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Abstract 

For parasites, finding their hosts in vast and heterogeneous environments is a task that can be complex. Some 
parasite species rely on elaborate strategies to increase encounter rate with their hosts (e.g. behavioural 
modification of host), but others do not. For these parasites, a key issue is to reveal the processes that 
enable them to successfully find their hosts and complete their life cycles. 

Here, we tested the hypothesis that infective larvae of the freshwater ectoparasite Tracheliastes polycolpus are 
not homogeneously distributed along the river and preferentially occur in very specific microhabitats that 
maximize encounter rate, and hence infection rate, with their host fish. To do this, we combined an in situ 
experiment (caging) with an empirical survey carried out on the same sites to identify potential ‘hotspots’ 
of infection at the microgeographic scale and their environmental characteristics. 

Experimental and empirical results demonstrated that infections were not evenly distributed among 
microhabitats, and that infections were spatially aggregated in hotspots at a very fine spatial grain. 

We further found that certain combinations of environmental variables were consistently and nonlinearly 
associated with higher infection rate for both caged and wild- caught fish. Microhabitats characterized by 
very low or high stream velocities, associated with medium or very small substrate, respectively, and a deep 
water column were strongly and repeatedly associated with higher infection rates. These microhabitats 
could concentrate parasites and/or promote physical contact with the hosts. 

We conclude that the characteristics of some microhabitats could facilitate contact between hosts and parasites 
and explain how some parasites manage to find their hosts in complex environments. 
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1- INTRODUCTION 
Parasites strongly rely on host- related factors to successfully complete their life cycles (Hall & Ebert, 2012; 
Wolinska & King, 2009). Once they have found their target host, they still have to overcome host defences to 
interact sustainably and reproduce (Combes, 2001). Combes (2001) conceptualized the success of parasites in two 
main stages. The first stage refers to the spatial and temporal overlap between parasites and potential hosts that 
is necessary for the parasites to find their future hosts, the so- called ‘encounter filter’ (Combes, 2001). The second 
stage, ‘compatibility filter’, occurs when the parasites have encountered their hosts and refers to the conditions 
required for the parasites to exploit their hosts on a long- term basis, with presumably negative effects on the 
hosts (Combes, 2001). Since parasites can have drastic impacts on their hosts and on the overall ecosystem via 
cascading effects, understanding the factors that influence a parasite's ability to successfully complete its life cycle 
is a critical issue (Hoberg et al., 2015; Morand & Deter, 2007). 

Compared to studies focusing on the compatibility filter, very few studies have focused on the factors involved 
in the encounter filter, despite this being the first step in a successful infection (Kuris et al., 2007; Lacey et al., 
2014; Ward et al., 1998). For an infective larva, encountering a new host— or for a parasite with a complex life 
cycle, switching from one host species to another species— is like finding a needle in a haystack because (a) 
parasites are small, (b) hosts are rare, (c) host are dynamic in space and time, and (d) the environment is immense. 
An intriguing issue for ecologists and evolutionary biologists is to reveal how parasites meet their hosts in open 
environments to complete their life cycles. Several parasite strategies aiming at increasing encounter rate have 
been documented. These strategies encompass the use of environmental or host cues, behavioural modification 
of their hosts and temporal synchronicity with their hosts. The use of host or environmental cues allows parasites 
to actively track their hosts (e.g. Lacey et al., 2014; Lawrence, 1981; Pasternak, 2004). For instance, the parasitic 
barnacle Heterosaccus dollfusi uses chemical cues to find its crab host (Pasternak, 2004). Likewise, numerous 
studies have shown that certain parasites are able to modify the behaviour of their host, which favours parasite 
transmission (Hughes et al., 2012). This type of host behavioural manipulation is often documented for parasites 
with complex life cycles requiring trophic transmission from one host species to another (e.g. Adamo, 2002; da 
Silva & Langoni, 2009; Mikheev et al., 2015). Alternatively, certain parasites have been shown to synchronize their 
circadian shedding rhythms with the circadian activities of their hosts such that the peak of infective larvae 
released into the environment is maximal when hosts are most abundant (e.g. Gautret et al., 1995; Theron & 
Combes, 1995). Finally, high fecundity is an adaptive trait widely observed in parasites, which passively increases 
the encountering probability between parasite infective stages and hosts (Poulin, 1995a, 1995b; Rea & Irwin, 
1994). 

Surprisingly, some parasite species do not seem to present specific strategies to promote their encounter rate, 
and therefore to maintain their life cycles. In these cases, environmental factors might facilitate the process of 
infection. If the infective stages of the parasite are distributed randomly in the environment, the encounter rate 
should be very low if hosts are also diluted in the environment. Alternatively, if the infective stages of the parasite 
are not distributed randomly in the environment, but rather aggregated in some specific microhabitats, the 
encounter rate should be higher if hosts also use (at least occasionally) the same specific microhabitats (spatial 
matching, Benavides et al., 2012; Paull et al., 2012). In this case, infections should occur specifically at some 
microgeographic ‘hotspots’, which can be seen as a strategy for parasites to optimize the rate of infection 
(Zimmermann et al., 2016). Some microhabitats could indeed offer particularly favourable conditions for the 
completion of the life cycles of parasites, for instance by locally concentrating the number of infective stages 
(Browman et al., 2004; Cardon et al., 2011; Marcogliese, 2016). If these hotspots of infection exist, it means that 
the probability that a host is infected is not homogeneous at the microgeographic scale. Also, if hosts are relatively 
sedentary, the spatial distribution of parasitized hosts might itself be heterogeneous and might overlap with the 
distribution of infection hotspots. 

So far, studies have investigated the existence of infection hotspots at large to moderate spatial scales such as 
hundreds to thousands of metres (e.g. Bousema et al., 2010; Murphy et al., 2012; Poulin & FitzGerald, 1989; 
Ramirez- Sierra et al., 2010; Thamm et al., 2009). However, very few studies have tested whether infection rate 
could be driven by environmental factors at the microgeographic scale (but see Zimmermann et al., 2016 for a 
study considering 10 m long microhabitats, and Williams & Esch, 1991 for a pioneer microgeographic scaled study 
on parasite prevalence). We argue that studies at a very fine spatial scale could improve our understanding of the 



 

factors favouring the encounter between infective parasite larvae and hosts, even for parasites not displaying 
active strategies to increase encounter rate. These very small- scale studies are also crucial to better predict 
potential infection hotspots, which are key targets for slowing the life cycles of parasites and thus eradicating 
pathogenic parasites to humans and/or wild animals. 

Here, we aimed to investigate the existence of microgeographic hotspots of parasite infections associated with 
environmental feature at a very fine scale. First, we tested whether the probability of being infected was 
distributed heterogeneously—r ather than randomly— among microhabitats, which would suggest the existence 
of infection hotspots. Second, we tested whether potential infection hotspots resulted in aggregation of 
parasitized hosts at a fine spatial scale. Finally, we tested whether specific environmental factors were associated 
with potential infection hotspots. We focused on an ectoparasite, the crustacean Tracheliastes polycolpus, with a 
direct life cycle and infecting several freshwater fish species (Loot et al., 2004; Lootvoet et al., 2013). This parasite 
does not use chemical cues or host behavioural modifications to increase its encountering rate (as most fish 
ectoparasites, but see Mikheev, 2011). Parasitic females lay a relatively low number of eggs (usually less than a 
hundred, Loot et al., 2011) that give birth to free- living infective larvae. Moreover, infective larvae exhibit 
relatively poor locomotory abilities preventing larvae from an efficient active search of the host (Fryer, 1982), and 
display short life span (a few days, Mazé- Guilmo, 2016). This parasite species infects host fish species occasionally 
inhabiting large rivers whose water flow can be relatively high (up 50– 100 m3/s, Mathieu- Bégné, Blanchet, et al., 
2021), which suggests that if infective larvae are distributed randomly in space, the concentration of infective 
stages per litre should be extremely low. Despite these biological features, T. polycolpus can infect a relatively rare 
host species, Leuciscus sp. (generally 0.02 to 0.12 individuals per m2 of rivers in favourable areas), which is its main 
host species in southwestern France. Some dace individuals harbour sometimes up to 80 parasites (Loot et al., 
2004; Lootvoet et al., 2013). Tracheliastes polycolpus is also able to infect alternative host species such as the 
gudgeon Gobio occitaniae and the minnow Phoxinus phoxinus that are more abundant than dace, but less 
parasitized (Lootvoet et al., 2013). This system hence constitutes an ideal opportunity to test our predictions. 

We first performed an in situ caging experiment to test for a non- random distribution of infections among 
contrasted yet geographically close microhabitats, separated by a few metres, which would suggest aggregation 
in hotspots of infection. In this experiment, we used F1 hosts from a common pool of breeders to control for 
potential confounding effects associated with host- related factors linked to the compatibility of hosts and 
parasites, such a prerequisite rarely being considered. Second, through an exhaustive sampling at a very fine 
spatial scale, we tested whether wild parasitized hosts from the same river were also spatially aggregated into 
hotspots. Finally, we compared microhabitat characteristics predicting the distribution of infected hosts in our 
caging and empirical approaches. We predict that infections in experimental hosts will be aggregated in cages 
located in specific microhabitats (hotspots of infection). If so, and if wild parasitized hosts are poorly mobile, we 
expect similar patterns of spatial aggregation for wild parasitized hosts. In contrast, if hosts are highly mobile, 
parasitized hosts should spread into the landscape, and in that case no clear pattern of spatial aggregation of 
parasitized hosts should emerge. Finally, we expect that the same environmental factors will explain differences 
in infection rate among microhabitats measured in the caging and empirical approaches. 

2- MATERIALS AND METHODS 
2-1 In situ caging experiment: Testing for spatial aggregation in infection 
We first designed a semi- natural experiment by placing cages in pre- determined microhabitats to test whether 
infections were randomly distributed, or on the contrary aggregated in some cages. An aggregation pattern would 
indicate the presence of hotspots of infection. In this experiment, we focused on infection occurring between T. 
polycolpus and its main host, the rostrum dace Leuciscus burdigalensis (Lootvoet et al., 2013). From August to 
September 2017, we settled 16 cages along a stretch of the Arize River (southwestern France, Mas d'Azil, X = 
366,422, Y = 4,770,813, WGS 84/UTM zone 31N). Each cage was made of PVC tubes, 25 mm in diameter, 
assembled in the form of a rectangular cube of 30 × 50 × 80 cm and covered with a plastic mesh of 1 cm. Each 
cage was anchored to the bedrock in various microhabitats along a river stretch of about 200 m long (Figure 1a). 
We selected microhabitats based on the visual inspection of stream velocity, depth and distance from the bank. 
We distributed the cages in the main microhabitats available along the river stretch. As the infective stage of T. 



 

polycolpus is tiny and has a poor swimming ability, we suspected that habitats with low stream velocity will be 
better for infections, and we hence contrasted these habitat types to microhabitats with higher stream velocity. 
Each cage contained two rostrum dace L. burdigalensis. Dace were standardized according to their genetic 
background, age, body size and weight to control for potential confounding host- related factors. We specifically 
used F1 dace that were bred at the U3E experimental platform (INRAe, Rennes, France Unité Expérimentale 
d'Ecologie et d'Ecotoxicologie Aquatique) from wild progenitors caught in the Oir River (Ille- et- Villaine; France). 
We selected individuals of the same age (i.e. 3 years old) and with similar body size and weight (body size: 163 
mm on average, ranging from 155 to 213 mm; body weight: 45 g on average, ranging from 44 to 46 g). All the fish 
used in this experiment were naïve about previous exposure to T. polycolpus, although the genitors used for 
generating offspring were exposed to the parasite in the wild before being brought to the facility. The caging 
experiment lasted 45 days during which fish were visually checked and cages were cleaned every 2 days. After 45 
days, fish were removed from the cages, they were euthanatized using an overdose of benzocaine according to 
French legislation and the number of parasites carried by each fish was recorded. The experiment was performed 
in agreement with the national legislation (Arrêté Préfectoral 23 May 2017 and 22 May 2018) and did not require 
ethical approval. 
 
2-2 Empirical survey: Testing for spatial aggregation of parasitized hosts in wild populations 
We conducted an electrofishing sampling on the same site as the caging experiment (Mas d’Azil in the Arize River). 
We replicated the sampling during July 2017 (i.e. before the setting of the cages) and July 2018 (i.e. after the 
setting of the cages). Sampling was achieved following a downstream– upstream direction in 80 microhabitats in 
2017 (Figure 2a) and 82 microhabitats in 2018 (Figure 2b) to cover a river section of nearly 200 m. We exhaustively 
sampled potential hosts by immerging the anode for a few seconds in each microhabitat and catching all visible 
fish with a hand- net. Each microhabitat was separated by ~3 m to limit perturbation (Copp & Garner, 1995). We 
specifically focused on the potential and most abundant secondary hosts of T. polycolpus; the Occitan gudgeon 
Gobio occitaniae, and the European minnow Phoxinus phoxinus (Lootvoet et al., 2013). We did not focus on L. 
burdigalensis for this approach because they were not abundant enough to be considered in the analyses. 
Gudgeons and minnows are small- bodied fish measuring <15 cm in length and feeding on invertebrates. Gudgeons 
are mainly feeding on the bottom, whereas minnows are mainly found in the water column feeding on drifting 
invertebrates. We can therefore surmise that gudgeons are less mobile than minnows (Keith et al., 2011), and 
hence that parasitized gudgeons will display the patterns of spatial aggregation similar than those found for caged 
dace, which might not be the case for minnows. All individuals from a microhabitat were kept isolated in an 
individual bucket supplied with air. Fish were then anesthetized, measured and parasites were counted before 
releasing fish back to the river. 
 
2-3 Abiotic characterization of microhabitats 
Microhabitat was defined by an area of ~1 m² matching either the area where a cage was settled or where the 
anode was immersed during the electrofishing session. Microhabitats were characterized by measuring the core 
geographic coordinates (WGS 84/UTM zone 31N, measured using the GPS Garmin® eTrex 10), the water column 
depth (cm), the stream velocity (m/s, measured 7 cm above substrate level using the OTT® Z400 counter associated 
with the current metre OTT® C2) and the substrate composition in a 1- m circle around the cage or electrofishing 
point. The percentage of each substrate categories was defined according to substrate size: <2 cm, 2– 10 cm, 10– 
20 cm and over 20 cm. Substrate categories were then summarized in two synthetic variables using a principal 
component analysis (PCA) to avoid over- parametrization and collinearity among variables in subsequent models. 
We kept the two first components as synthetic variables as they summarized 83% of the total variance. The first 
component, synthesizing 50% of the total variance, distinguished the substrate composed of a small size substrate 
(2– 10 cm) from a large size substrate (>20 cm). The second component, synthesizing 33% of the total variance, 
distinguished a smallest size substrate (0– 2 cm) from a medium size substrate (10– 20 cm). We named these 
synthetic variables ‘granulometry 1’ and ‘granulometry 2’ respectively (Figure S1). 
 
2-4 Statistical analyses 
2.4.1 Assessment of the spatial distribution of infected hosts 



 

We first tested whether infections were randomly distributed among cages or not. We excluded from this analysis 
two cages— in which one of the two fish died— to control for host density. We then computed the variance to 
the mean ratio which is a measure of parasite aggregation and calculated here as the variance to the mean ratio 
of T. polycolpus number per cage (Poulin, 1993). If parasites are randomly distributed among cages, the variance 
to the mean ratio is expected to be close to 1. On the contrary, if parasites are aggregated in a few cages (i.e. 
hotspots of infection), the variance to the mean ratio is supposed to be greater than 1 (Poulin, 1993). We further 
simulated the expected variance to the mean ratio in the case of a random distribution of T. polycolpus: in such a 
case one would expect the number of parasites to follow a Poisson distribution with a mean matching the mean 
observed in our dataset (i.e. meanobs = 1.929 parasites per cage). We finally compared the observed variance to 
the mean ratio to the distribution of 10,000 simulated variance to the mean ratios. This test assumes that 
aggregation is due to the microhabitat in which the cages have been settled and not to host- related factors. 
Although hosts were genetically and phenotypically homogeneous among cages, we further tested whether T. 
polycolpus distribution among cages was aggregated, while accounting for potential and unmeasured host effects. 
To do so, we simulated the variance to the mean ratio by reshuffling the identity of cages while keeping constant 
the number of parasites observed on each host. We compared the observed variance to the mean ratio to the 
distribution of variance to the mean ratios after 10,000 simulations. 

Second, we tested whether parasitized hosts were spatially aggregated or homogeneously distributed at the 
microgeographic scale in wild host populations. We conducted a join count analysis correlating the parasite 
occurrence (binary variable: 1 corresponds to the presence of at least one parasite in hosts caught in a given 
microhabitat, 0 corresponds to the absence of parasite in hosts caught in a given microhabitat) with geographical 
coordinates using the function joincount.mc from the R package spdep (Bivand et al., 2005). This analysis is based 
on a theoretical distribution of the object of interest, here parasitized hosts, in a grid of cells. We defined a grid of 
20 × 10 cells, so that a cell matches a microhabitat of 1 m2, defined by actual geographical coordinates. This analysis 
aims to test whether parasite occurrences are aggregated (i.e. occur in neighbouring cells) compared to a null 
expectation where occurrences are randomly distributed in the grid (Lawson, 2010). Neighbour relationships 
between cells were defined by queen movements (i.e. vertically, horizontally and diagonally). Significance was 
assessed from 999 random permutations, separately for the sampling carried out in 2017 and for the sampling 
carried out in 2018. 

2.4.2 Relationships between environmental factors and infection rate 
We first tested whether the environmental features of microhabitats were significantly linked to parasite load 
observed for each caged individual. We built a GLM linking parasite load to microhabitat environmental features 
(i.e. depth, stream velocity, granulometry 1 and granulometry 2) as well as interactions between stream velocity 
and depth and between stream velocity and granulometry 1 and granulometry 2 respectively. We focused on 
these specific interaction terms because synergetic effects between stream velocity and depth are expected to 
favour parasite development (e.g. both calm and deep environment, Loot et al., 2004). Moreover, stream velocity 
can influence the movement of particles according to their size (Hjulstrom, 1935) and consequently T. polycolpus 
larvae dispersion. We further included a quadratic term for stream velocity and depth as visual inspections of the 
data indicated a potential nonlinear relationship between parasite infection and stream velocity and between 
parasite infection and water column depth respectively. Quadratic terms were not added to other variables to 
avoid over- parameterizing the models. For this analysis, all cages were considered, and we therefore included the 
number of surviving fish, two or one, per cage as a covariate. A Poisson error term was assumed for this model. 
We did not include a random effect on cage identity since the variance estimated for this random effect was null 
(and thus negligible, Pasch et al., 2013). Similarly, we did not take into account spatial autocorrelation since we 
did not detect significant spatial autocorrelation in the model residuals (Moran test, p- value = 0.655, Dormann et 
al., 2007). From this full model, all possible models were built and tested. We conducted a model selection 
approach based on the Akaike information criterion (AIC) using the function dredge from the R package MuMin 
(Barton, 2015). Specifically, each model was sorted in an increasing order according to their AIC, and the difference 
in AIC between each model and the model with the lowest AIC value (ΔAIC) was computed. The models with a 
ΔAIC <2 were considered as the most likely to be supported by the data, and were considered as the ‘best models’ 



 

(Bozdogan, 1987). Finally, variable importance was computed as their percentage of occurrence across the set of 
best models. 

We then tested whether the environmental features of microhabitats were linked to the parasite prevalence 
in wild host populations. We built a generalized linear mixed model linking parasite prevalence (i.e. the number 
of parasitized fish over the total number of fish sampled in a microhabitat) to microhabitat environmental features 
(i.e. depth, stream velocity, granulometry 1, granulometry 2 as well as interactions between stream velocity and 
depth and between stream velocity and granulometry 1 and granulometry 2 respectively). As in the model 
described above, we included the quadratic term associated with stream velocity and water column depth. We 
assumed a binomial error term in this model. We included both the year of sampling (2017 or 2018) and the fish 
species (gudgeon or minnow) as random terms. We did not detect spatial autocorrelation in model residuals 
(Moran test, p- value = 0.865) and hence did not include terms related to spatial autocorrelation. The same model 
selection approach as described above was applied starting from the full model. All statistics were run using R 
software (version 4.0.0, R Core Team, 2020). 

3- RESULTS 
3-1 Spatial distribution of infected hosts in cages 
In the caging experiment, we observed a variance to the mean ratio of 7.5, which indicates a clear pattern of 
spatial aggregation of infections by T. polycolpus. In other words, the probability of being infected by T. polycolpus 
was not homogeneous among cages (microhabitats), which resulted in a few cages with a high number of parasites 
on hosts (up to 14 parasites per cage), whereas in a half of the cages all fish remained uninfected (Figure 1b). We 
found that the variance to the mean ratio we observed was significantly different from variance to the means 
ratios computed from a random distribution and irrespectively from host- related factors (p- value < 0.001, Figure 
S2a). Similarly, we found that the observed variance to the mean ratio significantly differed from the variance to 
the mean ratio computed from a random distribution that considered host- related factors (p- value = 0.002, Figure 
S2b). 
 
3-2 Spatial distribution of infected hosts in natural environments 
Overall, 977 fish (54 gudgeons and 923 minnows) were sampled in 2017 including 52 parasitized fish (14 gudgeons 
and 38 minnows, total prevalence = 5%) and 262 fish (78 gudgeons and 184 minnows) were sampled in 2018 
including 27 parasitized fish (19 gudgeons and 8 minnows, total prevalence = 10%). The joint count analysis 
revealed a significant spatial aggregation of parasitized hosts in 2017 (statistic = 12, rank of the observed statistic 
= 1000, p- value = 0.001, see Figure 2c) and in 2018 (statistic = 13, rank of the observed statistic = 1000, p- value = 
0.001, see Figure 2d). Hence, we detected microgeographic hotspots in which parasitized hosts occurred more 
frequently than expected by chance along 2 consecutive years. Interestingly, the position of these hotspots was 
strongly consistent spatially in 2017 and 2018, with hotspots located near the upstream weir and in the 
downstream area of the sampled stream section (Figure 2c,d). These hotspots of infection found for wild (free- 
swimming) hosts were also strongly consistent microgeographically to those identified for caged hosts (see Figures 
1 and 2). 
 
3-3 Relationships between environmental factors and infection rate 
For the caging experiment, the model selection approach identified six models that were supported by the data 
with a similar likelihood (ΔAIC <2, Table 1). Five out of these six models (referred hereafter as best models) 
retained as explicative variables stream velocity, granulometry 2 and the interaction term between stream velocity 
and granulometry 2 (importance = 90%, Table 1; Figure S3), and four out of these best models consistently retained 
water depth and the quadratic terms of stream velocity (importance >70%, Table 1; Figure S3). This indicated that 
higher parasite loads are predicted in microhabitats characterized by low stream velocity (0– 0.10 m/s, Figure 3a) 
and medium size substrate on the one side (10– 20 cm, Figure S1), and in microhabitats characterized by high 
stream velocity (0.40– 0.60 m/s, Figure 3a) and substrate composed of small size substrate (0– 2 cm, Figure S1) on 
the other side (Figure S1; Figure 3a). Similarly, higher parasite loads are predicted for microhabitats characterized 
by a deep water column (60– 80 cm, Figure 3b). 



 

In the empirical approach, the model selection procedure identified eight models that were supported by the 
data with a similar likelihood (ΔAIC <2, Table 2). The eight best models consistently retained the quadratic term of 
stream velocity as an explicative variable (importance = 100%), and to a lesser extent water depth (importance = 
50%, Figure S4; Table 2). According to these two most influential variables, prevalence was predicted to be higher 
for microhabitats characterized by both slow and high stream velocity (compared to microhabitats with a 
moderate stream velocity, that is between 0– 0.10 and 0.40 m/s, Figure 4) and to lesser extent for microhabitats 
characterized by a deep water column (Table 2). 

4- DISCUSSION 
In a semi-natural experiment controlling for hosts' movements and their intrinsic characteristics, we demonstrated 
that infection by T. polycolpus did not occur randomly at the microgeographic scale, highlighting the existence of 
hotspots of infection at a very fine spatial extent. In this experiment, host fish were maintained in cages that were 
separated by a few metres one from the others, and despite this proximity, we revealed strong variance in 
infection rate among cages. We used naïve hosts that were standardized for individual characteristics that are 
likely to impact host susceptibility to parasitism such as body size, weight, age and the genetic background 
(Blanchet, Méjean, et al., 2009; Blanchet, Rey, et al., 2009; Sutherland et al., 2011). Host factors hence unlikely 
explained the variance in infection rates. Furthermore, even when we statistically accounted for potential host 
variability, we still demonstrated that parasite infections were high in a few cages and low to null in most other 
cages. Such heterogeneity in infection among cages suggests that variability in exposure through space led to this 
spatially aggregated pattern. It is worth noting that spatial aggregation could also result from the variability 
associated with spatial variance in parasite virulence (Combes, 2001). However, we conducted our experiment in 
a single locality in which the parasite population was shown to be genetically homogeneous, and thus in which 
parasites should display the same level of virulence (Mazé- Guilmo, 2016). Moreover, and as stated above, some 
cages separated by only a few metres strongly varied in terms of infection rate, diminishing the potential influence 
of spatial variance in parasite virulence. We consequently concluded that the microgeographic aggregation of 
parasites that we observed most likely results from heterogeneity in parasite exposure through space. 

In the caging experiment, hosts were not allowed to move freely, and we could expect that movements of fish 
among microhabitats would blur these heterogeneous distributions in infection rates. We hence ran an empirical 
survey investigating how the infection rate varies in the riverscape at a very fine spatial scale and using wild and 
free- swimming hosts. This approach also revealed strong and significant aggregations of parasitized hosts in 
specific microhabitats. This finding was extremely robust, since this pattern was repeatable over 2 subsequent 
years, but also among the host species. This suggests a strong consistency in the microhabitats that are favourable 
for the parasite. Specifically, parasitized hosts identified in the empirical survey tended to aggregate in 
microhabitats that we previously identified as hotspots of infection in the caging experiment (Figure 1a and 2a,b). 
Contrary to our expectation that minnows were supposed to be more mobile, we found that both parasitized 
gudgeons and minnows tended to stay in these hotpots of infection. Hence, parasitized hosts may stay in infection 
hotspots either because the host species we considered are actually highly sedentary and/or because host 
movement is— negatively— affected by parasites (Binning et al., 2017; Fellous et al., 2011; van Dijk et al., 2015). 
This later hypothesis is particularly meaningful for a parasite like T. polycolpus that damages host fins and directly 
alters host movements (Blanchet, Méjean, et al., 2009; Loot et al., 2004). We hence suggest that encounter rate 
between parasites and hosts may be favoured in some specific microgeographic areas of a complex landscape, 
since our study focused on a stretch of rivers as short as 200 m long. A few other studies suggested similar results, 
notably showing that hosts are able to develop behavioural resistance to parasites based on habitat choice in 
order to avoid certain areas in which encounter rate is high (Decaestecker et al., 2002; Karvonen et al., 2004). 
However, studies focusing on the role of the local context on infection rate, so far, did not provide evidence for 
hotspots of infection at such a small spatial scale (Borer et al., 2010; Jennett et al., 2013; Poulin & FitzGerald, 1989; 
Thamm et al., 2009). Host habitat, and more precisely microhabitat occupancy, is thus a key component of 
encounter rate and hence infection rate. 

Microhabitats sustaining high infection rates were characterized by specific environmental features that were 
congruent across the two approaches. Infection rate was consistently linked to stream velocity (sometime in 



 

interaction with substrate size such as in the caging experiment) with microhabitats characterized by moderate 
stream velocity (~0.10 to 0.40 m/s) harbouring less parasitized fish than those associated with high or low stream 
velocity. We also found that a deep water column generally favoured infection rate. Granulometry (fine- sized 
sediments on one side and medium- sized sediments on the other side) was also found to be significantly 
associated with parasite transmission at the local scale. However, since the effect of substrate composition was 
detected only in the caging experiment, and because substrate sizes often covary with water flow in rivers, the 
role of substrate on parasite transmission would need further validations to discriminate between an actual 
biological effect or a spurious association due to covariation between water flow and granulometry. Importantly, 
there was a strong congruency in the environmental features (at least for stream velocity) favouring infections 
since they were consistent across host species (between the caging experiment and the empirical approach) but 
also highly repeatable over time (within the empirical approach), which demonstrates the robustness of our 
findings. These environmental features may favour encounter rate between T. polycolpus and its hosts either by 
increasing the density of infective stages (e.g. because these environmental conditions trigger larval hatch or/and 
favour their survival) or by increasing the contact rate between hosts and parasites. Our experimental design does 
not allow distinguishing one of these two— non- mutually exclusive— hypotheses, and an interesting research 
avenue would be to quantify the local density of infective larvae using environmental DNA approaches at a very 
fine spatial scale. Nonetheless, we can speculate that habitats displaying low stream velocity (0– 0.10 m/s) and 
associated with medium substrate (i.e. 10– 20 cm) could favour the accumulation of poorly mobile infective larvae 
(Loot et al., 2004). Here we measured stream velocity near the substrate and the highest stream velocity (0.40– 
0.60 m/s) was associated with the smallest substrate particles (0– 2 cm) in microhabitats favouring parasite 
infections. Consequently, we can also suspect that the highest stream velocity (0.40– 0.60 m/s) may favour contact 
rate by suspending the infective larvae into the water column rather than just drifting them away. Such 
microhabitats probably correspond to whirlpool areas that suspend infective larvae in the water column. Contact 
rate with potential hosts could thus be increased through a ‘washing machine’ effect. Hence both low and high 
stream velocity areas could constitute favourable microhabitats for T. polycolpus infection. Nonetheless, this 
finding holds true only for the ranges of stream velocity investigated in this stream section. It is likely that the 
conclusion about the effect of stream velocity on infection rate could change if a wider range of velocity would 
have been investigated (for instance if stream velocity higher than 2 m/s would have been investigated). Finally, 
our findings also suggest that a deep water column may participate to increase locally the density of T. polycolpus 
infective larvae (see Loot et al., 2004). Our results echo other studies having suggested that— for instance— in 
sea lice infecting salmonid hosts, stream velocity of ~0.17 m/s was high enough to increase contact rate between 
hosts and parasites, but also low enough to ease the anchoring process for the infective larvae (Samsing et al., 
2015). Our results also complement studies conducted in controlled conditions that have shown that low water 
flow can also favour parasite accumulation (Bjork & Bartholomew, 2009; Hallett & Bartholomew, 2008). However, 
further experimental studies are still needed to understand how these microhabitats favour host– parasite 
interactions. Irrespectively of the underlying mechanisms, our findings suggest that this is not one singular feature 
that mediates the infection rate of a parasite, but rather a particular combination of environmental features that 
lead to hotspots of infections. More generally these results indicate that the abiotic environment influences 
infection rate much more than previously thought, hence complicating the triple interaction between hosts, 
parasites and the abiotic environment. 

To conclude, we demonstrated that hotspots of infection (i.e. areas in which infection rate is substantially 
higher than elsewhere) exist at the microgeographic scale, which lead to a highly heterogeneous distribution of 
infected hosts in the landscape. These hotspots of infection were predicted by specific environmental features 
that likely favour the encounter rate between hosts and parasites and/ or local density of infective larvae. Overall, 
infection rate was much higher in these specific areas, and once parasitized the hosts seem to remain in these (or 
close to these) areas. We argue that, for parasites that do not exhibit evident evolutionary strategies to increase 
encounter rate, the occupancy of specific microhabitats might be a general mechanism explaining how encounter 
rate between host and parasites can be favoured in vast and open environments such as rivers, in other words 
how a parasite can find its needle in this haystack. 
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FIGURE 1 Panel displaying (a) the position of each cage (rectangles) along with the prevalence recorded at the 
end of the caging experiment, (b) the distribution of the total number of Tracheliastes polycolpus per cage (c and 
d) pictures of cages set in different habitats within the river section  



 

 

 

 

 

 

 

 

FIGURE 2 Spatial distribution of the microhabitats sampled during the empirical approach. Maps (a and b) 
display all microhabitats sampled by electrofishing containing potential hosts (Phoxinus phoxinus the European 
minnow and Gobio occitaniae, the Occitan gudgeon, black dots) or not (no fish or other fish species, grey dots) in 

Latitude Latitude 

c ) ( ) ( d 

Hotspot 

Coldspot 

( ) a 

Downstream 

Upstream 
0 20  m 

) b ( 

Downstream 

Upstream 

366 380 366 420 366 460 366 380 366 420 366 460 



 

  

2017 and 2018 respectively. Black lines with a larger width refer to weirs. Maps (c and d) display the results of the 
joint count analysis in 2017 and 2018 respectively. Black crosses refer to microhabitats with hosts only and green 
areas are predicted hotspots of infections (i.e. zones where parasitized hosts are significantly aggregated in space) 



 

 

 

FIGURE 3 Predicted parasite load (log scaled) according to (a) the interaction between stream velocity (m/s) and 
the second synthetic variable of substrate composition and according to (b) water depth (cm) in the caging 
experiment. In the caging experiment, encaged rostrum dace Leuciscus burdigalensis were naturally exposed to 
the parasite Tracheliastes polycolpus 

  



 

 

FIGURE 4 Predicted Tracheliastes polycolpus prevalence according to stream velocity (m/s) in the empirical 
approach. Relationship is shown for each year (2017 and 2018) and each host species: gudgeon Gobio occitaniae 
and minnow Phoxinus phoxinus 
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TABLE 1 Results of the model selection approach for the caging experiment involving encaged rostrum dace 
Leuciscus burdigalensis naturally exposed to the parasite Tracheliastes polycolpus. Best models (ΔAIC < 2) linking 
prevalence to microhabitat variables are displayed according to the AIC decreasing order. For each variable the 
estimates are shown. NA is denoted in place of the estimate when a variable in not retained in the model. Granulo. 
stands for Granulometry 

Intercept Depth Depth² 
Stream 
velocity 

Stream 
velocity² 

Granulo.  

1 

Granulo.  

2 

Host 
number  

(1 or 2) 

Depth: 
Stream 
velocity 

Stream 
velocity: 
Granulo. 
1 

Stream 
velocity: 
Granulo. 
2 AIC 

−1.712 NA 0.000 10.696 −42.485 NA 0.609 NA NA NA −6.102 74 

12.985 −0.346 0.004 −43.518 NA NA 0.628 −3.140 1.014 NA −9.776 74 

2.637 NA 0.000 6.424 −43.356 NA 0.655 −2.137 NA NA −8.221 75 

−2.403 0.039 NA 10.828 −45.415 NA 0.731 NA NA NA −6.856 75 

2.311 0.038 NA 6.168 −46.935 NA 0.760 −2.317 NA NA −9.202 75 

1.183 −0.114 0.002 NA NA NA NA NA NA NA NA 76 

  



 

TABLE 2 Results of the model selection approach for the empirical approach involving wild Occitan gudgeons 
Gobio occitaniae and European minnows Phoxinus phoxinus naturally exposed to the parasite Tracheliastes 
polycolpus. Best models (ΔAIC < 2) linking parasite prevalence to microhabitat variables are displayed according to 
the AIC decreasing order. For each variable the estimates are shown. NA is denoted in place of the estimate when 
a variable is not retained in the model. Granulo. stands for Granulometry 

Intercept Depth Depth² 
Stream 
velocity 

Stream 
velocity² 

Granulo.  

1 

Granulo.  

2 

Depth: 
Stream 
velocity 

Stream 
velocity: 
Granulo. 1 

Stream 
velocity: 
Granulo. 2 AIC 

−2.318 NA NA NA 0.185 NA NA NA NA NA 259 

−2.365 0.202 NA NA 0.195 NA NA NA NA NA 259 

−2.370 0.236 NA NA 0.207 NA 0.182 NA NA NA 260 

−2.313 NA NA NA 0.192 NA 0.147 NA NA NA 260 

−2.339 NA NA NA 0.193 0.117 NA NA NA NA 261 

−2.343 NA NA NA 0.206 0.160 0.184 NA NA NA 261 

−2.312 0.233 NA 0.119 0.163 NA NA NA NA NA 261 

−2.326 0.227 −0.051 NA 0.200 NA NA NA NA NA 261 

 


