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Interplay between antipredator behavior,
parasitism, and gut microbiome in wild
stickleback populations
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Janette W. Boughman3

The impact of microbial composition on stress-related behavior in aquatic organisms is poorly
understood. This study explored the link between antipredator behavior, parasitism, and the gut
microbiome in wild stickleback from two lakes: clear, spring-fed Galtaból and turbid, glacial-fed
Þristikla. Behavioral analysis revealed differences between populations, with each exhibiting unique
baseline behaviors.Microbiome analysis showed that a small proportion of its variationwas explained
by population, likely reflecting differences in lake environments. Only the marine genus
Pseudoalteromonasabundancedifferedbetweenpopulations.Our findings suggest that behavior and
microbiome correlations may primarily reflect environmental adaptations and parasite status rather
than direct gut-brain interactions. However, some tentative evidence suggests a potential innate
connection between some antipredator behavior and microbiome composition. The study highlights
the complexity of the gut-brain axis in wild populations and suggests future research directions,
including experimental manipulations to uncover causal relationships between microbiome
composition and behavior.

Stress is pervasive in natural environments, shaping ecosystems and their
inhabitants. Habitats globally experience constant change and encounter a
variety of stressors, which in turn influence animals and select individuals
capable of responding to and tolerating environmental changes1,2. Stressors,
originating fromboth anthropogenic andnatural sources such as predation,
can impact phenotypic variation, reduce structural complexity, and
diminish diversity in ecosystems3,4. Changes in environments might affect
the response of organisms to predation stress and other environmental
stresses2,5. Predation stress is recognized to affect life-history traits and
behavior, as well as interactions between organisms and their resident
microbes6–8. However, the impact of the composition and dynamics of the
microbes that inhabit aquatic organisms remains inadequately understood3.
Similarly, our understanding of the relationship between stress-related
changes in behavior and the microbiome is limited9–11.

Predation is a key selective force driving the evolution of various
antipredator adaptations in prey, such as morphology12,13, behavior,
physiology14 and life history traits15. These often co-vary16 and determine an

individual’s fitness. Chemical and visual cues from predators have been
shown to prompt changes in the spatial behavior of juveniles from fish
species such as sticklebacks (Gasterosteus aculeatus), perch (Perca fluviati-
lis), and rainbow trout (Oncorhynchus mykiss), leading to decreased fora-
ging and exploratory swimming17–22. A direct encounter with a predator
usually includes a visual cue, which serves as a spatially and temporally
reliable indicator of the presence of a risk, thereby indicating a high pre-
dation risk23. The antipredator behavior of fish depends on many factors,
such as the distance to the predator, the behavior and hunting strategy of the
predator, the species of predator, group size, and spatial dynamics of the
prey fish, and various environmental factors24–28, as well as the evolutionary
history of predation risk. Behavioral responses to predation have been
extensively studied in stickleback fish. This species exhibits a range of
antipredation behaviors, including freezing, adopting a defensive posture by
swimming slowly with dorsal and pelvic fins or spines fully extended, and
actively approaching the threat in a deliberate, slow manner to deter the
predator or assess its intentions29. Alternatively, they may employ escape
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responses such as retreating, jumping, swimming away, or freezing30 and
fast-start31.

Parasites are considered environmental stressors that impose fitness
costs on their hosts, and play an important role in the evolution and ecology
of many fish phenotypic traits, such as morphology, physiology, and
behavior32,33. Behavioral changes, known as host manipulation, are exten-
sively described in the literature34,35. They include changes in foraging effi-
ciency, time budget, habitat selection, competitive ability, predator-prey
relationships, swimmingperformance, sexual behavior, andmate choice33,36.

Parasites such as cestodes can impact fish swimming behavior in
various ways, including quantifiable reductions in swimming performance,
such as speed and stamina, increases in conspicuous behaviors like erratic
movements, and escape responses of prey schools36–39. The underlying
mechanisms may involve atrophy of musculature or pathology of the ner-
vous system40. Additionally, parasites may increase the energetic cost of
locomotion by affecting the hydrodynamic properties of fish, including
buoyancy or buoyancy control36,40,41, although these effects appear to be
mediated by physiological changes, rather than the mechanical effect of the
parasite mass inside the fish38.

The antipredator response in parasitizedfish can be affected by altering
spatio-temporal overlap with their predators36. For example, threespine
sticklebacks (Gasterosteus aculeatus) infected by Schistocephalus solidus
return to food patches more quickly than uninfected conspecifics following
a simulated predator attack42. Predator avoidance can be undermined
through different mechanisms, such as a decreased propensity for infected
fish to join and remain with shoals36 or a reduction in the efficiency of the
escape response. For example, the effects of parasite load on the fast-start
performance of the threespine stickleback are associated with negative
impacts on escape kinematics43, while also increasing cortisol levels, indi-
cating an acute stress response44.

In addition to the above effects, the microbiome of the fish can also be
affected by physiological changes in response to predation and parasite
stress6–8,45,46. The microbiome plays key roles in the associated host,
including involvement in the immune response, development, production
of keymetabolites, and even influencing the function of vital organs such as
the brain47–49. Recently, there has been an increase in the literature on the
effect of gutmicroorganisms on the host’s brain and behavior. For example,
Collins and Bercik50, show that the nervous system, as well as the immune
system, can play an important role in the regulation of the host microbial
communities and vice versa. The main mechanism of microorganisms
interacting with the brain is based on microorganism-derived neuroactive
chemicals11. The coined name for this interaction is the microbiota-gut-
brain-axis. Some studies have shown that the microbiome can affect host
behavior, likely mediated through this microbiota-gut-brain-axis51. For
example, in a zebrafishmodel, a probiotic supplement increased exploratory
behavior and protected fish against stress-induced changes in the gut
microbiome52. However, associations between microbiome changes and
host behavior have been poorly studied in wild systems. Thus, while the
importance of themicrobiome in the host is unmistakable,more knowledge
is needed regarding links between microbiome composition and host
behavior in a variety of systems and under different stressors, such as pre-
dation or parasite infection.

The gut microbiome has been shown to play an important role during
parasite infections. The gut microbiome can promote or inhibit parasite
colonization and reproduction53–55, while parasite exposure and infection
can disrupt the normal gut microbiome composition45,46,56. Parasites can
interact directly with gutmicrobes as they traverse the gut, but they can also
indirectly modify the gut microbiome through interactions with the host
immune system57, even when residing in other body sites, e.g., the body
cavity of intermediate hosts45. Parasites can also harbor their ownmicrobes
thatmay interact with the vertebrate hostmicrobiome58–61 and act as vectors
for introducing novel, potentially pathogenic microbes to the host
animal62–64. Together, these studies highlight the importance of including
parasite status in microbiome studies of wild populations, to disentangle
interactions between parasite, host microbiome and the environment.

Substantial research shows that threespine sticklebacks exhibit exten-
sive geographic variation among populations in a multitude of phenotypic
traits and are often genetically differentiated65. This includes variation
among populations in predation regimes and antipredator responses66,67, as
well as the overall incidence of parasitism and which parasites typically
infect them68. Recently, population variation in themicrobiome and its role
in adapting to distinct environments has received attention69,70, including
adapting to varying parasite communities71,72. Exposure to predators and
parasites varies for populations that are ecologically differentiated, and such
differences are likely to affect both antipredator behavior and the micro-
biomes associated with hosts.

We studied two populations of threespine sticklebacks inhabiting
ecologically differentiated lakes in Iceland. One lake, Galtaból, is fed by
springs and is quite clear, while the other lake, Þristikla, is fed by glacialmelt
and is quite turbid, reducing visibility67. The sensory environment in these
two lakes is thus quite distinct and expected to alter both the detection of
predators and escape behavior67,73. Although we were unable to fully eval-
uate the predator community or predation intensity, other aspects of ecol-
ogy are likely to differ between lakes, including the prey community74, the
substrate, depth, and size of the lakes (Lucek et al.75), and their water
chemistry (Young, Boughman et al. unpublished data). Thus, we reasoned
that the two populations might differ in their antipredator behavior, para-
sitism, and their microbiome76.

We explored a set of questions to further understand the association
between behavior and microbiomes in populations adapted to diverse
environments. First, we asked whether glacial and spring-fed populations
differ in their response to predatory attack, including their escape behavior,
swimming activity, and boldness, and how parasitism affects these
responses. Next, we asked whether the composition or diversity of host
microbiome differed for glacial and spring-fed populations. We also asked
whether themicrobiome for parasitized and non-parasitized fish differ.We
focused on a major parasite of threespine stickleback, the cestode Schisto-
cephalus solidus because it is known to affect many aspects of stickleback
behavior and physiology including antipredator behavior39,77,78 and the
microbiome57,72. And last, given the important functional role of the
microbiome for the host stress response, we explored whether aspects of
antipredator behavior and the microbial community were related and if
associations correlated with population or parasite status. To address these
questions we simulated predatory attack on threespine sticklebacks from
these two ecologically differentiated populations, observed their behavioral
responses, recorded the presence of S. solidus, and characterized the gut
microbial community for each fish in our experiment. We tested a set of
predictions relating to the questions posed above. First, we predicted that
Galtaból and Þristikla fishwould differ in their antipredator behavior and in
traits such as boldness and swimming activity, withGaltaból fish, inhabiting
a clear-water environment, showing enhanced antipredator responses.
Next, given the differences in lake ecology, we predicted that the two
populations would differ in their microbial community, and also that
microbiomes would differ for parasitized and non-parasitized fish. Lastly,
we predicted that antipredator behavior would be related to the gut
microbial community in some manner.

Results
Behavior: effect of robotic predator presence before
simulated attack
We compared our two ecologically different fish populations in the non-
exposed fish to characterize baseline behavioral differences among popu-
lations. Those that differed among populations were aspects of activity
including total distance traveled and angular velocity, with spring-fed
Galtaból fish displaying higher distance traveled and glacial Þristikla fish
showing higher angular velocity (Table 1, Fig. 1).

We compared the behavior of non-exposed fish to that of predator-
exposed fish during the acclimation period for two purposes. Firstly, we
aimed to determine if there was any effect of the presence of the robotic
predator on activity-related behaviors. We observed differences in activity,
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with all the variables being impacted by the presence of the robotic predator
regardless of the populations (i.e., non-exposed versus predator-exposed
treatment, significant effect in Fig. 1 and Table 1). The variables total dis-
tance traveled and mean velocity were negatively affected, whereas the
angular velocity was positively affected in the presence of the predator (Fig.
1, Table 1).

Secondly, we assessed boldness by comparing tank use of the non-
exposed fish to that of the predator-exposed fish. An increase in center
duration was identified as bold behavior (Fig. 1D), while a decrease was
indicative of shy behavior. We observed an effect of the robotic predator
regardless of the population: center duration increased in the presenceof the
predator (Table 1, Fig. 1D).

Effect of the simulated predatory attack
In predator-exposed fish, we compared behavior during the acclimation
period to that after the simulated predatory attack to examine behavioral
responses to predation and to investigate potential differences in responses
between glacial and spring-fed populations. We found a significant interac-
tion between population and period for angular velocity, which increased
after simulated attack in Galtaból (spring-fed fish), whereas it was the
opposite inÞristikla (glacialfish,Table 2, Fig. 2C). Furthermore, the simulated
predatory attack influenced center duration (Table 2), leading to a decrease in
time spent in the tank center and an increase in time spent at the tank border
after the attack for both glacial and spring-fed populations (Fig. 2D).

Effect of parasites on antipredator behavior
We did not observe any significant interaction between parasite,
population, and period, nor any significant interaction between
parasite and population for any behavior (Table 2). The parasite effect
overall was significant for center duration only (Table 2). Center
duration (proxy for boldness) significantly increased in each popu-
lation when parasitized (Table 2, Fig. 2D).

Microbiome
All samples for microbiome analysis were taken after the predatory attack
(one per individual for non-exposed and predator-exposed fish). After
sequencing, sample and taxa quality filtering and taxa contamination fil-
tering (seemethods), 1673microbial taxa at the species-levelwere recovered

from 62 stickleback gut samples, representing 652 genera. We observed
some batch effects of extraction date on microbiome composition (Sup-
plementary Figs. 2, 3, Supplementary Table 3), thus we took extraction date
into account in all analyses (see methods). Due to low sample numbers for
the parasitized Þristikla group, these individuals were not included in the
microbiome analysis. Instead, we focused on comparisons between (i) non-
parasitizedGaltaból (n = 24) and Þristikla (n = 25) individuals, and (ii) non-
parasitized (n = 24) and parasitized (n = 13) Galtaból individuals.

The sticklebacks generally had quite diverse gut microbiomes at the
genus level, with the most abundant identified genera including Strepto-
myces and Kitasatospora (Fig. 3). While there were no differences in alpha
diversity between non-parasitized Galtaból and Þristikla individuals (Fig.
4A, B), the populations had significantly different gut microbiome com-
positions after adjusting for batch effects (Fig. 4E; Supplementary Table 3).
Population explained 4.2% of the variation in microbiome composition
(F = 1.93, p = 0.003). However, sequencing depth contributed to 5.0% of the
variation in the data (F = 2.30, p = 0.001) and thus could be confounding the
results. Pseudoalteromonas had significantly higher relative abundance in
the non-parasitized, spring-fed Galtaból individuals compared to Þristikla
individuals (adjusted p < 0.001, Supplementary Table 4); however, no other
taxa were associated with differential abundance between populations.

In comparison to non-parasitized individuals in the spring-fed Gal-
taból population, several parasitized Galtaból individuals were dominated
by one bacterial genus, which varied between Aeromonas, Deefgea and
Labrenzia depending on the individual (Fig. 3). Consequently, parasitized
individuals had significantly lower alpha diversity compared to non-
parasitized individuals (Fig. 4C, D). Parasite status explained 7.2% of the
variation in gut microbiome composition (F = 2.42, p = 0.001, Fig. 4F,
Supplementary Table 3). Again, sequencing depth explained 6.4% of the
variation (F = 2.16, p = 0.002). In the differential abundance tests, Kitasa-
tospora and Shewanella had significantly higher relative abundance in non-
parasitized Galtaból individuals compared to parasitized ones (adjusted
p < 0.05, Supplementary Table 4). No other taxa were associated with dif-
ferential abundance between parasite status.

Links between fish behaviors and microbiomes
The microbiome composition did not differ significantly between non-
exposed and predator-exposed fish, based on the PCoA (Fig. 4E, F,

Table 1 | Results of linear models, using data from control trials and the acclimation period before predator attack, to test
population (glacial Þristikla and spring-fed Galtaból fish) and Treatment (predator-exposed and non-exposed) and their
interaction on swimming activity (Total Traveled Distance, Angular Velocity, and Mean Velocity) and the tank use (Center
duration) in stickleback fish

Variable Effect Estimate s.e. df F p-value

Total Traveled Distance Intercept 27.181 1.628 1 870.39 <0.0001

Population −2.667 2.333 1 4.3918 0.039314

Treatment −3.649 2.205 1 7.3339 0.008292

Population: Treatment −1.394 3.21 1 0.1885 0.665356

Mean Velocity Intercept 0.64736 0.03962 1 863.37 <0.0001

Population −0.03569 0.05676 1 2.6395 0.108222

Treatment −0.08393 0.05364 1 8.1798 0.005417

Population: Treatment −0.05551 0.0781 1 0.5051 0.479349

Angular Velocity Intercept 2.248 0.04027 1 14243.2 <0.0001

Population 0.11437 0.0577 1 17.1567 <0.0001

Treatment 0.07676 0.05453 1 10.2051 0.002013

Population: Treatment 0.10009 0.07939 1 1.5896 0.211098

Center Duration Intercept 106.12 14.83 1 387.74 <0.0001

Population 39.77 21.25 1 0.9282 0.33826

Treatment 61.58 20.09 1 6.0293 0.01627

Population: Treatment −51.36 29.24 1 3.0848 0.0829

Significant effects are in bold.
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SupplementaryTable 3). Likewise, nomicrobial generawere associatedwith
predator exposure in a differential abundance analysis.

As an alternative approach to explore associations between the
microbiome and behavioral datasets, we used MOFA, an unsupervised,
multivariate approach. With MOFA, we aimed to identify coordinated
changes between behavioral traits and microbe abundances and correlated
these changes with fish population and parasite status. Since the predator-
exposed fish included behavioral variables not relevant for the non-exposed
fish (distance to and duration around the predator stimulus), non-exposed
fish and predator-exposed fish were analysed separately.

The MOFAs revealed some evidence for associations between beha-
vioral traits and microbe abundances. Generally each factor in the MOFAs
explained substantial variation in only one dataset (Fig. 5). However, the
MOFA on predator-exposed fish identified three factors explaining >0.75%
of variation inbothdatasets (Factor 1, 3 and4 inFig. 5C).We therefore focus
on these three factors (see Supplementary Figs. 4–14 for summary figures
from the other factors).

For predator-exposed fish, in Factor 1, traits relating to swimming
activity and response to the predator stimulus contributed the most in the
behavioral dataset (Fig. 6A), while environmental genera like Mesorhizo-
bium and animal-associated bacteria like Clostridioides contributed the
most in the microbial dataset (Fig. 6B). In particular, mean velocity and the
genus Clostridioides were associated with this factor (Fig. 6C, D).

In Factor 3, swimming activity variables, particularly before the trig-
gered predator attack, were among the strongest contributors in the beha-
vioral dataset (Fig. 7A, C), while environmental genera like Paracoccus and
Sphingomonas contributed themost to themicrobiome dataset (Fig. 7B, D).
Factor 3 was also weakly correlated with population (Fig. 5D).

Factor 4 was correlated with parasite status and population (Fig. 5D).
Moreover, the behavioral trait relating to boldness, center duration, con-
tributed strongly to this factor (Fig. 8A). In themicrobiomedataset, putative
animal- and fish-associated microbial genera were among the strongest
contributors, including the documented fish pathogen Aeromonas and the
fish microbe Deefgea (Fig. 8B). For example, center duration and Deefgea
abundance was higher in parasitized compared to non-parasitized indivi-
duals (Fig. 8C, D).

Discussion
Our main objective in analyzing behavior and responses to simulated pre-
dation is to uncover possible links between parasitism, antipredator beha-
vior, and the microbiome. We begin by discussing behavioral findings,
followed by comparing the microbiome between populations and parasite
status, and finish by discussing potential links between behavior and the
microbiome suggested by our findings.

The glacial and spring-fed populations differed in baseline behavior
and some responses to predation. Baseline behavior revealed that fish

Fig. 1 | Effects of acclimation on the swimming
activity behavior and tank use, before simulated
predator attack period. A Total traveled distance in
mm. B Mean velocity in body length (BL)
per second. C Angular velocity in degrees
per second. D Time (s) spent in the center zone, an
indicator of boldness. Samples are grouped by
population (glacial Þristikla and spring-fed Galta-
ból), and treatment (NE non-exposed fish, without
presence of predator in tank, PE predator-exposed
fish, with presence of predator in tank but before
simulated attack). P values from significant
(p < 0.05) post-hoc comparisons are shown above
square brackets (full results are provided in Sup-
plementary Table 1). Significance was assessed by
post hoc contrasts focused on testing our stated
hypotheses.
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from the two populations were active in different ways: glacial Þristikla
fish showed higher angular velocitywhile spring-fedGaltabólfish traveled
further. Predator responses were strong for both populations as well.
Comparing fish activity during the acclimation period in the predator-
exposed treatment (i.e., before the predator was triggered) to the same
time interval in the non-exposed treatment confirmed that the mere
presence of the robotic predator influencedbehavior anddid so differently
for the two populations, increasing time spent in the tank center (and
therefore boldness) for spring-fed fish from Galtaból and increasing

activity measures for glacial fish from Þristikla. Differences in activity and
boldnessmay relate to the ability to detect predators in thedistinct sensory
environments of each lake. The clear waters in spring-fed Galtaból allow
sticklebacks to detect predators from a distance, and unobstructed vision
may foster high exploration and boldness in those open waters24. In
contrast, the turbid waters in glacial Þristikla make visual detection of
predators difficult except at very close distances67, perhaps fostering more
erratic movements and shyness, both of which may help fish escape
capture by predators73,79.

Table 2 | Results of mixed-effects models (Fish ID as random effect) testing for the effects of robotic predator attack, period
(before and after triggering the robotic predato), population (glacial Þristikla and spring-fed Galtaból fish), effect of parasites
and all interactions on swimming activity (Total Traveled Distance, Angular Velocity, and Mean Velocity) and the tank use
(Center Duration, and Distance to Predator) in stickleback fish

Variable Effect Estimate s.e. df χ2 p-value

Total Traveled Distance Intercept 18.2051 1.9748 1 342.415 <0.0001

Population 0.1233 2.9387 1 0.3717 0.5421

Period 5.4564 2.0611 1 0.6014 0.438

Parasite 4.7571 3.6567 1 2.1608 0.1416

Population:Period −5.515 3.067 1 1.5642 0.2111

Population:Parasite 0.4693 5.3997 1 0.2853 0.5933

Period:Parasite −5.2034 3.8164 1 1.2998 0.2542

Population:Period:Parasite 3.9818 5.6356 1 0.4992 0.4798

Mean Velocity Intercept 0.44038 0.04813 1 329.0625 <0.0001

Population 0.01209 0.07162 1 0.4502 0.5022

Period 0.12044 0.04865 1 0.4822 0.4874

Parasite 0.12466 0.08912 1 1.9146 0.1665

Population:Period −0.12387 0.07239 1 1.4108 0.2349

Population:Parasite −0.02137 0.1316 1 0.0428 0.8361

Period:Parasite −0.11569 0.09008 1 1.134 0.2869

Population:Period:Parasite 0.08973 0.13302 1 0.4551 0.4999

Angular Velocity Intercept 2.4651 0.042 1 10449.17 <0.0001

Population 0.08237 0.0625 1 7.3513 0.0067

Period −0.14152 0.04675 1 1.5614 0.211462

Parasite −0.08738 0.07777 1 3 0.083267

Population:Period 0.17588 0.06957 1 3.0556 0.08046

Population:Parasite −0.01778 0.11484 1 0.7374 0.390509

Period:Parasite 0.09143 0.08657 1 0.1823 0.6694

Population:Period:Parasite −0.12829 0.12784 1 1.007 0.31563

Center Duration Intercept 80.14 16.18 1 222.4518 <0.0001

Population −18.16 24.08 1 1.3567 0.244105

Period 72.19 17.26 1 25.8844 <0.0001

Parasite 84.07 29.96 1 9.2842 0.002311

Population:Period 15.46 25.69 1 0.0901 0.764109

Population:Parasite −14.34 44.24 1 0.3687 0.543731

Period:Parasite −31.4 31.96 1 2.8423 0.091814

Population:Period:Parasite −16.76 47.2 1 0.1261 0.722489

Distance To Predator Intercept 5.32292 0.42097 1 159.8779 <0.0001

Population 0.08641 0.62643 1 0.019 0.8903

Period 0.12406 0.49038 1 0.064 0.8003

Parasite −0.32829 0.77949 1 0.1774 0.6736

Population:Period 0.46214 0.72971 1 0.4011 0.5265

Population:Parasite 0.301 1.15105 1 0.0684 0.7937

Period:Parasite −0.07437 0.90801 1 0.0067 0.9347

Population:Period:Parasite −0.55779 1.34084 1 0.1731 0.6774

Significant effects are in bold.
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In spite of these populationdifferences in both baseline behavior and in
the mere presence of the robotic predator, both populations responded
strongly and similarly to simulated predatory attack. This similarity is
perhaps surprising given that the lakes differ substantially in ecology and
visibility, and that a prior study showeddifferent escape behaviors for glacial
and spring-fedfish67. That study analyzed a larger set of behaviors, including
first response to predator attack, and some of the differences seen were in
those first responses, whichwe did notmeasure. Our findings suggest that a
robust and cautious response to predator attacks is favored in both types of
populations.

Bothpopulations showed similar responseswhenparasitized, although
there was higher overall parasitism in spring-fed Galtaból fish. Parasitized
fish appeared to be bolder compared with their unparasitized counterparts
in response to the robotic predator attack. Thisfinding is in accordancewith
the results of previous studies on the same species, showing that parasitized
sticklebacks returnedmore quickly to foodpatches followingdisturbance by
amodel predator42, or spent more time in the open water and reduced their
flight responses to a predator attack from above17,30,42,77. Both of these
responses would be likely to enhance transmission of the parasite by
increasing the likelihood of predation, as parasites act as strong selective

agents on their host by altering behavior and habitat use, ultimately
decreasing the hosts’ fitness43,80. However, we cannot exclude undetectable
effects due to the low sample size of tested parasitized fish.

Consistent with previous studies of wild-caught sticklebacks, a small
but significant proportion of variation in the gutmicrobiomewas explained
by population, likely reflecting differences in lake environment and genetic
background between the two populations71,81. However, only one microbial
taxon, the typically marine genus Pseudoalteromonas, was significantly
differentially abundant between populations. Thus, the differences in gut
microbiome in our populations appear to be driven by small changes in the
abundance of many taxa, rather than large differences in a few taxa. To
minimize the confounding effects of transient microbes derived from food
or water sources81, fish were co-housed by population and fed the same diet
for several weeks before the experiments were performed. We therefore
cannot rule out that this set-up had a homogenizing effect on the micro-
biome of both populations. However, this set-up did not mask the large
microbiome variation observed in parasitized fish, which were co-housed
with non-parasitized fish. Previous research has shown that transitioning
fish from a wild to a laboratory setting, including a laboratory diet, does
affect gut microbiome composition within 14 days82. However, a study in

Fig. 2 | Comparison of swimming activity and tank use behavior before and after
the simulated predatory attack on predator-exposed fish, in non-parasitized and
parasitized groups.ATotal traveled distance inmm.BMean velocity in body length
(BL) per second. C Angular velocity in degrees per second. D Time (s) spent in the
center zone, an indicator of boldness. Samples are grouped by parasite status,
population (glacial Þristikla and spring-fed Galtaból), and time period (before (BT)

and after (AT) the simulated predatory attack). P values from significant (p < 0.05)
post-hoc comparisons are shown above square brackets (full results are provided in
Supplementary Table 2).Note: controlfishwhichwere never exposed to the predator
are not shown in this figure. Significance was assessed by a post hoc of multiple
comparison test on the population by Period by Parasite interaction.
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wild sticklebacks found that host genotype explains more variation in the
gutmicrobiome than environmental effects like diet and habitat, suggesting
that microbiome composition may depend more on host selection of
microbes, rather than transient colonization from environmental sources71.

Our findings align with recent work by Viver et al.83, who showed that
the transient microbiome in fish is highly dependent on the supplied food,
and that fasting the fish for 80 h effectively eliminated most transient
microbes, leaving the residentmicrobiome. In our study, despitemany days
of a standardized diet, we observed significant differences between ecotypes,
which may reflect the persistence of the resident-core microbiome. These
findings suggest that both ecotype and environment shape the microbiome
as the host adapts to its surroundings. Furthermore, Viver et al.83, found that
the bacteria present in the supplied diet were unable to successfully colonize
the gut and replace the resident bacteria naturally found in the wild. These
findings indicate that signals from the resident microbiome, possibly
influenced by feeding habits in the wild, may still persist even after an
extended period on a laboratory diet.

The effect of parasitism on themicrobiomewas only investigated in the
spring-fed Galtaból population, where it was associated with decreased alpha
diversity and an increase in abundance of specific microbial taxa, such as the
potential pathogen Aeromonas84, the marine genus Labrenzia85 and the fish
gut microbe Deefgea86, and the decrease of putatively commensal microbes
such as Shewanella and Kitasatospora46. Some Kitasatospora species even
produce secondary metabolites with anthelmintic properties87,88. Previous
studies offishmicrobiomes during parasite exposure or infection suggest that
parasite infection promotes the growth of taxa that are likely not beneficial to
the host, while inhibiting the growth of commensal microbes45,46,60,72. For
example, in zebrafish, Shewanella was negatively associated with nematode
parasite load46, while in sticklebacks, bacteria related to Labrenzia (of the
Rhodobacteraceae family or Rhodobacterales order) were associated with
exposure or infection with the cestode S. solidus45,72.

To our knowledge, this is the first report on the relationship between
themicrobiome and behavior in these wild populations.We observed some
correlations between behavioral traits and the microbiome in predator-
exposed fish. However, these interactions were generally weak, perhaps due
to the inherent complexity of the gut-brain axis and its causal relationships,
which have yet to be fully understood10.We acknowledge that limitations in
our study, including the sample size, reduced our ability to detect small
effects. Nonetheless, our results suggest some intriguing links between the
microbiome and behavior in wild populations, which we discuss in more
detail below.

Some of the links we observed between behavioral traits and the
microbiome can be explained by fish population or parasite status, and we
cannotbe certainwhether these are true interactions along the gut-brain axis
influencing behavior, or instead if they are indirect correlations driven
primarily by these factors acting in a non-behavioral context. For example,
in predator-exposed fish, we observed correlations between parasite status,
boldness and potential pathogens (Fig. 8), reflecting the results identified in
the separate analyses discussed above.

We also observed correlations between swimming activity andputative
environmental microbes in predator-exposed fish, which could not be
associated with either population or parasite status. While most of the
associated microbes are not well-documented, abundance of the bacterium
Clostridioideswas correlated with increasedmean velocity, which can be an
indicator of bolder andmore active fish89,90. In a selection experiment of red
junglefowl (the ancestors of domestic chickens), the abundances of related
Clostridiales bacteria were enriched in birds selected for a low-fear of
humans, compared to high-fear animals91. Other studies have also found
links between specific microbes and their products and how these affect
metabolism and locomotion of the host92,93. While tentative, our results are
an intriguing suggestion that there could be some innate link between
swimming activity, stress levels, bold/shy traits, and the microbiome.

Anumber of other studies have found links between the gutmicrobiota
and host behaviors, including stress-related behavior, social behavior,
locomotion, andpersonality, andalsopoint out thatmicrobespotentially act
as neuromodulators or affect neural development, all of which are relevant
to our study93,94. The reciprocal relationships we found between the
microbiome and antipredator behavior are relatively weak, as evidenced by
the factor correlations and factor weightings, and are seen for only a subset
of microbes and behaviors in predator-exposed fish. However, this is not
surprising, considering that any mechanistic connections are likely to be
indirect and mediated through many pathways. These include host phy-
siology and neural systems94,95 including the hypothalamus-pituitary-
interrenal (HPI) axis that regulates many aspects of the stress response96,97,
the immune system including the major-histocompatibility (MHC)
locus45,57,98, host-microbiota crosstalk99, as well as coevolution between
microbiota and the host94. These are complex systems, and thus, the con-
nections are also likely to be multifaceted, given the many potential
mechanisms influencing the microbiota-gut-brain axis100. This complexity
means that each connection might be of small effect, yet perhaps combine
for a larger effect on the host and their behavior, and the microbial com-
munity. Large effects like those seen in lab-based manipulations on germ-

Fig. 3 | Gut microbial composition of non-parasitized (NP) and parasitized (P) individuals from the Galtaból and Þristikla populations. The 20most abundant genera
are shown, the rest are grouped as “Other”. Species-level taxa that could not be assigned at the genus level are grouped as ‘Unassigned’.
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free animals would be exciting but seem unlikely in our wild fish95.We pick
up significant, albeit weak relationships only in predator-exposed fish,
whichwe argue seems to be themost likely outcome if it is the case that host
antipredator behavior, population, parasite status, and themicrobiomehave
reciprocal effects on each other.We would expect only a subset of microbes
and behaviors to respond to each other, given that the microbiome plays
multiple roles within hosts, and only some of these are likely to be func-
tionally connected tohost antipredator behavior and responses to stress (the
variables we measured), and these connections are probably mediated
through various physiological mechanisms94.

Our study is one of the first to investigate microbiome–behavioral
associations in a wild population. Most previous studies have relied on
laboratory animals, where germ-free or reduced microbiome animals and/
or probiotic supplements have been used to manipulate the microbiome,
resulting in large effects on behavior (reviewed in ref. 51). For example, in a
study on zebrafish, a probiotic supplement was found to protect
conventionally-raised laboratory animals against stress-induced alteration
of the gutmicrobiome52. Antibiotic treatment inDaphniawas found to alter
microbiome structure and reverse stress-mediated changes to life history
traits during predator stress8. Similar results have beenobserved inmice and

rats49,101,102. However, laboratory-reared animals often have different,
potentially maladapted microbiomes compared to wild populations, pos-
sibly contributing to the large effects seen in those studies82,95,103. We
hypothesize that our wild populations, with their “natural” microbiomes,
may have adapted to the stresses of a natural environment, like predator
attacks. Thus, their microbiomesmight already be optimized to protect the
fish against stress-related microbiome changes, perhaps helping to explain
why we see few associations between behavioral traits and microbiome
composition.

In the future, performing stress experiments in wild populations while
manipulating the microbiome, e.g., through probiotic, antibiotic or phage
therapy, might reveal stronger evidence for behavior–microbe interactions.
Teasing apart causality will also require experimental manipulations. As a
first step, a holo-omics approach, where multi-omics techniques like
genomics, transcriptomics and metabolomics are used to simultaneously
investigate both the host and the microbiome104 could identify gene
expression networks and key metabolites involved in modulating the
coordinatedmicrobial–host response to stress. Selection experiments could
comparemicrobiome changes over generations selected for stress-resilience
or stress-susceptibility91,95. Potentialmicrobial and/or host effects could then

Fig. 4 | Alpha and beta diversity in the gut microbiome of non-parasitized (NP)
and parasitized (P) populations. A, B Alpha diversity metrics between non-
parasitized Galtaból (n = 24) and Þristikla (n = 25) populations.C,DAlpha diversity
metrics between non-parasitized (n = 24) and parasitized (n = 13) Galtaból indivi-
duals. Alpha diversity metrics were estimated at the genus-level using a Hill number
framework for richness (A, C) and Shannon index (B, D). Violin plots with all
samples as colored points show the distribution of the data, while the quartiles (0.25,
0.5, and 0.75) of the metric in each group are shown as black lines. Metrics were
compared between populations using a Wilcox test and the resulting p values are
shown above the brackets. PCoA of gutmicrobiome composition of non-parasitized
(NP) Galtaból and Þristikla populations (E) and non-parasitized and parasitized

Galtaból individuals (F). Shape (“Treatment”) indicates whether the fish were in the
non-exposed (circles) or the predator-exposed treatment (triangles). Taxa abun-
dances were summed to the genus-level and normalized using the centered-log ratio
transformation. Variations due to extraction batch effects were regressed out (see
Supplementary Fig. 3 for before-correction PCoAs). Euclidean distances were then
calculated and PERMANOVAs performed. Population in (E) explained 4.2% of the
variation in microbiome composition (F = 1.93, p = 0.003), while parasite status in
(F) explained 7.2%of the variation (F = 2.42, p = 0.001). In both analyses, sequencing
depth explained 5.0–6.4% of the variation in microbiome composition (p < 0.002)
Full PERMANOVA results, including PERMANOVAs before batch correction, are
reported in Supplementary Table 3.
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be followed up in validation experiments, to confirm causality andwork out
the mechanisms. For example, identifying the Clostridioides strain asso-
ciated with bolder fish in our study and administering it as a “probiotic”
before exposure to predator stress in a follow-up experiment could be used
to confirm or reject its association with antipredator response behavior. To
determine causal effects of a microbial community, fecal microbiome
transplants could be performed by switching microbiomes between bold
and shy animals, to see if the behavioral traits also switch based on micro-
biome composition, similarly as the experiment carried out by Collins,
Kassam and Bercik105, on mice. Such microbiome transplant methods are
well-established in zebrafishmodels and could be adapted to sticklebacks106.
Such future work, building on studies like ours, will improve our under-
standing of the complexity of the gut-brain axis across the animal clade.

Methods
Sampling and fieldwork
We collected adult stickleback with minnow traps from two high elevation
lakes, spring-fed Galtaból and glacial Þristikla, on 14 June 2019, and
transported them to the fish facility at Verið aquaculture station of Hólar

University (Saudárkrókur, Iceland). We housed fish separately by popula-
tion, with approximately 30 fish in each of three 19 l aerated buckets per
population, at 12 °C,which is close to the temperature of the lakes. Fishwere
fed ad libitum once per day with frozen bloodworms. The experiment
started on 21 June 2019 and ended on 13 July 2019. We randomly selected
subjects in the mornings before feeding and moved them from their home
tanks to ensure their guts were free of digesting food before behavioral trials
and gut dissection. Only female fish were used for all experiments. The
animal treatments were conducted in accordance with the Icelandic Food
and Veterinary Authority (Matvælastofnum, MAST), and approved by
Michigan State University Institutional Animal Care and Use Committee
(IACUC, protocol numbers 05/18-077-99, 05/16-064-00, and 201900128).
Permits to collect stickleback fish were granted by Fjállabak Nature Reserve
and the Vantajökulsþjóðgarður National Park.

Behavioral experiments
Adult sticklebacks were food deprived for one day and then individually
recorded for behavior in an arena of 150 × 50 cm with a water depth of
21 cm and a distance from the camera of 155 cm. Water in the arena was

Fig. 5 | Summary results from the MOFA2 model
on non-exposed and predator-exposed fish.
A,C Percentage of variance explained by each factor
across each dataset in non-exposed fish (A) and
predator-exposed fish (C). The total variance
explained by each model in each dataset is also
included at the top of the heatmaps.
B, D Correlation of factors with fish parasite status
and population in non-exposed fish (B) and
predator-exposed fish (D). Significant correlations
are indicated by * (p < 0.05), ** (p < 0.01) and ***
(p < 0.001). Red–blue heatmap indicates whether
population or parasite was positively or negatively
correlated with the factor.
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clear, and so, similar to conditions for the spring-fedpopulation ofGaltaból.
This was done primarily to allow us to see behaviors clearly and because the
limitednumbers ofwild-caughtfish available didnot allowus to also explore
the potential effects of turbidity on antipredator behavior. Priorwork by our
teamon these and other Icelandic populations shows that glacialfish exhibit
some plasticity in antipredator response to visual environment, becoming
more similar to spring-fed fish67; therefore any differences we find in the
present study suggest the population effect is robust. To minimize the
potential accumulation of stress-related and other chemical cues, the arena
was thoroughly cleaned between each individual trial. After each trial, the
arena was drained and rinsed with spring water, drained and cleaned with
ethanol, and rinsed again. Then, in preparation for a behavioral trial, the
experimental arena was re-filled from the same water source as was used to
fill holding tanks. This ensured that any residual cues were removed before
testing the next fish.

The experiment had two predation treatments: predator-exposed and
non-exposed. We simulated predator attack with a robotic trout that was
programmed to attack at a constant speed and strike distance (see video &
full description in Fig. 10). We also had a control group with no robotic
predator exposure which we term the non-exposed group. For both groups,
we started with 2min of acclimation time, to allow the fish to adjust to the
arena. We then recorded behaviors for 4min to establish a baseline for
behavior. Next, for the predator-exposed group, a simulated attack by the
robotic predator was triggered when the stickleback fish passed in front of
the robotic predator. After triggering the robotic predator, stickleback

behavior was recorded for 8min. For the non-exposed group, fish behavior
was recorded for 8min in the same way as the predator-exposed group but
there was no robotic predator in the arena, therefore no predator cue to be
triggered. For both treatments, the stickleback fish was measured and
euthanized by decapitation following the EU Directive 2010/63/EU107.
Immediately after being euthanized, the gut was extracted, stored in
RNALater and frozen in liquid nitrogen for further analyses.

Parasite identification
Parasites were identified by visual inspection during the dissection for gut
extraction, focusing on a major stickleback parasite in the body cavity, S.
solidus. Parasite prevalence was recorded as a binary variable (present/
absent) and information about parasite abundance or diversity was not
recorded. Parasitism prevalence was higher in Galtaból compared to Þris-
tikla (27.3% vs 15.4%), andwe could only determine the parasitism status of
an individual after the behavioral trial was completed, resulting in an
unbalanced study design when testing for associations with parasite status.
Final sample numbers for the behavioral analyses were as follows: 40 Gal-
taból fish in the non-exposed group (30 non-parasitized, 10 parasitized), 48
Galtaból fish in the predator-exposed group (34 non-parasitized, 14 para-
sitized), 38 Þristikla fish in the non-exposed group (38 non-parasitized, 0
parasitized) and 40 Þristikla fish in the predator-exposed group (28 non-
parasitized, 12 parasitized). Galtaból and Þristikla fish were similar in size,
and measured 5.9 ± 0.6 cm and 5.5 ± 0.5 cm in length, respectively, with
corresponding weights of 1.4 ± 0.7 g and 1.1 ± 0.5 g.

Fig. 6 | Associations identified by MOFA in predator-exposed fish among
behavioral traits and microbial abundances, for factor 1. Factor 1 explained 33%
of the variance in the behavioral dataset and 0.85% of variance in the microbiome
dataset in predator-exposed fish. Factor 1 was not significantly correlated with
population or parasite status (p > 0.05).AContribution (weight) of behavioral traits
to factor 1. Traits are ranked according to their weight. The higher the absolute
weight, the more strongly associated a trait is with the factor. A positive weight
indicates the trait has higher levels in samples with positive factor values, while a
negative weight indicates the opposite. Behavioral traits are colored by their broader
behavioral category. The topfive traits contributing to the factor in each direction are
labeled. Behavioral trait abbreviations: AT measurement after simulated predator
attack, BT measurement before simulated predator attack, dist distance, Dtot total

distance traveled, dur duration of time spent in the respective tank zone, freq number
of times fish visited the respective tank zone, pred measurement relating to the
position of the predator, Vang angular velocity, VelBL mean velocity in body length
per second.BContribution (weight) of microbial genera to factor 1, displayed in the
same way as for (A). Microbial genera are colored by their putative source and
shaped on their potential as a fish pathogen, based on a literature search (Supple-
mentary Table 5). C Example association between factor 1 sample weights vs a top
behavioral trait, mean velocity after attack (AT). A smoothed linear conditional
means line is shown in black with confidence intervals in gray. D Example asso-
ciation between factor 1 sample weights vs a top microbial genus, Clostridioides,
displayed in the same way as for (C).
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Characterization of behavior: arena for non-exposed condition
The arena was divided into five virtual zones (Fig. 9A) using the software
EthoVision XT 15 (Noldus, The Netherlands), comprised of three equal-
sized zones: Start (left part of the arena where the tested fish is placed at the
beginning of experiment), Opstart (right part of the arena at the opposite
side of start) andMiddle (zone located between Start andOpStart); and two
additional zones: Center (the center zone was considered a risky area, a
common measure indicative of a high degree of boldness in such an
apparatus) and Border (this zone is associated with thigmotaxis that is
staying close to thewalls of an arena, a commonmeasure indicative of a high
degree of shyness in such an apparatus)108. This zone width was 2.5 cm
corresponding toapproximately half of the total lengthof themeanvalue for
both populations. The variables of interest extractedwith EthoVisionXT 15
were as follows: (i) the time spent in each zone previously described, (ii) the
distance traveled by each fish in the device (Dtot in mm), and (iii) the
absolute angular velocity of the fish expressed in degrees per second (Vang
in ° s− 1) and itsmean velocity expressed in body length per second (Vel in
BL s− 1).

Characterization of behavior: arena for treatment condition
Two reversed arena settings were designed in Ethovision for the situations
before triggering the robotic predator, when the robotic predator is on the
left, and after triggering the robotic predator, when it hasmoved to the right
(see video in Fig. 10). So, we only describe the situation before triggering the
predator (Fig. 9B).

The same five zones as described for the non-exposed treatmentwere
also used here. In addition to these zones, we defined Pred (hidden zone
under the robotic predator) after we observed that the tested fish could
hide under the robotic predator once it was triggered and Entry (zone
located all around the robotic predator). The variables of interest extracted
with EthoVision XT 15 were as follows: (i) the time spent in each zone
previously described, (ii) the time spent in Pred and Entry, (iii) the dis-
tance traveled by eachfish in thedevice (Dtot inmm), and (iv) the absolute
angular velocity of the fish expressed in degrees per second (Vang in °
s− 1) and its mean velocity expressed in body length per second (Vel in
BL s− 1).

Nucleic acids extraction, library preparation and sequencing
Due to limitations in funding, a subsetof individualswere randomly selected
for microbiota analysis, aiming for similar numbers of individuals per
population and treatment. All parasitized Þristikla individuals were exclu-
ded, due to the low parasite prevalence in this population. For nucleic acid
extraction, whole guts previously stored in RNALater were homogenized
and lysed with a TissueLyser for 1.5 min at 25–30Hz in 1.6ml Buffer RLT
(Qiagen).DNAandRNAwere then simultaneously extracted from450 µl of
lysate per sample using the Allprep® DNA/RNA Mini kit (Qiagen, ID/
No:80204) following the manufacturer’s protocol. The extractions were
performed in six batches and each batch included a blank negative control
containing only Buffer RLT, which were taken through all stages of library
preparation and sequencing.

Fig. 7 | Associations identified by MOFA in predator-exposed fish among
behavioral traits and microbial abundances, for factor 3. Factor 3 explained 13%
of the variance in the behavioral dataset and 1% of variance in the microbiome
dataset in predator-exposed fish. Factor 3 was not significantly correlated with
population or parasite status, although there was a non-significant weak correlation
with population (p > 0.05). A Contribution (weight) of behavioral traits to factor 3.
Traits are ranked according to their weight. The higher the absolute weight, themore
strongly associated a trait is with the factor. A positive weight indicates the trait has
higher levels in samples with positive factor values, while a negative weight indicates
the opposite. Behavioral traits are colored by their broader behavioral category. The
top five traits contributing to the factor in each direction are labeled. Behavioral trait
abbreviations: AT measurement after predator trigger, BT measurement before

predator trigger, dist distance, Dtot total distance traveled, dur duration of time
spent in the respective tank zone, freq number of timesfish visited the respective tank
zone, pred measurement relating to the position of the predator, Vang angular
velocity, VelBLmean velocity in body length per second.BContribution (weight) of
microbial genera to factor 3, displayed in the same way as for (A). Microbial genera
are colored by their putative source and shaped on their potential as a fish pathogen,
based on a literature search (Supplementary Table 5). C Example association
between factor 3 sample weights vs a top behavioral trait, angular velocity before
simulated predator attack (BT). Samples are colored by fish population. A smoothed
linear conditional means line is shown in black with confidence intervals in gray.
D Example association between factor 3 sample weights vs a top microbial genus,
Paracoccus, displayed in the same way as for (C).
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Fig. 8 | Associations identified by MOFA in predator-exposed fish among
behavioral traits and microbial abundances, for factor 4. Factor 4 explained 10%
of the variance in the behavioral dataset and 1% of variance in the microbiome
dataset in predator-exposed fish. Factor 4 was significantly correlated with the
parasite status and population of the individual (p < 0.05). A Contribution (weight)
of behavioral traits to factor 4. Traits are ranked according to their weight. The
higher the absolute weight, the more strongly associated a trait is with the factor. A
positive weight indicates the trait has higher levels in samples with positive factor
values, while a negative weight indicates the opposite. Behavioral traits are colored by
their broader behavioral category. The top five traits contributing to the factor in
each direction are labeled. Behavioral trait abbreviations: AT measurement after
predator trigger, BT measurement before predator trigger, dist distance, dur

duration of time spent in the respective tank zone, freq number of times fish visited
the respective tank zone, pred measurement relating to the position of the predator.
BContribution (weight) ofmicrobial genera to factor 4, displayed in the sameway as
for (A). Microbial genera are colored by their putative source and shaped on their
potential as a fish pathogen, based on a literature search (Supplementary Table 5).
C Example association between factor 4 sample weights vs a top behavioral trait,
center duration after simulated predator attack (AT). Samples are colored by
parasite status (note non-parasitized includes both Galtaból and Þristikla indivi-
duals). A smoothed linear conditional means line is shown in black with confidence
intervals in gray. D Example association between factor 4 sample weights vs a top
microbial genus, Deefgea, displayed in the same way as for (C).

Fig. 9 | Delimitation of the virtual zones on the
bottom of the arena for video analysis under two
conditions. In the control condition (A), dotted
lines define three equal-sized zones (Start, Middle,
Opstart), with the blue rectangle indicating the
Center zone and the Border representing the entire
arena minus the Center zone. In the predator-
exposed condition (B) (shown here before the
robotic predator is triggered), the same zone layout
is used. The robotic predator is positioned in the
Start zone, with an additional hidden zone beneath it
and an Entry zonemarked by a dotted ellipse around
the predator.
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Atotal of 71DNAgut extracts and all six extractionblank controlswere
submitted to SciLifeLab Uppsala for quality control, library preparation and
sequencing. During quality control, nine gut extracts were flagged as having
evidence of DNA degradation (low DNA concentrations and/or skewed
DNA fragment distributions). These samples were excluded from further
processing. TruSeq Nano DNA libraries (Illumina) were prepared and
sequenced by SciLifeLab Uppsala on two lanes of a Illumina NovaSeq 6000
SP flowcell using paired-end 150 bp read length v1 sequencing chemistry.
Thus, we obtained high quality sequencing data from 62 individuals: 18
Galtaból fish in the non-exposed group (13 non-parasitized, 5 parasitized),
19 Galtaból fish in the predator-exposed group (11 non-parasitized, 8
parasitized), 15 Þristikla fish in the non-exposed group (all non-parasitized)
and 10 Þristikla fish in the predator-exposed group (all non-parasitized).

DNASequencedataprocessing, taxonomicassignmentand taxa
filtering
Adapter and quality trimming of sequenced DNA reads was performed
using AdapterRemoval v.2.2.4109, trimming consecutive bases with quality
scores of <30 and removing reads <50 bp after trimming. Paired reads from
both lanes were concatenated into a single fasta file per sample. Reads with
mean base quality <30 and exact PCR duplicates (original or reverse com-
plement)werefiltered outwith PrinSeq-Lite v0.20.4110. Reads resulting from
the phage PhiX, a positive control spiked in during Illumina sequencing,
were removed by mapping to the PhiX reference genome
(GCF_000819615.1) with bwa mem v0.7.17111. The unmapped reads were
retained with SAMTools v1.9 (Li et al. 2009) and BEDTools v2.27.1112

downstream analyses. In the same manner, reads from human con-
tamination were removed by mapping to the Homo sapiens reference
genome (GCF_000001405.38)113 and reads from the host stickleback were
removed by mapping to the G. aculeatus reference genome
(GCF_016920845.1)114.

Microbial taxonomic assignment was then performed on the
unmapped, non-host reads, using the k-mer based classifier Kraken2
v2.0.8115 with the standard Kraken2 database (all archaea, bacteria, viruses
and the human genome in RefSeq; built 2020-10-01) and default para-
meters. Bracken v2.0116 was used to estimate taxa abundances from the
Kraken read assignments at the species level (-l S) using a read length of
150 bp (-r 150), a k-mer length of 35 bp (-k 35) and without an abundance
threshold (-t 0). Kraken-biom (https://github.com/smdabdoub/kraken-
biom) was used to extract the summarized abundances assigned at the
species levels.

Quality controlwas thenperformedon the taxa abundances inRStudio
v402 using R v4.3.1. To reduce noise, taxa present at <0.05% relative

abundance (Bracken abundance divided by sum of Bracken abundance in a
sample) were filtered out. The community compositions of the blank con-
trol samples were then compared to the stickleback gut samples, with the
aim to identify and remove putative laboratory contaminants. All six
negative blank controls included in the DNA extractions had low numbers
of microbial reads (mean: 403, range: 113–722). One blank had a microbial
community more similar to the fish gut samples than the other blanks
(Supplementary Fig. 1). Since there was no clustering by extraction batch
(Supplementary Fig. 2), we determined that low-level cross-contamination
between samples and the blank had occurred during this extraction batch.
We therefore excluded this blank from contamination identification. Using
the other five blanks, contaminants were identified using the decontam
‘prevalence’ function117 with the default threshold of 0.1, resulting in 134
taxa identified as contaminants and removed from the dataset. Using the
decontam ‘frequency’ function117 with DNA extraction concentration, an
additional 38 taxa were identified and removed. The final taxa abundances
were summarized at the genus-level for subsequent statistical analysis.

Statistical analysis of Behavior
We first investigated (1) whether behavior was different between the two
populations among non-exposed fish and (2) whether the presence of a
predator affects behavior differently between stickleback populations, using
data from the non-exposed treatment and the fish’s activity during the
acclimationperiod in the predator exposure (i.e., before the robotic predator
was triggered). This comparisonwas analyzed using a linearmodel. First, to
test the swimming activity, we used Total Distance Swum, Velocity, and
Angular Velocity as response variables. Second, to test tank (arena) use,
Center Duration was the response variable, given that it is inherently
opposite to Border Duration, making separate analysis unnecessary. For
both swimming activity and tank use, the fixed factors included Population
(spring-fed Galtaból and glacial Þristikla), Treatment (non-exposed and
predator-exposed) and their interaction (Population by Treatment). The
interaction term tests one of our hypotheses: whether behavioral responses
to predators vary by population, so we retain it in our models even when
nonsignificant. Posthoc Tukey tests were used using the emmeans R
package118 to test for differences between treatments. This analysis is a post
hoc of multiple comparison test on the Population by treatment
interaction119 to assess only biologically meaningful pairwise differences
between populations, i.e., Galtaból non-exposed vs Þristikla non-exposed;
Galtaból predator-exposed vs Þristikla predator-exposed; Galtaból
predator-exposed vs Galtaból predator-exposed; Þristikla predator-exposed
vs Þristikla predator-exposed.

To further test the differences in behavior under the predator exposure,
a linear mixed effectmodel was performed in R with lme4 package120. Total
Distance swum, Velocity, and Angular Velocity were used as response
variables of swimming activity. Center duration and Distance to predator
were also used as response variables to test fish boldness. Population
(Galtaból and Þristikla), Period (before and after triggering the robotic
predator), and Parasite (presence vs absence) and their interactions were
used as fixed factors. Again, we retain interaction terms because they test
important hypotheses of whether predator response varies with either
populationor parasitism status.The individualfish IDwasused as a random
effect factor because of our repeatedmeasures design. Diagnostics based on
residuals of the model were performed to assess compliance with the
underlying assumptions. A contrast list post hoc test was performed as
previously described by using the R package emmeans118. This analysis is a
multiple comparison post hoc test on the population by Period by Parasite
interaction119 to assess only biologically meaningful pairwise differences
between populations, Period and Parasite (full results reported in Supple-
mentary Tables 1-2).

The dependent variables were transformed whenever necessary to
ensure that the residuals followed the assumed error distribution. Trans-
formed variables can be observed in SupplementaryData 1, 2 and 3. Finally,
the effects of the independent variables were estimated from themodels and
their significancewas tested by likelihood ratio tests (LRT) betweenmodels,

Fig. 10 | Video 59 of the predator-exposed treatment of the Þristikla population,
non-parasitized. The video was trimmed to show the moment when the robotic
predator was triggered. The camera was set to 160p recording in P mode, with
stabilization deactivated. The file format is AVCHD, and the accepted SD card
format is exFAT. The robotic predator is constructed using a motor and a belt
system, designed so that the tail of the silicone model aligns with the tank’s siphon
and stops before reaching the end of the rail.
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respecting the marginality of the effects that are supposed to follow a chi-2
distribution under the null hypothesis (type III tests; car R package121). All
behavioral analysis were run in R version 4.4.2122.

Statistical analysis of microbiome
All microbiome statistical analyses were performed in RStudio v2024.12.0
using R v4.4.1122. Alpha diversity metrics were calculated from Braken
relative abundances using the Hill numbers framework with the R package
hillR123, using q = 0 to estimate richness and q = 1 to estimate the Shannon
index. Statistically significantdifferences (p < 0.05) inalphadiversitymetrics
between groups were evaluated using Wilcoxon rank-sum tests imple-
mented in the R package ggsignif 124. For unsupervised analyses, Bracken
abundance counts were normalized by the center-log ratio (CLR) trans-
formation, using a pseudocount of 1 added to all taxa in all samples to
resolve the problem of zero values. Euclidean distance matrices were cal-
culated from the CLR-transformed data with the phyloseq125 function dis-
tance. Principal Coordinates Analysis (PCoA) was performed using the
phyloseq function ordinate, using Euclidean distances. Permutational
multivariate analysis of variance (PERMANOVA) was performed on the
Euclidean distances using the adonis2 function in the R package vegan
v.2.6–2 (https://github.com/vegandevs/vegan), including the following as
covariates: sequencing depth (total Braken abundance counts in a sample),
extraction date, length of individual fish, Population or Parasite (depending
on the comparison), and treatment (non-exposed or predator-exposed). As
there was still an effect of extraction batch on our community composition
data (Supplementary Fig. 3, Supplementary Table 3), we used limma’s
function removeBatchEffect126 to regress out the DNA extraction batch
effect from the normalized data and repeated the ordination and PER-
MANOVA as described.

General linearmodels implemented throughMaAsLin2127wereused to
identify generawith significantlydifferent relative abundance (calculated via
total sum scaling) between (1) non-parasitized Galtaból and Þristikla
individuals and (2) non-parasitized and parasitized Galtaból individuals. In
both models, Treatment (non-exposed vs predator-exposed) was included
as a fixed effect while extraction batch was included as a random effect.
MaAsLin2 was run without additional normalization or transformation
steps and otherwise default parameters. Genera with adjusted p-values
(MaAsLin2 q-value) <0.05 were classed as significantly differentially
abundant.

To integrate the behavioral and microbiome datasets, multi-omic
factor analysis (MOFA) was performed using the R package MOFA2128.
MOFA is similar toPCA,wherematrices of different types of data generated
from the same individuals are reduced to a small number of latent factors
representing the key contributors of variation across the datasets128. In this
study,MOFAwas performedon thenon-exposed individuals andpredator-
exposed individuals separately, since the predator-exposed fish included
behavioral variables not relevant for the non-exposed control fish (distance
to and duration around the predator stimulus). For the behavioral dataset,
all variables were included, both before and after the simulated predator
attack. The behavioral variables were converted to approximate a normal
distribution using the inverse normal transformation. For the microbiome
dataset, the 100most variable genera in eachMOFA run (non-exposed and
predator-exposed)were included, usingCLR-transformedabundances after
regressing out the extraction batch effect (as described for PCoA). Both
MOFAmodels were trained with 7 factors, using Gaussian distributions for
both datasets, scaling each dataset to have similar variances and otherwise
using default values. After the MOFA models were trained, the function
correlate_factors_with_covariates in the MOFA2 package was used to
identify factors that were significantly correlated (alpha = 0.05) with meta-
data variables (fish population, parasite status, length of individual and
sample extraction batch). Factors that explained >0.75% of the variation in
both datasets were investigated further. The top 10 features (behavioral
variables and microbial genera) contributing to the variation captured by
each factor (5 with positive weights and 5 with negative weights) were
extracted and classified.

Data availability
All data supporting this manuscript is available. Raw metagenomic
sequencing data is available at the European Nucleotide Archive
(ENA) under project PRJEB52754 [link: https://www.ebi.ac.uk/ena/
browser/view/PRJEB52754]. ENA accessions for all samples are
provided in Supplementary Data 4. Sample metadata, including
behavioral traits extracted from the videos, are also provided in
Supplementary Data 4. Behavioral traits extracted from the videos for
behavior statistical analysis are provided in Supplementary
Data 2 and 3.

Code availability
All data supporting this manuscript is available. All R code for behavior
statistical analysis is provided in Supplementary Data 1. All R code for
figures, microbiome, and microbiome–behavior analysis is provided in
Supplementary Data 5.
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