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Abstract 
A key benefit of sociality is a reduction in predation risk. Cohesive group behaviour and rapid collective decision making are essential 
for reducing predation risk in groups. Parasite infection might reduce an individuals’ grouping behaviours and thereby change the 
behaviour of the group as a whole. To investigate the relationship between parasite infection and grouping behaviours, we studied 
groups of three-spined sticklebacks, Gasterosteus aculeatus, varying the number of individuals experimentally infected with the 
cestode Schistocephalus solidus. We studied groups of six sticklebacks containing 0, 2, 3, 4 or 6 infected individuals before and after 
a simulated bird attack. We predicted that infected individuals would have reduced shoaling and swimming speed and that the pres-
ence of infected individuals within a group would reduce group cohesion and speed. Uninfected fish increased shoaling and reduced 
swimming speed more than infected fish after the bird attack. In groups containing both infected and uninfected fish, the group 
behaviours were dominated by the more frequent character (uninfected versus infected). Interestingly, groups with equal numbers 
of uninfected and infected fish showed the least shoaling and had the lowest swimming speeds, suggesting that these groups failed 
to generate a majority and therefore displayed signs of indecisiveness by reducing their swimming speed the most. Our results pro-
vide evidence for a negative effect of infection on a group’s shoaling behaviour, thereby potentially deteriorating collective decision 
making. The presence of infected individuals might thus have far-reaching consequences in natural populations under predation risk.

Significance statement
Parasite-infected individuals often show deviating group behaviours. This might reduce the anti-predator benefits of group 
living. However, it is unknown whether such deviations in group behaviour might influence the shoaling behaviour of 
uninfected group members and thereby the behaviour of the group as a whole. By experimentally infecting sticklebacks 
and investigating groups varying in infection rates, we show that infected sticklebacks differ in their shoaling behaviours 
from uninfected sticklebacks. Additionally, the presence of infected sticklebacks within the group affected the behaviour of 
uninfected shoal members. We show that shoals of infected fish are less cohesive and move slower compared to shoals of 
uninfected fish. Furthermore, we show that the infection rate of the shoal is crucial for how the group behaves.

Keywords Gasterosteus aculeatus · Schistocephalus solidus · Behavioural manipulation · Group behaviour · Shoaling 
behaviour · Predator attack
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Introduction

Sociality (i.e. the tendencies to form groups) is a common 
phenomenon in the animal kingdom (Pitcher 1986), with 
many animals spending at least part of their life as a member 
of a social group. One of the key advantages of living in 
social groups is a decrease in predation risk for the individual 
group members (Krebs and Davies 1993; Krause and Ruxton 
2002). Group living can reduce the success rate of predator 
attacks, for example by increased prey vigilance (i.e. many 
eyes effect: Krause 1993a; Ioannou et al. 2012), confusion of 
predators (i.e. confusion effect: Godin 1986; Pitcher 1986; 
Ruxton et al. 2007; Ioannou et al. 2012) and reducing an indi-
vidual’s chance of being captured in a single predator attack 
(i.e. dilution effect: Foster and Treherne 1981). Local coordi-
nation is crucial to profit from the anti-predatory benefits of 
group living (Krause 1993b; Krebs and Davies 1993; Ruxton 
et al. 2007). However, a parasite infection might interfere 
with its host’s ability to perform defensive and highly coordi-
nated group behaviours (Barber et al. 2000). Such influences 
can be indirect, for example when infected individuals are 
actively avoided by uninfected conspecifics to reduce their 
probability of infection (Dugatkin et al. 1994; Barber et al. 
2000; Ward et al. 2005; Tobler and Schlupp 2008). Parasites 
can also increase the conspicuousness of their host by alter-
ing colouration (Lafferty and Morris 1996; Seppälä et al. 
2005). For example, the trematode Uvulifer sp. causes black 
spots on the body surface of its host (western mosquitofish, 
Gambusia affinis), increasing its conspicuousness and poten-
tially predation risk.

The influence of a parasite on its host’s grouping behav-
iour can also occur more directly: the parasite can impair 
the sensorimotor control (Holmes and Zohar 1990; Muñoz 
et al. 2019) or anti-predator behaviour of its host (Barber 
et al. 2000). Especially, parasites with a complex life cycle 
(i.e. parasites that need multiple hosts) are known to influ-
ence the anti-predator behaviour of their host by reducing 
their flight response, to facilitate transmission to the next 
host (Barber et al. 2000; Poulin 2000). Finally, the presence 
of infected individuals in groups might also influence the 
grouping behaviour of uninfected group members (Beros 
et al. 2019), thereby potentially further decreasing the anti-
predatory benefits of grouping. Despite these possible far-
reaching influences of indirectly transmittable parasites, lim-
ited studies so far have been executed on how the presence 
of infected individuals and the parasite prevalence within 
a group might influence the group behaviour of both the 
uninfected and infected conspecifics.

Here, we experimentally infected three-spined stickle-
back, Gasterosteus aculeatus, with their cestode parasite, 
S. solidus (Hammerschmidt and Kurtz 2009; Barber and 
Scharsack 2010), to study the effect of infection on grouping 

behaviour. The three-spined stickleback is a small teleost 
fish occurring in marine and freshwater habitats all across 
the Northern Hemisphere (Wootton 1976). Sticklebacks can 
form shoals of up to hundreds of individuals in response to 
predators (Bell and Foster 1994; Poulin 1999).

The tapeworm S. solidus is a parasite with a three-host 
life cycle that infects sticklebacks as second intermediate 
hosts (Wootton 1976). S. solidus reproduces in the gut of 
its final host, a fish-eating bird. The bird, in turn, releases 
parasites’ eggs in the water with its faeces. The parasite 
larvae hatch in the water and, next, infect their first inter-
mediate host, a cyclopoid copepod (Hammerschmidt and 
Kurtz 2009). Infected copepods are then ingested by their 
obligatory second intermediate host, the three-spined stick-
leback (Barber and Scharsack 2010; Barber 2013). When S. 
solidus reaches sexual maturity and approximately 50 mg 
of weight (Tierney et al. 1993), it starts disrupting the anti-
predator behaviour of infected sticklebacks (Bell and Foster 
1994; Barber et al. 2000). Infected sticklebacks increase 
their risk-taking behaviour, by spending more time in open 
water and reducing their flight responses to a predator attack, 
thereby facilitating the parasite’s transmission to its final 
host (Giles 1983, 1987; Milinski 1985; Barber et al. 2004; 
Quinn et al. 2012). Moreover, when satiated, infected stick-
lebacks decrease their social behaviour relative to uninfected 
conspecifics (Barber and Huntingford 1995). In two previous 
studies, we experimentally infected sticklebacks and studied 
their social behaviour, showing that uninfected sticklebacks 
adjusted their risk-taking behaviour to that of their infected 
shoal members when outnumbered (Demandt et al. 2018). 
Furthermore, we showed that infected sticklebacks hin-
dered the spread of escape waves across stickleback groups 
(Demandt et  al. 2020). However, the exact behavioural 
mechanisms of how infection impacts grouping behaviour 
remain unclear as these studies did not track individuals.

Here, we compared the shoaling behaviour of uninfected 
and experimentally infected sticklebacks, focusing both on 
how infection status impacts an individual’s shoaling behav-
iours as well as how the infection rate of the shoal impacted 
the group’s shoaling behaviour. The latter is especially rel-
evant, as the prevalence of S. solidus-infected sticklebacks 
can vary considerably among populations (i.e. low preva-
lence of 1–3% or high prevalence of > 50% of the parasite; 
Arme and Owen 1967; Prieto et al. 2005; Kalbe et al. 2016; 
Weber et al. 2017). We tracked individuals in groups of six 
sticklebacks containing either 0, 2, 3, 4 or 6 infected indi-
viduals before and after an artificial bird attack. We pre-
dicted that shoals containing only uninfected sticklebacks 
would show higher cohesion than shoals containing only 
infected fish, especially after the bird strike. Furthermore, 
we expected that the shoal behaves according to the infection 
status of the majority.
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Material and method

Experimental animals

Laboratory-bred F1 offspring of three-spined sticklebacks 
and S. solidus caught in the brook Ibbenbürener Aa (Ger-
many, 52° 17′ 33.51″ N, 7° 36′ 45.46″ E) were used. F1 
stickleback families were obtained by in vitro fertilization 
and housed in family groups in 14-l tanks (VewaTech, Ger-
many) containing artificial plants for shelter. Sticklebacks 
were maintained in recirculating tap water at 18 °C with a 
light/dark cycle of 16 h/8 h and fed daily ad libitum with 
frozen mosquito larvae (Chironomidae).

For parasite reproduction, the tapeworms were bred 
in vitro (Smyth 1954; Schärer and Wedekind 1999) in size-
matched pairs to increase the probability of out-crossing 
(Lüscher and Milinski 2003). Parasite eggs were washed 
and stored at least 2 weeks at 4 °C to simulate winter condi-
tions. The eggs were then incubated for 3 weeks at 20 °C in 
the dark to enable coracidia (i.e. tapeworm larvae) develop-
ment. The hatching of coracidia was subsequently initiated 
by illumination and eggs were kept in a light/dark cycle of 
16 h/8 h for 2 more days. Hatched coracidia were trans-
ferred to individual copepods in wells of 24-well plates with 
2-ml tap water. At 14-day post-exposure, the copepods were 
checked for S. solidus infection with a microscope.

At approximately 6 months of age, the experimental stick-
lebacks (n = 332)—gathered from 12 families—were starved 
for 2 days and individually housed in jars with 400-ml tank 
water. The next day, sticklebacks were either offered S. solidus-
infected copepods (n = 222) or S. solidus-uninfected copepods 
(i.e. copepods not exposed to hatched coracidia; n = 110). The 
ingestion of copepods was checked the next day by sieving the 
water from each jar, which confirmed that all copepods were 
ingested. Fish were then housed in groups of 11 individuals—
all from different families—in either all sham-exposed (n = 10 
groups) or all parasite-exposed (n = 20 groups) fish. After 
69 days, the presence of S. solidus plerocercoids in the stick-
leback’s body cavity was determined by detecting the swelling 
of the abdomen of the parasite-exposed sticklebacks (Barber 
1997); 110 of the 222 parasite-exposed fish were classified 
as successfully infected. One day prior to the experiment, all 
fish received a small disc tag on their first spine (Webster and 
Laland 2009) for individual identification during the experi-
ment. Each individual within the same holding tank received 
a unique disc colour.

Experimental set‑up

To investigate the effect of parasite infection on shoaling 
behaviour before and after an artificial bird attack, five 

treatment groups were created; each group consisted of 
six sub-adult, non-reproductive sticklebacks (~ 50 mm) and 
contained either 6, 4, 3, 2 or 0 uninfected fish (and 0, 2, 3, 4 
or 6 infected fish, respectively). All treatment groups were 
replicated seven times resulting in a total of 105 uninfected 
and 105 infected fish. Fish were randomly assigned to a 
group with the constraint that fish within a group did not 
come from the same holding tank (to standardize familiar-
ity), nor had the same disc colour. To minimize observer 
bias, blinded methods were used to analyse the behavioural 
data.

The experimental tank (80 × 35 × 40 cm) for the shoal-
ing experiment was filled with 16-cm white gravel. A thin 
white acrylic glass plate was placed on the gravel to increase 
the contrast between the fish and the background and reduce 
the walls’ shadows. The tank was filled with 7-cm water to 
facilitate 2D tracking. A cardboard silhouette of a kingfisher 
in flight (i.e. wings extended outwards from the body) was 
placed next to the tank; it was out of sight from the fish when 
not triggered. All of the tank’s walls were covered with non-
reflective white acrylic glass. At each short side, one tube 
was attached for draining and filling the tank. Above the tank 
and artificial bird, behind a grey Plexiglas plate with a small 
hole in it, a Logitech ® HD pro C910 webcam was placed 
to record the trials with 30 fps. The experimental set-up was 
placed in a shelf (100 × 50 × 200 cm). Two tube lights (cool 
daylight 39 W/between 865 and 2850 lm max) were placed 
at either long side of the set-up, to minimize the light reflec-
tion inside the tank. The shelf itself was shielded by black 
cloths; the operator could manually trigger the bird attack 
from behind the cloth.

Test procedure and behavioural observation

During the experiment, all fish were fed ad libitum with chi-
ronomid larvae in the morning to standardize satiation levels 
(see also Barber and Huntingford 1995). Before the start of a 
trial, the six assigned sticklebacks were dip netted from their 
respective holding tanks and moved to the experimental room 
in a bucket. All sticklebacks were then gathered in a small cup 
and simultaneously released into the experimental tank. After 
5 min of acclimatization, a 5-min observation period started. 
Next, an artificial bird flying over the experimental tank was 
triggered. This was done when all fish were facing the corner 
where the artificial bird was hidden, and took maximally 60 s 
to occur, to ensure the detection of the threat by all fish. The 
observations continued for another 5 min after the bird attack. 
Fish were then returned to their original holding tanks. The 
experimental tank was cleaned and refilled with new water 
between trials.
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Tracking and data collection

To acquire individual movement data, the two 5-min record-
ings before and after the bird attack were tracked with Noldus 
Ethovision XT 14 (Noldus et al. 2001) at a frame rate of 15 
fps. A combination of colour and shape tracking was used as 
some of the disc tags were difficult to track by colour alone. 
All tracked trajectories were visually checked for inconsisten-
cies and errors were manually corrected. Thus, we conceived 
individual tracks of all individuals within a group. All coor-
dinates were converted from pixel to centimetre.

Data analysis shoaling behaviour

Individual‑level measurements

We determined for each fish its (i) nearest neighbour distance 
(NND) and (ii) swimming speed from tracking data (see 
Appendix for details). We did this separately for the period 
before and after the bird attack. For the statistical analysis, 
we used the median of these measurements as the median is 
more robust than the mean (Galton 1907). All measurements 
were divided by an individual’s body length to control for 
possible body size effects. Additionally, we determined for 
each fish its proportion of time mobile (defined as moving 
faster than half a body length per second; Jolles et al. 2020).

Group‑level measurements

We determined for each group the (i) median speed of the 
group centre, (ii) maximum speed of the group centre and 
(iii) mean inter-individual distance (IID) (see Appendix for 
details). We did this separately for the period before and 
after the bird attack. For all calculations, MATLAB 2017b 
(MATLAB 2017) was used.

Statistical analysis

We used R 4.0.2. (R Core Team 2018) for statistical analysis 
and the function ggplot (package ‘ggplot2’; Wickham 2016) 
for graphs.

Individual‑level measurements

The individual-level measures were analysed in four sub-
sets: (a) ‘pure groups’, comprising the groups with all sham-
exposed and all infected individuals, (b) sham-exposed 
individuals, to test whether sham-exposed individuals were 
affected by group composition, (c) infected individuals, to 
test whether infected individuals were affected by group 
composition and (d) ‘mixed groups’, groups containing both 
sham-exposed and infected individuals to test for an interac-
tion between individual and group infection status.

To analyse the effect of treatment and bird attack (i.e. 
before or after bird attack) on shoaling parameters (i.e. NND, 
swimming speed and proportion of time mobile), linear 
mixed models (LMMs) were used. In case of homoscedastic-
ity, the function lmer (package ‘lme4’; Bates et al. 2015) was 
used; in case of heteroscedasticity, lme (package ‘nlme’; Pin-
heiro et al. 2020) was used (see Table S1 for model details). 
Visual inspection of the data indicated a gamma distribu-
tion for the NND of uninfected individuals. Therefore, to 
analyse the effect of treatment and bird attack on the NND 
of uninfected individuals, generalized linear mixed mod-
els (GLMMs) were used with the function glmer (package 
‘lme4’) and a gamma distribution with inverse link function. 
The control function glmerControl(optimizer="bobyqa",op
tCtrl=list(maxfun=2e5)) was used to facilitate convergence 
(see Table S1 for model details).

In all models, treatment, bird attack and its two-way 
interaction were fitted as fixed effects. In the models for the 
‘mixed groups’, individual infection status (uninfected ver-
sus infected) and all additional two- and three-way interac-
tions were also included. Fish ID nested in group ID was 
included as a random effect in all models.

For all GLMMs, and for the LMMs after refitting to 
maximum likelihood, the significance of the fixed effects 
was determined using likelihood ratio tests (LRT) and a 
stepwise backward elimination, with the drop1 function 
(package ‘stats’; R Core Team 2018) and the AIC values, 
to obtain the minimum adequate models (MaM). After 
determining the MaM, all LMMs were refitted to restricted 
maximum likelihood, and the residuals of all models were 
visually (function qqPlot, package ‘car’, Zuur et al. 2009; 
and function plot, package ‘stats’ R Core Team 2018) 
and statistically inspected for normality (function ad.test, 
package ‘nortest’; Gross and Ligges 2015) and homogene-
ity (function leveneTest, package ‘car’). For the analysis 
of the NND, the analysis of the swimming speed of the 
infected individuals’ and the analysis of the proportion of 
time mobile for the uninfected individuals’, and the pure 
groups’, abnormalities were found. After checking the 
residuals, post hoc tests were performed using the func-
tion emmeans (package ‘emmeans’; Lenth 2020) with a 
Benjamini–Hochberg correction to investigate subgroup 
differences.

Group‑level measurements

To determine the effect of treatment and bird attack on the 
(i) median group speed, LMMs with the function lme were 
used, (ii) maximum group speed LMMs with the lmer func-
tion were used and (iii) on the mean IID of each group, 
GLMMs with the glmer function were used. For the lat-
ter, a gamma distribution with inverse link function and 
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the control function glmerControl(optimizer="bobyqa", 
optCtrl=list(maxfun=2e5)) were used. Treatment, bird 
attack and their two-way interaction were fitted as fixed 
effects, and Group ID as random effect in all models (see 
Table S2 for model details).

For all GLMMs, and for the LMMs after refitting to max-
imum likelihood, the significance of the fixed effects was 
determined using likelihood ratio tests (LRT) and a stepwise 
backward elimination, with the drop1 function (package 
‘stats’) and the AIC values, to obtain the minimum adequate 
models (MaM). After determining the MaM, all LMMs were 
first refitted to restricted maximum likelihood, and the residu-
als of all models were visually (Zuur et al. 2009) (functions 
qqPlot, package ‘car’ and plot, package ‘stats’) and statisti-
cally inspected for normality (function ad.test, package ‘nort-
est’) and homogeneity (function leveneTest, package ‘car’). 
Only for the analysis of the nearest neighbour distances of the 
all infected and mixed groups, abnormalities were found. No 
heteroscedasticity was found. After checking the residuals, 
post hoc tests were performed using the function emmeans 
(package ‘emmeans’) with a Benjamini–Hochberg correction 
to investigate subgroup differences.

Results

Effects of parasite infection on individual shoaling 
behaviours

Shoaling behaviour of ‘pure’ groups

We first investigated if sticklebacks in the ‘pure’ groups—
comprising of only uninfected (6u) and only infected fish 
(6i)—differed in their shoaling behaviours before and after 
the bird attack. Comparing the nearest neighbour distances 
(NND) of only uninfected and only infected fish revealed 
no significant interaction between treatment and bird attack 
(LRT = 0.47, df = 1, p = 0.49). Uninfected fish had a lower 
NND than infected fish (LRT = 5.20, df = 1, p = 0.023; 
Fig. 1a), and fish decreased their NND after the bird attack 
(LRT = 16.66, df = 1, p < 0.001; Fig. 1a, b).

There was a tendency for an interaction between treat-
ment and bird attack on the swimming speed (LRT = 3.04, 
df = 1, p = 0.081; Fig. 1c, d). Fish swam slower after the bird 
attack (LRT = 65.41, df = 1, p < 0.001) and uninfected fish 
tended to swim faster compared to infected fish (LRT = 2.78, 
df = 1, p = 0.095; Fig. 1c).

There was no significant interaction between treat-
ment and bird attack on the proportion of time mobile 
(LRT = 0.51, df = 1, p = 0.47; Fig. 1e, f). Uninfected and 
infected fish did not differ in their mobility (LRT = 0.80, 
df = 1, p = 0.37) and fish reduced their mobility after the bird 
attack (LRT = 25.94, df = 1, p < 0.001).

Shoaling behaviour of uninfected sticklebacks

To investigate whether the shoaling behaviour of uninfected 
sticklebacks was influenced by the group composition, we 
compared the shoaling behaviour of uninfected sticklebacks 
between treatments before and after the bird attack.

Independent of bird attack, the NND of uninfected stick-
lebacks was influenced by treatment (LRT = 8.55, df = 3, 
p = 0.04; Fig.  2a–d; Table S3a). Post hoc comparisons 
revealed that uninfected fish from treatment 6u always 
had a lower NND compared to uninfected fish from treat-
ment 3u/3i (z = 2.8, p = 0.03) and 4u/2i (z = 2.63, p = 0.03), 
while no differences in NND were found between the other 
treatments (all p > 0.22; Table S4a). There was a signifi-
cant interaction between treatment and bird attack on NND 
(LRT = 18.95, df = 3, p < 0.001; Fig. 2a–d; Table S3a). 
Post hoc comparisons revealed that before the bird attack, 
uninfected fish in treatment 6u had a slightly lower NND 

Fig. 1  Individual grouping measurements of sticklebacks from the 
only uninfected (6u) and only infected (6i) groups before (light blue) 
and after (dark blue) an artificial bird attack. a–b Median nearest 
neighbour distance (BL), c–d median swimming speed (BL/s) and 
e–f proportion of time mobile. The edges of the box plots indicate the 
first and third quartiles; the solid lines the median, the diamonds the 
mean, the whiskers the highest and lowest values within 1.5-fold of 
the inter-quartile range and the transparent dots represent each indi-
vidual (grey) of seven replicates each (n = 42 per treatment)
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compared to uninfected fish in the treatments 3u/3i 
(z = 2.28, p = 0.07; Fig. 2a, d) and 2u/4i (z = 2.44, p = 0.07; 
Fig. 2a, c; Table S5a). After the bird attack, uninfected fish 
in treatment 6u had a lower NND compared to uninfected 
fish in the other treatments (all p < 0.02; Fig. 2a–d), while 
no differences in NND were found for the uninfected fish 
in the other treatments (all p > 0.73; Fig. 2b–d; Table S5a). 
Uninfected fish in treatments 6u and 2u/4i reduced the NND 
after the bird attack (both p < 0.02), while the bird attack did 
not influence the NND of the uninfected fish in treatment 
4u/2i and 3u/3i (both p > 0.12; Table S5a).

In general, the median swimming speed of uninfected 
sticklebacks was influenced by treatment (LRT = 11.54, 
df = 3, p = 0.009; Fig. 2e–h; Table S3a). Post hoc com-
parisons revealed that uninfected fish from treatment 3u/3i 
always had lower median swimming speed compared to 
the uninfected fish from the other treatments (all p < 0.027; 

Table S4b), while no general differences were found for 
the uninfected fish in the other treatments (all p > 0.73; 
Table S4b). There was a significant interaction between 
treatment and bird attack on the median swimming speed 
(LRT = 19.44, df = 3, p < 0.001; Fig. 2e–h; Table S3b). 
Post hoc comparisons revealed that before the bird attack, 
uninfected fish in treatment 6u and 4u/2i tended to swim 
faster compared to uninfected fish in treatment 3u/3i (both 
p < 0.069; Fig. 2e–g; Table S5b). After the bird attack, unin-
fected fish in treatment 3u/3i swam significantly slower than 
the uninfected fish in the other treatments (all p < 0.004; 
Table S5b), whereas the uninfected fish from the other 
treatments did not differ in swimming speed (all p > 0.62; 
Fig. 2e–h; Table S5b). Furthermore, all uninfected fish—
except for the ones in treatment 2u/4i (t = 0.58, p = 0.56; 
Fig. 2h)—decreased their swimming speed after the bird 
strike (all p < 0.001; Table S5b).

Fig. 2  Individual grouping measurements of only the uninfected 
sticklebacks per treatment before (light blue) and after (dark blue) an 
artificial bird attack. Treatment groups comprised of uninfected (u) 
and infected (i) sticklebacks in the combinations: 6u (a, e, i), 4u/2i 
(b, f, j), 3u/3i (c, g, k) and 2u/4i (d, h, l). a–d Median NND (BL), e–h 

median swimming speed (BL/s) and j–l proportion of time mobile. 
The edges of the box plots indicate the first and third quartiles; the 
solid lines the median, the diamonds the mean, the whiskers the high-
est and lowest values within 1.5-fold of the inter-quartile range and 
the transparent dots represent each uninfected stickleback
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Finally, independent of bird attack, the proportion of 
time mobile was significantly influenced by treatment 
(LRT = 12.567, df = 3, p = 0.006; Fig. 2i–l; Table S3c). Post 
hoc comparisons revealed that uninfected fish from treat-
ment 3u/3i spent less time mobile compared to uninfected 
fish from the other treatments (all p < 0.022; Table S4c), 
while no general differences existed among uninfected fish 
from the other treatments (all p > 0.37; Table S4c). There 
was a significant interaction between treatment and bird 
attack on the proportion of time mobile (LRT = 21.23, df = 3, 
p < 0.001; Fig. 2i–l; Table S3c). Post hoc tests revealed that 
before the bird attack, there were no treatment differences 
in the proportion of time uninfected fish were mobile (all 
p > 0.70; Table S5c). After the bird attack, uninfected fish 
in treatment 3u/3i spent less time mobile compared to the 
uninfected fish in the other treatments (all p < 0.01), whereas 
the uninfected fish from the other treatments did not differ in 
their mobility (all p > 0.26; Table S5c). All uninfected fish—
except for the ones in treatment 2u/4i (t =  − 0.08, p = 0.94; 
Fig. 2l)—decreased their mobility after the bird strike (all 
p < 0.005; Table S5c).

Tables S6–S7 show the results for the shoaling behaviour 
of infected fish. In short, a significant interaction between 
treatment and bird attack was found on the NND and pro-
portion of time mobile of infected fish (both p < 0.030; 
Fig. S1a–d, i–l; Table S6a, c). Before the bird attack, there 
were no treatment differences in the NND and proportion of 
time (all p > 0.40; Table S7). After the bird attack, infected 
fish in treatment 3u/3i tended to spent less time mobile 
compared to the infected fish in treatment 2u/4i (t =  − 2.69, 
p = 0.077; Fig. S1i, j; Table S7b). All infected fish—except 
for the ones in treatment 4u/2i (t = 1.82, p = 0.07; Fig. S1a; 
Table S7a)—reduced their NND after the bird attack (all 
p < 0.002). Furthermore, infected fish reduced their mobility 
(all p < 0.009; Table S7b) and swimming speed (LRT = 54.91, 
df = 1, p < 0.001; Table S6b) after the bird attack.

Finally, in the mixed groups, uninfected and infected fish 
did not significantly differ in their NND, median swimming 
speed or the proportion of time mobile, neither before nor 
after the bird attack (all p > 0.065; Table S7).

Effects of parasite infection on shoaling behaviours 
of the group as a whole

Independent of the bird attack, the median group speed 
was significantly influence by treatment (LRT = 13.419, 
df = 4, p = 0.009; Fig.  3a–e; Table  S9a). Groups from 
treatment 6u and 4u/2i had a significantly higher median 
group speed compared to groups from treatment 3u/3i 
(both p < 0.029; Table S10) and a slightly higher median 
group speed compared to groups from treatment 6i (both 
p < 0.09; Table S10). Additionally, groups from treat-
ment 2u/4i tended to have a higher median group speed 

compared to groups from treatment 3u/3i (t =  − 2.09, 
p = 0.09). Furthermore, there was a significant interac-
tion between treatment and bird attack on the median 
group speed (LRT = 10.50, df = 4, p = 0.033; Fig. 3a–e; 
Table S9a). Post hoc comparisons revealed that before 
the bird attack, groups from treatment 6u and 4u/2i had 
a higher median group speed compared to groups from 
treatment 3u/3i and 6i (all p < 0.035). There were no dif-
ferences in median group speed between the other treat-
ments (all p > 0.13; Fig. 3a–e; Table S11a). After the bird 
attack, groups from treatment 3u/3i had a significantly 
lower median group speed compared to groups from other 
treatments (all p < 0.040). The groups from the other treat-
ments did not differ in median group speed (all p > 0.27; 
Fig. 3a–e; Table S11a). This suggests that groups from 
treatment 3u/3i had difficulties to synchronize their swim-
ming speed. After the bird attack, groups from treatment 
6u, 4u2i and 3u/3i reduced their median group speed (all 
p < 0.030; Fig. 3a–c), whereas the groups from treatment 
2u/4i and 6i did not decrease their median group speed 
(both p > 0.33; Fig. 3d, e; Table S11a).

Comparing the maximum swimming speed of the dif-
ferent treatment groups revealed no significant interaction 
between treatment and bird attack (LRT = 2.88, df = 4, 
p = 0.58; Fig. 3f–j; Table S9b). However, the maximum 
swimming speed of each group was influenced by the treat-
ment (LRT = 11.92, df = 4, p = 0.02; Table S9b). Post hoc 
comparisons revealed that the maximum speed of groups 
from treatment 6u was higher compared to groups from 
treatment 3u/3i (t = 3.08, p = 0.04; Fig. 3f, h). No differences 
in maximum speed were found between the groups from the 
other treatments (all p > 0.11; Table S11b). Furthermore, 
the maximum swimming speed tended to be slightly higher 
after the bird attack (LRT = 3.52, df = 1, p = 0.06).

Additionally, there was no significant interaction between 
treatment and bird attack on the mean inter-individual dis-
tance (IID) within a group (LRT = 4.83, df = 4, p = 0.31; 
Fig. 3k–o; Table S9c). No difference in IID was observed 
between the different treatments (LRT = 2.82, df = 4, 
p = 0.59). However, all groups reduced their IID after the 
bird attack (LRT = 25.09, df = 1, p < 0.001).

Discussion

Reduction in predation risk is one of the key advantages of 
group living (Krebs and Davies 1993; Krause and Ruxton 
2002). Shoaling behaviours (i.e. low nearest neighbour dis-
tances and high inter-individual coordination) are essential 
for the reduction of predation risk of individual shoal mem-
bers. Parasites that manipulate their host’s behaviour might 
interfere with their host’s ability to shoal. Here, we tested if 
experimentally infected sticklebacks differed in their shoaling 
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behaviour and whether the presence of such individuals 
changed the shoaling behaviour of uninfected shoal mates 
and that of their group as a whole.

Groups consisting of only uninfected individuals formed 
more cohesive (i.e. lower NND) and slightly faster swim-
ming groups than groups consisting of only infected indi-
viduals. In groups harbouring both uninfected and infected 
individuals, the character (uninfected vs. infected) that out-
numbered the other dominated the shoal’s behaviour before 
the bird attack. In a quorum decision like manner (Ward 

et al. 2008, 2012; Sumpter and Pratt 2009), all individuals of 
the shoal (no matter if infected or uninfected) tended to adopt 
the majority’s behaviour. After simulated bird attack, all 
groups became more cohesive and stationary, but this effect 
was stronger in groups where uninfected individuals out-
numbered infected individuals. Groups with more infected 
individuals responded less to the bird attack, which might be 
explained by the parasite-induced behavioural manipulation 
that makes stickleback hosts more prone to bird predation 
(Giles 1983, 1987; Milinski 1985; Barber et al. 2004; Quinn 

Fig. 3  Grouping measurements of all groups before (light blue) and 
after (dark blue) an artificial bird attack. Treatment groups comprised 
of uninfected (u) and infected (i) sticklebacks in the combinations: 6u 
(a), 4u/2i (b), 3u/3i (c), 2u/4i (d) and 6i (e). a–e Median group speed 
(BL/s), f–j maximum group speed (BL/s) and k–o inter-individual 

distances (BL). The edges of the box plots indicate the first and third 
quartiles; the solid lines the median, the diamonds the mean, the 
whiskers the highest and lowest values within 1.5-fold of the inter-
quartile range and the transparent dots represent each group
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et al. 2012). Most strikingly, upon bird attack, groups that 
comprised of equal numbers of uninfected and infected fish 
displayed the lowest cohesion and swimming speed. This 
result suggests that these groups failed to generate a majority 
and therefore displayed signs of indecisiveness by reducing 
their swimming activity the most.

Parasite-infected individuals frequently display altered shoal-
ing behaviours (Barber et al. 2000; Ward et al. 2002; Jolles et al. 
2020). In the present study, we illustrated that the changes in 
the shoaling behaviour of S. solidus-infected sticklebacks influ-
enced the shoaling behaviour of uninfected conspecifics and 
that of the group as a whole.. We propose three non-mutually 
exclusive explanations for this change in shoaling behaviour. 
First, the reduced shoaling behaviour of infected fish may be 
because of an increased drag and reduced flexibility due to their 
distended abdomen (Milinski 1985; Barber 1997; Barber et al. 
2000; Ghalambor et al. 2004), especially, since a higher drag 
leads to a higher cost when swimming fast (Videler 1993). Sec-
ond, the infection might change the trade-off between foraging 
and sociality. Infected fish could be in a permanent state of hun-
ger, which could increase their motivation to search for food as 
compared to uninfected fish. The stomach of heavily S. solidus-
infected individuals can be extensively compressed by to the 
presence of the growing parasite in the abdominal cavity (Mil-
inski 1985), reducing their capacity to ingest food. This may 
force them to consume prey more frequently than uninfected 
fish. As the fish in our experiments were fed ad libitum before 
the start of the experiments, the reduced capacity to ingest food 
at one time point might have led to increasing differences in 
hunger levels between the uninfected and infected fish towards 
the end of the day. Such differences in hunger levels might have 
affected the hosts’ behaviours (Hafer and Benesh 2015; Hafer 
and Milinski 2016). Furthermore, the parasite also causes a 
major energetic drain on the energy requirements of the host 
(Milinski 1990; Barber and Scharsack 2010; Hafer and Milin-
ski 2016). Such high energetic requirement is also expected to 
change the behaviour from grouping towards foraging (Pascoe 
and Mattey 1977; Milinski 1990; Pitcher and Parrish 1993; 
Barber and Scharsack 2010; Lafferty and Shaw 2013). Lastly, 
infected fish have a higher resting metabolism than uninfected 
fish, increasing their swimming costs (Lester 1971), which may 
make them less prone to swim fast. Third, S. solidus manipu-
lates the behaviour of its host to enhance transmission to the 
bird (Giles 1983, 1987; Milinski 1985; Barber and Huntingford 
1995; Barber et al. 2004). The observed reduction in swimming 
speed and shoaling of infected fish might benefit the parasite 
by further increasing its chances of transmission to the final 
host. Therefore, our observed effects might also represent active 
parasite-induced behavioural manipulation.

Interestingly, the shoaling behaviour of the uninfected 
and infected fish within one group did not differ. A 
possible explanation might be that individuals within 
a group—independent of infection status—adjust their 

behaviours conform to the group. Group conformity 
increases with group size, thereby increasing the benefits 
of risk dilution and confusion effects (Pitcher 1986; 
Ioannou et al. 2012). On the short term, conforming to 
the social group seems favourable for both uninfected and 
infected fish. However, on the long run, such conformity 
may be too costly for infected fish as they suffer from 
increased energy expenditure when swimming (Lester 
1971; Barber and Svensson 2003). Especially, in our 
flow-less lab situations, infected individuals might be 
able to conform to the social groups swimming speed 
more easily and at relatively low costs.

In natural environments, however, sticklebacks can live 
in streams with high flow rates (Wootton 1976). Therefore, 
it would be interesting to test the influence of parasite-
infected individuals on shoals in environments with rapid 
flows or in a lab experiment where the flow is increased 
experimentally. Possibly, infected individuals will be 
exhausted more rapidly under such conditions, prevent-
ing them from keeping up with their shoal mates, which 
could lead to positive assortment based on parasite bur-
den. Another possibility is that infected fish select shoal 
positions that provide higher energetic benefits (i.e. trail-
ing positions within a shoal (Herskin and Steffensen 1998; 
Krause and Ruxton 2002; Johansen et al. 2010; Marras et al. 
2015)), even though these positions could also have disad-
vantages, such as reduced foraging success (Krause 1993a; 
Krause and Ruxton 2002).

After experiencing predator cues, fish shoals tend to 
become more compact and synchronized (Bode et al. 2010; 
Schaerf et al. 2017)—which was also the case in our experi-
ments but was attenuated by the presence of parasite-infected 
individuals. In the evenly mixed groups of the present study, 
the escape behaviour of half of the shoal members was 
manipulated by a parasite that makes its stickleback host 
bolder (Milinski 1985; Demandt et al. 2018) and less respon-
sive to danger signals from shoaling conspecifics (Demandt 
et al. 2020). When the uninfected half of the sticklebacks 
received a trigger for their flight instinct, an internal conflict 
occurred as they observed that the infected half of the shoal 
did not show a strong fright response following the predator 
attack. Consequently, the group cohesion was disrupted due 
to the occurrence of confusion within the group caused by 
the competing response tendencies of the uninfected and 
infected fish. As a result, it is possible that the group needed 
longer to reach a decision (i.e. which direction to move to). 
During a natural predator attack, such indecisiveness might 
be fatal and elevate the predation risk if the individuals can-
not coordinate quickly. It would be interesting to investigate 
whether such disruption of group cohesion only occurs in 
small groups (like in our experiments and Jolles et al. 2020) 
or also in bigger groups that might split up into multiple 
subgroups.
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An important question in this context is how predators 
would respond to a group that displays indecisiveness and 
then splits. A possibility is that the predator gets confused, 
as has been described for shoals of fish that open up to swim 
around predators (Partridge 1982). However, the latter is 
commonly conducted in a controlled manner and not initi-
ated with a phase of indecisiveness or confusion of the shoal 
members themselves.

Previous studies have shown that the susceptibility to para-
site infections might differ among individuals and might be 
related to the sex and/or physical conditions of an individual 
(Wilson et al. 1993; Zuk and McKean 1996; Koolhaas et al. 
1999; Arnold et al. 2003; Ferrari et al. 2007; Barber and Ding-
emanse 2010; Boyer et al. 2010). For example, shoals of only 
male or only female guppies, P. reticulate, differed in their 
infection risk with the transmittable parasite Gyrodactylus turn-
ibulli (Richards et al. 2010). Male sticklebacks were found to 
harbour more Glugea anomala cysts compared to adult females 
(Arnold et al. 2003). Besides a sex difference, individuals also 
vary in their investment in their immune system with some indi-
viduals investing more energy in their innate compared to their 
adaptive immune system and vice versa (Koolhaas et al. 1999). 
Such investment is highly relevant, as it has been shown that the 
cellular innate immune response of an individual stickleback 
plays an important role for the clearance of an early S. solidus 
infection (Scharsack et al. 2007; Barber and Scharsack 2010). 
It is possible that our infected sticklebacks were a non-random 
subset of the exposed group, which might already have differed 
in some of the shoaling properties before infections. It is there-
fore important for future studies to also include a control group 
consisting of exposed but uninfected sticklebacks to assure that 
all observed shoaling differences were directly caused by the 
parasite infection.

Our results offer some intriguing aspects of shoaling 
with infected individuals. When uninfected fish outnumber 
the infected fish, the group as a whole seems to display 
similar shoaling behaviours as shoals that do not contain 
any infected fish. Therefore, the presence of some infected 
individuals within a group might not reduce the anti-preda-
tor benefits of shoaling. Most strikingly, when infected fish 
occurred in numbers equal to uninfected ones, group cohe-
sion was dramatically reduced after a predation stimulus. 
The dramatic alteration of the groups’ anti-predator behav-
iour when infected individuals take up more than 50% of 
the group has important implications for collective decision 
making. Therefore, it has to be expected that some selec-
tion for the avoidance of grouping with infected individuals 
by healthy individuals should occur. However, so far, no 
evidence for this exists and in the wild uninfected individu-
als frequently co-occur with infected individuals when the 
parasites do not transfer horizontally (Scharf et al. 2012; 
Weber et al. 2017; Gracia et al. 2018). This suggests that 
the benefits of grouping with infected individuals might 

outweigh the costs under certain environmental conditions 
(Scharf et al. 2012). Therefore, future research should try 
to identify under which conditions the costs of grouping 
with infected individuals might outweigh the benefits. In 
summary, the alterations in shoaling behaviour might have 
far-reaching consequences for individuals grouping with 
infected individuals, especially in predator rich environ-
ments and when the ratios of uninfected and infected indi-
viduals are balanced.
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