Common bullies take longer to acclimate (e.g., pale col‐
ouration) to holding conditions when not in a group and without 
adequate shelter (author per. observation), so these conditions are 

TA B L E  1  Prevalence	(%),	mean	intensity	and	the	range	of	intensity	for	all	parasite	taxa	from	both	collections	as	well	as	overall

Collection Helminth taxa Prevalence (%) Mean intensity

Intensity range

Min Max

Summer (n = 33) Tylodelphys darbyi 97.0 8.4 0 27

Apatemon sp. 100.0 220.1 72 516

Telogaster opisthorchis 39.4 3.8 0 11

Stegodexamene anguillae 12.1 1.0 0 1

Eustrongylides sp. 3.0 1.0 0 1

Spring (n = 31) Tylodelphys darbyi 100.0 29.8 5 67

Apatemon sp. 100.0 236.4 62 469

Telogaster opisthorchis 83.9 7.2 0 70

Stegodexamene anguillae 87.1 5.7 0 25

Eustrongylides sp. 32.3 1.3 0 2

Overall (n = 64) Tylodelphys darbyi 98.7 17.6 0 67

Apatemon sp. 100.0 236.2 62 516

Telogaster opisthorchis 57.9 5.8 0 70

Stegodexamene anguillae 43.4 5.0 0 25

Eustrongylides sp. 15.8 1.3 0 2
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intended to reduce stress. For each experiment, fish were held in 
captivity for no more than 4 months at the end of each all individu‐
als were humanely killed via overdose of MS‐222 (10 mg/L). These 
methods were approved by the University of Otago Animal Ethics 
Committee (# 70/17001).

3  | RESULTS

We examined 64 Gobiomorphus cotidianus for parasite load over the 
course of these two experiments and recovered five taxa of parasitic 
helminths (Table 1). Tylodelphys darbyi was found in almost every in‐
dividual, with an average of about 17 worms per fish (see Table 1). 
Most T. darbyi specimens were recovered from the humours of the 
eyes, but 13 individuals were found in the braincase while dissecting 
fish collected in Spring (p	=	25.8%).	For	both	collections,	the	inten‐
sity of T. darbyi showed a significant, positive correlation between 
left and right eyes (Pearson correlation: r = .90, N = 64, p < .001; 
Figure 1). The other trematode taxa recovered across both collec‐
tions were Apatemon sp., Telogaster opisthorchis and Stegodexamene 
anguillae. Apatemon sp. was found in every fish sampled at very high 
intensities while T. opisthorchis and S. anguillae had lower preva‐
lence and intensities (Table 1). All three of these taxa were found 
in the muscles and connective tissues, but T. opisthorchis and S. an-
guillae could also be found in various organs (e.g., liver and gonads). 
Eustrongylides sp. was the only nematode found in the fish examined 
and always occurred as larvae associated with tissues surrounding 
the alimentary canal. There was a significant, positive correlation 
between T. darbyi intensity and fish SL (Pearson correlation: r = .54, 
N = 64, p < .001; Figure 2), but not between Apatemon sp. intensity 
and SL (Pearson correlation: r = .20, N = 64, p = .12).

There was no significant effect of T. darbyi intensity on whether 
or not fish reacted to the simulated predator (binomial GLMM: 
z57 =	−1.28,	p = .14), with both reacting and non‐reacting fish hav‐
ing similar T. darbyi intensities (Figure 3). Likewise, the duration of 
the pause, if it occurred, was not significantly predicted by T. dar-
byi intensity (LMM: t5.26 = 0.45, p = .67; Figure 4). The intensity of 
Apatemon sp. also did not predict a difference between hosts' reac‐
tion (binomial GLMM: z57	=	−1.14,	p = .27) and the duration of the 
pause (binomial GLMM: t5.89	=	−0.72,	p = .50).

For the predator avoidance experiment, we tested 31 G. cotidi-
anus. The intensity of T. darbyi did not significantly predict the stan‐
dardized score (LMM: t25 = 0.42, p	=	.68;	Figure	5)	or	the	number	of	
times an individual was captured (LMM: t25	=	0.82,	p = .41; Figure 5). 
Similarly, Apatemon sp. intensity did not predict an individual's score 
(LMM: t25	=	−0.78,	p = .44) or number of captures (LMM: t25	=	−0.99,	
df = 25, p = .33). Standard length was not a significant predictor of 
either response variable (LMM score: t25	=	−0.65,	p = .52; LMM cap‐
tures: t25	=	−1.40,	p = .17). However, there was a significant positive 
correlation between an individuals' score and the number of times 
it was caught (Pearson correlation: r = .95, N = 31, p < .001; Figures 
6 and 7).

4  | DISCUSSION

Manipulation of the host by a parasite to facilitate trophic transmis‐
sion has been heavily studied. It is suggested that those parasites 
residing in sensory organs (e.g., brain and eyes) can impact the be‐
haviour of the host due to interference with their processes (Barber 
& Crompton, 1997a, 1997b; Barber & Wright, 2006). However, in this 
case we did not find a relationship between an eye‐fluke, Tylodelphys 

F I G U R E  1   Mean intensity of Tylodelphys darbyi infection in right 
and left eyes

F I G U R E  2   Scatterplot showing relationship between standard 
length and Tylodelphys darbyi intensity
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darbyi, and either the reaction to a visual predator stimulus or the 
ability of the host, Gobiomorphus cotidianus, to escape a simulated 
predator, even when infection intensity was high. We did find a posi‐
tive correlation between the left and right eye intensities of T. darbyi, 
indicating that the parasite load is evenly split between both eyes, 
a result consistent with previous findings (Stumbo & Poulin, 2016). 

The positive correlation between the size of the fish and T. darbyi 
intensity is not surprising and is a common trend with larger individ‐
uals harbouring more parasites than smaller ones (Kuris, Blaustein, 
&	 Alio,	 1980;	 Poulin,	 2000;	 Poulin	 &	 George‐Nascimento,	 2007;	
Ruehle, Herrmann, & Higgins, 2017). In addition, we found no rela‐
tionship between the intensity of the most common parasite found 
in the bullies, Apatemon sp., and our measures of predator avoidance, 
even though this parasite must also be transmitted by predation to 
a bird definitive host to complete its life cycle. For T. darbyi, these 
results are unexpected not only due to the intensities in which they 
occur in individual eyes, but also with respect to their size and mobil‐
ity. Individual metacercariae can be seen moving within the eyes of 
live bullies (e.g., in front of and behind the lens) without magnifica‐
tion, even when looking at fish in the aquarium (Ruehle, B., observa‐
tion). The lack of uninfected fish in our study means that we could 
only assess possible manipulation of the host via a relationship be‐
tween host behaviour and intensity of infection, and not by compar‐
ing behaviour between infected and uninfected fish. Nevertheless, 
the former is almost as good a test for manipulation as the latter.

The highly mobile nature of T. darbyi, unlike, for example, 
Diplostomum spp. which often reside in the lens, could be an ex‐
planation for our results. When in the lens, Diplostomum induces 
cataracts as a result of waste products released by the parasite, 
and these can be quite extensive at high intensities of infection 
(Karvonen et al., 2004; Seppälä, Karvonen, & Valtonen, 2011). Fish 
lenses are transparent spheres that focus light passing into the eye 
before it reaches the retina, and cataracts reduce that transparency 
(Fernald, 1990). Therefore, it stands to reason that the associated 
pathology of Diplostomum would impact the ability of the host to vi‐
sually react to a predatory stimulus (Seppälä, Karvonen, & Valtonen, 

F I G U R E  3   Mean intensity of Tylodelphys darbyi of those 
individuals that reacted to the stimulus and those that did not

F I G U R E  4   Scatterplot showing the relationship between the 
duration of the pause in reaction to the predator stimulus and 
Tylodelphys darbyi intensity

F I G U R E  5   Scatterplots showing the relationship between the 
Tylodelphys darbyi intensity and the standardized score (left) and 
average number of captures (right) for each common bully
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2004,	2005,	2008).	By	contrast,	T. darbyi appears to have very little 
pathological impacts on the host (e.g., no damage to the retinal tis‐
sues; Stumbo & Poulin, 2016) other than being large, highly mobile 
(for a worm) and obstructing of the retina. Stumbo and Poulin (2016) 
showed that retinal obstruction is extensive during the day, when 
our experiments took place, so it is unlikely the diel movements of 
T. darbyi	impacted	our	results.	It	could	be	that	the	near	100%	prev‐
alence of infection in this population masks impacts that would be 
seen in localities with more uninfected individuals. However, consid‐
ering parasites are often aggregated within a host population (i.e., 
most parasites are found in few hosts) there should still be more 
bullies with lower levels of infection than those with high (Anderson 
&	May,	1978),	suggesting	that	the	biology	of	G. cotidianus itself could 
explain our findings.

We utilized a purely visual predator simulation in the Predator 
Stimulus experiment, something G. cotidianus are unlikely to encoun‐
ter in the wild. Aside from vision, fishes possess complex, and varied, 
chemo‐ (e.g., olfactory) and mechanosensory (e.g., the lateral line) 
systems for detecting stimuli, such as predatory threats (Barber & 
Wright,	2006;	Bleckmann,	1986;	Bleckmann	&	Zelick,	2009;	Chivers	
&	Smith,	1993;	Hara,	1986).	For	example,	the	response	of	bullies	to	
predators has been studied using water scented with shortfin eel 
Anguilla australis (i.e., a native predator; Hammond‐Tooke, Nakagawa, 
& Poulin, 2012) and perch Perca fluviatilis (i.e., an introduced pred‐
ator; Vanderpham, Nakagawa, & Clossy, 2012). Vanderpham et al. 
(2012) showed that G. cotidianus utilized shelter (i.e., PVC tubes) 
more in the dark when a predator odour was present compared to 
the control, but contrary to their predictions there was no differ‐
ence between control and odour treatments in light conditions. The 
authors proposed that perhaps the lack of visual cues in addition 
to predator odour produced the unexpected results. Additionally, 

the lateral line of fishes detects pressure waves and other move‐
ments in the water column, such as those caused by other animals 
(Bleckmann,	1986;	Bleckmann	&	Zelick,	2009).	A	real	predator	would	
generate a disturbance in the water that G. cotidianus could poten‐
tially detect, but, in this case, there was no movement in the tank 
other than the fish itself. Therefore, the lack of any other stimulus 
(e.g., predator odour and water disturbance) resulting in an unrealis‐
tic predatory event could be the reason for the apparent lack of re‐
sponse by the bullies rather than T. darbyi having no impact. Having 
said this, visual cues can serve a fish in shallow water to detect an 
avian predator even before the latter lands on the water surface, and 
the apparent unresponsiveness of bullies, even lightly infected ones, 
to visual stimulation is puzzling.

The second experiment aimed to simulate an actual predation 
event by capturing the bullies with a small aquarium net. In doing 
so, we solved the issue discussed above of only having a single pred‐
ator cue since the fish not only could see the net but also detect 
its movement with their lateral line. We did not observe any rela‐
tionship between T. darbyi intensity and either the score of the fish 
(based on order of capture, and therefore on relative susceptibility 
with respect to its group membership) or the number of times an 
individual was caught, but there was a significant positive correla‐
tion between the score and number of captures. This shows that the 
individuals that were captured most often were also caught earlier in 
the trials; however, the reason for this remains unclear. It is possible 
that the lack of a relationship between T. darbyi and the risk of being 
caught by a predator is due to the use of the lateral line (Bleckmann, 
1986;	Bleckmann	&	Zelick,	2009).	Individual	G. cotidianus from lake 
populations possess lateral line systems adapted for sensitivity to 
changes in still waters as opposed to those from rivers (Vanderpham 
et al., 2013). Since the bullies used in this experiment came from 

F I G U R E  6   Relationship between Tylodelphys darbyi intensity 
and the average number of captures for each common bully

F I G U R E  7   Relationship between the average number of 
captures and standardized score for each common bully
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Lake Hayes, they would have the lake‐morph lateral lines, poten‐
tially providing compensation for any visual impairment caused by 
T. darbyi, in this case. Another explanation could simply be that a net 
wielded by a human volunteer, although used in earlier studies of a 
similar nature (Seppälä et al., 2004), is not an accurate surrogate for 
a natural predator. Unfortunately, short of putting a live perch or eel 
in the arena and allowing them to feed on the bullies, this is as close 
to a “natural” interaction as we can achieve in a laboratory setting. 
Natural predators of G. cotidianus at Lake Hayes are either diving 
birds (e.g., grebes Podiceps cristatus australis), native fishes (e.g., eels) 
or introduced fishes (e.g., perch) all of which move through beneath 
the surface to hunt for prey, so using a net should accurately simu‐
late a predation event by any of these potential threats.

Finally, the visual acuity of G. cotidianus, with and without 
parasites, is poorly understood. Vision in fishes is quite variable 
between and among species, thus making assumptions, however 
necessary, about how common bullies perceive visual stimuli is 
an inherent flaw. For instance, we do not know how important 
vision is for G. cotidianus when interacting with its environment. 
Many of the lakes in which G. cotidianus occurs are turbid (e.g., 
Lake Pukaki, Secchi depth = 0.6m) and/or deep (e.g., Lake Wanaka, 
277 m) resulting in low visibility due to clarity, light conditions or 
both	(Rowe,	Graynoth,	James,	Taylor,	&	Hawke,	2003).	As	such,	it	
is possible that other sensory systems, mentioned previously (i.e., 
olfaction and lateral line), compensate in low visibility conditions 
due to the wide variety of conditions in which the species occurs. 
We can, however, make inferences with regard to the visual ability 
of common bullies up to a point. For example, bullies darken in 
colour (i.e., light brown to black) in response to conspecifics (au‐
thors per. observation), especially males during the breeding sea‐
son (McDowall, 1990). In fishes, darkening can be a way of creating 
contrast with the background space‐light making themselves more 
visible	to	conspecifics	(Guthrie,	1986;	Kodric‐Brown,	1998;	Muntz,	
1990). Therefore, it is apparent that visual stimuli are important 
for G. cotidianus, at least for some degree of conspecific communi‐
cation, but the extent to which vision is used to identify and avoid 
predators, and whether that is influenced by eye‐dwelling para‐
sites, remains unclear.

In conclusion, we were unable to show a relationship between 
T. darbyi infection and the ability of its fish host, G. cotidianus, to 
react to and avoid simulated predatory threats. In part, our results 
could be due to our experimental conditions not recreating a re‐
alistic predation event such that reduced visual acuity would be 
apparent. The seeming lack of pathogenicity associated with T. dar-
byi combined with the ubiquity of infection in Lake Hayes bullies 
could also mask any deleterious side‐effects related to avoiding 
predators. Future work investigating the impacts of parasites on 
predation rates of their hosts should attempt to create experimen‐
tal conditions that are as realistic as possible. Unfortunately, this 
would likely require the use of actual predators which is not pos‐
sible in the present case for ethical reasons. Furthermore, a better 
understanding of the behaviour of both the parasite (i.e. what is 
T. darbyi doing while in the eye) and the host (i.e. visual acuity of 

G. cotidianus) would allow for more sophisticated and directed ex‐
perimental design.
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